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ABSTRACT
Rising global food demand amid climate change presents unprecedented challenges for 
modern agriculture. The spread of phytopathogens and the degradation of agroecosystems 
necessitate the development of innovative plant protection solutions. Traditional chemical 
pesticides are losing their effectiveness due to the emergence of resistant pathogens and their 
adverse environmental impacts, thereby intensifying interest in biological control methods. This 
study examines the integration of metagenomic analysis and phototrophic biotechnology as a 
promising approach to biocontrol. Metagenomics enables the precise identification of 
phytopathogens and beneficial microorganisms, laying the groundwork for the development of 
targeted biopesticides. Phototrophic microorganisms, including microalgae and cyanobacteria, 
exhibit antimicrobial properties and contribute to the restoration of soil ecosystems. The 
convergence of these technologies offers opportunities to form adaptive microbial consortia 
that ensure the long-term sustainability of agroecosystems. The paper discusses key challenges, 
including data processing complexities, the scalability of technologies, and regulatory barriers, 
and underscores the need for standardized methodologies and interdisciplinary collaboration. 
The integration of metagenomics and phototrophic biotechnology represents a promising 
direction for creating environmentally safe and sustainable agricultural production systems.
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Abbreviations:  DNA: Deoxyribonucleic Acid; RNA: Ribonucleic Acid; PCR: Polymerase Chain 
Reaction; ITS: Internal Transcribed Spacer; ISR: Induced Systemic Resistance; SAR: Systemic 
Acquired Resistance; SA: Salicylic Acid; JA: Jasmonic Acid; PBP: Phycobiliproteins; FOL: Fusarium 
oxysporum f. sp. lycopersici; Foc: Fusarium oxysporum f. sp. cubense; H2O2: Hydrogen Peroxide; 
NGS: Next-Generation Sequencing; BUSCO: Benchmarking Universal Single-Copy Orthologs; 
MEGAN: Metagenome Analyzer; RDP: Ribosomal Database Project; SynCon: Synthetic 
Consortium.I.  Introduction

Agricultural lands occupy approximately 40% of the 
Earth’s terrestrial surface, with their significant expan-
sion over the past three centuries driven by the need 
to provide food for a rapidly growing global popula-
tion (Lal, 2023). However, the intensive utilization of 
these lands, accompanied by an increasing demand 
for food to sustain this population growth, has led 
to substantial environmental and social challenges 
(Adisa et  al., 2024).

One of the most significant threats to agricultural 
production, resulting in substantial crop losses, is the 
outbreak of plant diseases (Singh et  al., 2023). 
Currently, bacterial pathogens are responsible for over 
7% of infectious plant diseases, while viruses and 
phytoplasmas account for approximately 9%. Most 
plant diseases, approximately 83%, are caused by fun-
gal pathogens, which annually reduce crop yields by 
10%–15% (Peng et  al., 2021; Khakimov et  al., 2022). 
A striking historical example of catastrophic conse-
quences is the Irish Potato Famine caused by fungus 
Phytophthora infestans (Wang et  al., 2024). In addition 
to direct economic losses, phytopathogens degrade 
product quality by increasing the levels of toxins such 
as aflatoxins and mycotoxins (Gullino et  al., 2022).

Traditional approaches to managing phytopatho-
gens, primarily relying on chemical pesticides, have 
proven effective but come with significant limitations. 
The intensive application of pesticides results in soil, 
water, and air pollution, while also destroying bene-
ficial microbial communities, including nitrogen-fixing 
bacteria, thereby disrupting the nitrogen cycle and 
reducing soil fertility (Pahalvi et  al., 2021; Zhou et  al., 
2025). Microbial diversity in the rhizosphere is a crit-
ical element of agricultural system resilience, as ben-
eficial microorganisms in the root zone actively 
participate in nutrient cycling, stimulate plant growth, 
and suppress phytopathogens (Hakim et  al., 2021; 
Lahlali et  al., 2022). However, intensive farming prac-
tices, accompanied by the extensive use of agrochem-
icals and the disruption of agronomic practices, 
degrade soil microbiota, thereby weakening the pro-
tective functions of the rhizosphere community 
(Collinge et  al., 2022). Furthermore, pesticide residues 
in the environment and food pose risks to human 
health (Deguine et  al., 2023).

The issue of plant disease outbreaks is further exac-
erbated by global climate change, which promotes the 
expansion of pathogen ranges and enhances their vir-
ulence (Garrett et  al., 2021; Etherton et  al., 2024). 
Rising average temperatures, altered precipitation pat-
terns, and extreme weather events contribute to the 
evolution of new strains with increased virulence 
(Hunjan and Lore, 2020; Roussin-Léveillée et  al., 
2024). Fusarium graminearum, which thrives in warm 
and humid climates, is gradually displacing the less 
aggressive Fusarium culmorum in northern regions 
due to climate warming (Karlsson et  al., 2021). 
Notably, shifts in temperature and humidity directly 
affect plant immune mechanisms, making them more 
susceptible to infection (Kim et  al., 2022). The rapid 
escalation in plant disease incidence undermines food 
security and destabilizes global trade networks, thereby 
underscoring the urgent need for comprehensive pro-
tective strategies capable of adapting to pathogens’ 
evolving characteristics.

Faced with these challenges, researchers have turned 
to alternative; environmentally sound management 
strategies, such as biological control, to restore micro-
biological balance while safeguarding both the envi-
ronment and human health. In this context, special 
attention is directed toward integrating innovative 
technologies—metagenomics and phototrophic micro-
organisms (microalgae and cyanobacteria). Metagenomic 
analysis reveals the dynamics of microbial communi-
ties, providing valuable insights for disease manage-
ment and overcoming the limitations of traditional 
culture-based methods (Newberry et  al., 2020). 
Phototrophic microorganisms, in turn, produce a wide 
spectrum of bioactive compounds that inhibit phyto-
pathogen growth while simultaneously stimulating 
plant physiological processes, thereby enhancing their 
tolerance to adverse environmental factors such as 
drought, salinity, and temperature fluctuations (Lee 
and Ryu, 2021; Song et al., 2022; Bauenova et al., 2024).

This article provides a detailed analysis of the 
potential for combining metagenomic approaches with 
phototrophic biotechnology to combat phytopathogens 
in the face of current ecological challenges. Emphasis 
is placed on assessing the possible synergistic effects 
of jointly applying these methods, which may enhance 
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plant resistance to pathogens, restore soil fertility, and 
reduce environmental impact. Existing challenges and 
prospects for utilizing these technologies are exam-
ined, alongside directions for further research. This 
review serves as a methodological foundation for the 
development of specialized bioproducts and plant pro-
tection systems, offering novel solutions aimed at 
promoting sustainable agriculture through reduced 
chemical inputs, the preservation of biodiversity, and 
the maintenance of long-term productivity.

II.  Metagenomics as a tool for studying 
phytopathogens and their microbial 
communities

A.  Metagenomics in the diagnosis and biocontrol 
of phytopathogens

Effective management of phytopathogens is impossible 
without timely and accurate diagnostics, as early detec-
tion of infections is crucial for preventing significant 
crop losses (Nazarov et  al., 2020). Traditional diagnos-
tic methods, including visual observation, microscopy, 
mycological analysis, and indicator plant assays, rely 
on external manifestations of plant diseases and often 
face significant limitations due to the similarity of 
symptoms caused by different phytopathogens 
(Prasanna et  al., 2024). Over the past decade, molec-
ular techniques, such as advanced polymerase chain 
reaction (PCR) methods (nested, multiplex, and quan-
titative), isothermal amplification, and DNA- or 
RNA-based probe technologies have markedly improved 
the accuracy and speed of identifying soilborne phy-
topathogens (Jayalakshmi et  al., 2023; Kumar et  al., 
2023). However, these approaches require specific 
primers or probes, limiting their applicability in detect-
ing novel or poorly characterized species (Piombo 
et al., 2021). Unlike traditional and molecular methods, 
metagenomics offers a fundamentally new level of 
microbial community analysis, enabling the identifica-
tion of even uncultivable and previously unknown 
microorganisms (Gökdemir et  al., 2022; Navgire et  al., 
2022). Next-generation sequencing (NGS) technologies 
such as Illumina, PacBio, and Oxford Nanopore have 
greatly expanded our capacity to explore microbial 
diversity, providing high accuracy and scalability in 
metagenomic research (Akaçin et  al., 2022).

Metagenomics has revolutionized our understanding 
of microbial diversity and metabolic processes, offering 
new insights into the microbial world and its interac-
tions with the environment (Nam et  al., 2023). 
Metagenomic analysis facilitates the determination of 
taxonomic composition in microbial communities, the 

detection of phytopathogens via their specific genetic 
markers, and the examination of functional genes asso-
ciated with virulence and pathogenicity (Fenibo et  al., 
2022; Nwachukwu and Babalola, 2022). The ability of 
metagenomics to identify microorganisms at the strain 
level substantially enhances the development of reliable 
biopesticides, providing more effective plant protection 
(Anyansi et  al., 2020). These data enable the targeted 
selection of microorganisms, including phototrophic 
species that can produce antimicrobial compounds and 
immunomodulators required for the creation of effec-
tive bioproducts.

B.  Classification of metagenomics analysis

Metagenomic studies are broadly categorized into 
structural and functional metagenomics, each offering 
unique advantages in the study of microbial commu-
nities (Diwan et  al., 2022).

Structural metagenomics focuses on the taxonomic 
profiling of microbial communities and the identifi-
cation of phytopathogens through amplicon sequenc-
ing of phylogenetic markers, including 16S/18S/26S 
rRNA genes and internal transcribed spacer (ITS) 
regions (Navgire et  al., 2022; Clagnan et  al., 2024). 
Metagenomic amplicon sequencing has been applied 
to analyze microbial communities in cases of pea root 
rot, revealing shifts in microbiome structure and 
increased relative abundance of taxa such as Rhizobium, 
Fusarium, and Pythium (Hossain et  al., 2021). Studies 
on the microbiota of Welsh onion demonstrated the 
effectiveness of ITS1 rRNA amplicon sequencing in 
detecting the phytopathogens Stemphylium and 
Colletotrichum, which are associated with leaf blight, 
and showed significant changes in both phyllosphere 
and rhizosphere microbiomes following infection 
(Jayasinghe et  al., 2024). The research presented in 
Table 1 highlights the potential of structural metag-
enomics methods for investigating phytopathogens 
and assessing their impact on plant microbiomes.

Functional metagenomics involves sequencing frag-
ments of the entire genome to annotate active genes 
and biochemical pathways associated with pathoge-
nicity and other key microbial community functions 
(Diwan et  al., 2022). This approach analyzes all DNA 
fragments in a sample, regardless of their origin, 
thereby expanding the capacity to identify microor-
ganisms, assess genetic composition, and explore func-
tional pathways (Pérez-Cobas et  al., 2020). The studies 
shown in Table 2 confirm the high efficacy of func-
tional metagenomic analysis in identifying key genes 
and enzymes involved in plant–phytopathogen inter-
actions and in beneficial microorganism activity.



Critical Reviews in Plant Sciences 73

Integrating structural and functional approaches pro-
vides a comprehensive understanding of microbial com-
munity composition and functional mechanisms. Research 
on Plasmodiophora brassicae in Chinese cabbage revealed 
how environmental factors and microbial interactions 
influence resistance to clubroot disease (Liu et al., 2024). 
Metagenomic analysis has shown that combined appli-
cations of Bacillus velezensis VB7 and Trichoderma kon-
ingiopsis TK increase fungal abundance and diversity in 
tomato rhizospheres, effectively suppressing root-knot 
nematode infections by altering microbiome structure 

(Kamalanathan et al., 2023). Consequently, metagenomic 
approaches lay the groundwork for developing more 
effective and long-term strategies for biocontrol and 
microbial community management.

C.  Challenges and prospects for using 
metagenomics in the biocontrol of plant 
phytopathogens

Metagenomics offers new opportunities for precise 
diagnosis of phytopathogens and for analyzing their 

Table 1. S tudies in structural metagenomics for managing phytopathogens.

Research objective
Direction of structural 

metagenomics Study results
Metabolic pathways 

influencing pathogenicity References

Determination of wheat virome 
composition (Triticum 
aestivum L.)

Identification of known and 
novel viral sequences 
associated with plants 
and fungi

Identified known wheat viruses 
(WSMV, TriMV, HPWMoV, 
BYDV-PAV, CYDV) and novel 
viral sequences, including 
wheat umbra-like virus 
(WULV), wheat-associated 
vipovirus (WaVPV), 
tobamo-like virus (WaTBLV), 
and a new mitovirus

Viral sequences affect host 
metabolism by activating 
RNA interference (RNAi) 
defense mechanisms and 
altering physiological 
processes to facilitate 
replication and 
pathogenicity

Redila et  al. (2021)

Study of viruses associated 
with papaya ringspot 
disease (PRSD)

Identification of viruses 
causing PRSD

Detected Moroccan watermelon 
mosaic virus (MWMV) and 
three Carlavirus species, 
including known CpMMV and 
novel PaMV and PaMMV; 
PRSV was not detected

MWMV strongly linked to 
PRSD symptoms in 
papaya fruits; viruses 
damage leaf and fruit 
tissues, altering 
physiological processes 
and reducing yield

Mumo et  al. (2020)

Analysis of fungal communities 
associated with grapevine 
trunk diseases (GTD)

Identification of pathogenic 
fungi influencing GTD 
symptom development

Identified 258 taxa, including 10 
species linked to GTD, with 
Diplodia sp., N. cordaticola, 
and Diaporthe sp. most 
common. Symptomatic vines 
showed greater fungal 
diversity (9 species) compared 
to asymptomatic ones  
(4 species)

Release of phytotoxins and 
secondary metabolites by 
pathogenic fungi 
contributes to GTD 
symptoms

Patanita et  al. (2022)

Study of bacterial diversity in 
symptomatic and 
asymptomatic banana plants 
affected by bacterial wilt

Comparative analysis of 
microbiota in healthy 
and infected plants

Taxonomic analysis revealed 17 
bacterial types in 
asymptomatic plants and 9 in 
symptomatic ones. Unique to 
asymptomatic plants were 
102 bacterial genera. 
Cyanobacteria and 
Proteobacteria accounted for 
>99% of bacterial fragments 
in both

High species diversity of 
endophytic bacteria in 
asymptomatic plants 
likely creates antagonistic 
pressure on pathogens 
via competition for 
nutrients and niches; 
reduced diversity in 
infected plants may 
facilitate pathogen 
spread

Suhaimi et  al. (2017)

Development of a workflow for 
precise fungal pathogen 
identification in wheat

Identification of species 
composition and 
distribution of fungal 
pathogens and microbial 
communities

Detected all fungal diseases 
present in infected samples, 
including stripe rust (Puccinia 
striiformis f. sp. tritici), 
Septoria tritici blotch 
(Zymoseptoria tritici), and tan 
spot (Pyrenophora 
tritici-repentis), along with 
one additional disease 
(Septoria nodorum blotch 
caused by Parastagonospora 
nodorum)

Leaves infected by Puccinia 
and Zymoseptoria 
showed co-presence of 
Pseudomonas bacteria, 
potentially playing a role 
in pathogenesis

Hu et  al. (2019)

Identification of 
phytopathogenic viral 
sequences in fresh and 
wastewater samples and 
sludge in tropical areas of 
Mexico

Analysis of aquatic 
ecosystems to identify 
viruses threatening 
agriculture

Identified 15 phytopathogenic 
viruses of the Virgaviridae 
family and Tobamovirus 
genus, including pepper mild 
mottle virus, tomato brown 
rugose fruit virus, and tropical 
soda apple mosaic virus

Tobamovirus likely infects 
plants via waterborne 
transmission pathways

Lopez-Roblero et  al. 
(2024)
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interactions with plant microbiomes. However, the 
implementation of this approach faces several diffi-
culties. One key challenge is the complexity of data 
processing, including quality control, assembly, and 
binning—the process of grouping sequence fragments 
to reconstruct genomes. Although tools such as 
BUSCO, CheckM, Kraken, MetaPhlAn, MEGAN, and 
MetaBAT have been successfully applied to genome 

assembly and microorganism identification, their 
effectiveness diminishes when dealing with highly 
fragmented datasets or heterogeneous communities 
containing closely related species (Aragona et  al., 
2022; Iquebal et  al., 2022). This issue is compounded 
by the fact that existing reference databases (GenBank, 
Ribosomal Database Project, Greengenes, SILVA, and 
UNITE) used for annotation and identification are 

Table 2.  Functional metagenomic studies as a key approach in phytopathogen control.
Research objective and 
methodology

Key phytopathogens and 
their functions Key microbial interactions

Metabolic pathways influencing 
pathogenicity References

Study of soil microbial 
response to Ralstonia 
solanacearum and its 
correlation with soil 
properties

Ralstonia solanacearum 
causes bacterial wilt, 
negatively correlates 
with phosphorus levels 
and plant health

Healthy soils enriched with 
Comamonadaceae (e.g., 
Ramlibacter tataouinensis) 
and Halobacteriaceae show 
antagonism to the 
pathogen; infected soils 
favor Halostagnicola 
larsenii

Observed 468 horizontal gene 
transfer events enhancing 
microbial adaptation and 
affecting colonization and 
pathogenicity in soils

Xiao et  al. (2024)

Analysis of microbial 
diversity and functional 
traits in suppressive 
and conducive soils for 
banana Fusarium wilt 
suppression

Fusarium oxysporum f.sp. 
cubense (Foc) attacks 
the vascular system of 
banana plants

Pseudomonas, Burkholderia, 
and Streptomyces dominate 
suppressive soils, while 
conducive soils harbor 
Bacillus and more 
Streptomyces

High levels of zinc and manganese 
transporters enhance siderophore 
synthesis in suppressive soils, 
increasing pathogen resistance 
and nutrient uptake in plants

Nisrina et  al. (2021)

Study of endophytic root 
microbiome response 
to Fusarium infection

Fusarium oxysporum f. sp. 
cubense (Foc)

Dominance of Proteobacteria, 
Bacteroidetes, and 
Actinobacteria with 
antagonistic interactions 
involving Pseudomonadales 
and Streptomycetaceae

Infected root microbiomes engage in 
carbohydrate metabolism, cell 
wall degradation, and symbiotic 
nutrient acquisition

Kaushal et  al. (2020)

Analysis of rhizosphere 
microbiome in wild 
ginseng (Panax 
ginseng) and its role in 
resistance to fungal 
diseases

Ilyonectria robusta causes 
root rot, reducing water 
and nutrient uptake

Dominant taxa include 
Pseudomonadota, 
Actinomycetota, and 
Acidobacteriota. Enriched 
Streptomyces spp. suppress 
fungal pathogens

Denitrification genes reduce soil 
fertility, while ring-hydroxylating 
dioxygenase (RHD) genes degrade 
aromatic allelochemicals. 
Actinomycins D and Y6 exhibit 
antifungal activity

Huang et  al. (2024)

Carbon cycle analysis in 
oat (Avena fatua) roots 
grown under labeled 
¹³CO₂ conditions in 
rhizosphere and bulk 
soils

Burkholderiales, a potential 
plant pathogen using 
carbon from root 
exudates

Phages associated with 
Burkholderiales and 
Catenulispora sp. in the 
rhizosphere modulate 
growth and carbon cycling

Genes for hormone modulation, 
plant pathogenicity, and 
microeukaryote defense highlight 
microbial and phage roles in 
carbon flux regulation

Starr et  al. (2021)

Role of rhizosphere 
microbes in tomato 
resistance to Ralstonia 
solanacearum using 
resistant and 
susceptible varieties

Ralstonia solanacearum, a 
soilborne pathogen 
disrupting vascular 
function

Microbiota transplantation from 
resistant to susceptible 
varieties suppresses 
symptoms; isolated 
Flavobacterium TRM1 
suppresses pathogen

TRM1 genomic features, including 
monosaccharide transporters, 
limit sugar availability for 
pathogen colonization

Kwak et  al. (2018)

Mechanisms underpinning 
suppressive soil 
resistance to Panama 
disease in bananas

Fusarium oxysporum f.sp. 
cubense TR4

Suppressive soils enriched with 
Myxococcales, 
Pseudomonadales, and 
Xanthomonadales; 
Pseudomonas spp. display 
antagonism toward Foc4

Quorum sensing, biofilm formation, 
and antimicrobial compound 
synthesis genes are enriched in 
suppressive soil microbiomes

Shen et  al. (2022)

Microbial differences in 
healthy and diseased 
pepper plants to 
understand pathogen 
response and beneficial 
microbe roles

Fusarium spp. produce 
toxins affecting plant 
health

Diseased plants enriched with 
chemotaxis MCP genes 
attract beneficial bacteria 
(Bacillus subtilis, 
Pseudomonas spp.); 
diseased microbiomes lack 
alkaline phosphatase phoD 
genes

UDP-glucuronosyltransferase and 
LuxR CsgD regulatory genes 
promote biofilm formation and 
pathogen tolerance

Gao et  al. (2021)

Impact of Fusarium 
oxysporum (fox) on 
rhizosphere and 
endosphere 
microbiomes in 
susceptible and 
resistant bean varieties

Fusarium oxysporum 
causes root infections 
and alters microbiome 
structure

Rhizosphere of resistant 
varieties enriched with 
Flavobacterium, Bacillus, 
and Dyadobacter; 
endosphere enriched with 
Sinorhizobium and Ensifer

Terpenoid biosynthesis genes 
enriched in resistant varieties 
enhance fungal pathogen 
suppression

Mendes et  al. (2023)
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often incomplete and fail to adequately capture the 
true biodiversity of phytopathogenic microorganisms 
in diverse ecosystems. Such gaps lead to the omission 
of key phytopathogens, thereby reducing the accuracy 
and informativeness of diagnostic efforts and hinder-
ing timely plant protection measures (Crandall et  al., 
2020; Piombo et  al., 2021; Iquebal et  al., 2022). One 
promising solution to these problems is the applica-
tion of machine-learning methods for classifying indi-
vidual reads based on unique sequence features, 
enabling researchers to differentiate samples from 
infected and healthy plants independently of reference 
databases (Johnson et  al., 2023).

Successful implementation of metagenomic analysis 
requires the prior development of standardized pro-
tocols with clear criteria for data selection, processing, 
and unambiguous interpretation of results. Of partic-
ular importance is the establishment and validation 
of threshold values for read counts to identify func-
tional genes and pathogenicity factors, which will 
ensure consistent data interpretation and comparability 
of results across different research groups 
(Roman-Reyna and Crandall, 2024).

Prospects for metagenomics involve its integration 
with other omics technologies, such as metatranscrip-
tomics, metaproteomics, and metabolomics. A com-
prehensive omics-based approach will provide a holistic 
view of the activity and functional status of microbial 
consortia, deepening our understanding of their inter-
actions with host plants (De Corato, 2020). Especially 
relevant is the advancement of interaction-network 
analysis of phytopathogens and beneficial microorgan-
isms, which will facilitate the formation of stable, resil-
ient microbial communities capable of effectively 
protecting plants. Finally, metagenomics lays the 
groundwork for microbial engineering by enabling the 
isolation of valuable microorganisms from complex 
communities – organisms that produce bioactive com-
pounds with antiphytopathogenic properties. In this 
way, targeted metagenomic strategies shift the focus 
from merely studying microbial diversity to developing 
innovative biological products that enhance crop resis-
tance to a wide range of phytopathogens (Masenya 
et  al., 2024).

III.  Application of phototrophic biotechnology 
for sustainable phytopathogen management

A.  Mechanisms of action of phototrophic 
microorganisms against phytopathogens

The use of phototrophic microorganisms, such as 
microalgae and cyanobacteria, has emerged as a 

promising solution for environmentally friendly agri-
culture, owing to their capacity to serve as biofertilizers, 
biostimulants, and biopesticides (Sadvakasova et  al., 
2022; Nawaz et  al., 2024; Vermelho et  al., 2024). The 
antimicrobial and insecticidal properties of cyanobac-
teria Anabaena, Nostoc, Fischerella, and others have 
proven effective in the biocontrol of various phytopatho-
gens (Purushothaman and Irfana-Mol, 2020). In one 
study, the antifungal activity of 280 microbial strains 
was tested against six fungal and three oomycete strains. 
Among these, the best results were observed with aque-
ous extracts of the cyanobacteria Tolypothrix tenuis 
MACC-205 and Trichormus variabilis MACC-304, which 
inhibited the growth of 6 phytopathogens, and Nostoc 
linckia MACC-612, which suppressed 4 phytopathogens 
(Horváth et  al., 2023). In addition, cyanobacteria such 
as Anabaena and Nostoc enhance soil fertility by fixing 
nitrogen and carbon, while also contributing to the 
restoration of beneficial rhizosphere microbiomes (Bao 
et  al., 2021). Water extracts of the microalga Chlorella 
vulgaris inhibit the development of phytopathogens, 
strengthening plant defenses and thereby aiding agri-
culture in adapting to climate change (Alvarez et  al., 
2021; Čmiková et  al., 2024). Jokel et  al. (2023) demon-
strated the antimicrobial potential of microalgae, spe-
cifically Chlorella sorokiniana, whose extract exhibited 
high efficacy against the phytopathogen Phytophthora 
cactorum, inhibiting its growth on strawberry leaves. In 
the study by Schmid et al. (2022), extracts from microal-
gae (Nannochloropsis sp., Phaeodactylum tricornutum, 
Scenedesmus obliquus, Chlorella vulgaris, and Spirulina sp.) 
were tested for their antagonistic activity against the 
phytopathogens Sclerotium rolfsii, Rhizoctonia solani, 
Botrytis cinerea, and Alternaria alternata. The most sig-
nificant results were obtained against S. rolfsii with 
extracts from S. obliquus, Nannochloropsis sp., and  
P. tricornutum.

The application of phototrophic microorganisms for 
plant protection is based on multifaceted mechanisms, 
encompassing both direct suppression of phytopatho-
gen growth and indirect effects related to the activa-
tion of systemic plant resistance and the regulation of 
soil microbial communities. Understanding these 
mechanisms is key to optimizing the use of microalgae 
and cyanobacteria in sustainable agriculture, which 
aims to conserve natural resources and maintain eco-
logical balance (Berthon et al., 2021). Figure 1 presents 
a general overview of the antimicrobial mechanisms 
of phototrophic microorganisms.

The direct mechanism involves suppressing phyto-
pathogens through the synthesis of bioactive com-
pounds that effectively disrupt the cell walls of 
pathogenic fungi and bacteria, thereby limiting their 
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growth and reducing the likelihood of plant infections 
(Berthon et  al., 2021; Shah et  al., 2021; Akmukhanova 
et  al., 2023). Numerous studies have shown that 

cyanobacterial extracts, owing to their production of 
abundant biologically active compounds, effectively 
inhibit the growth of pathogenic fungi. El-Sheekh et al. 

Figure 1.  Mechanisms of action of phototrophic microorganisms in the fight against phytopathogens. Abbreviations: ISR: Induced 
Systemic Resistance; Pa2: Protease enzyme; β-1,3-Glucanase: Beta-1,3-glucanase enzyme; CO2: Carbon Dioxide; O2: Oxygen.
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(2022) demonstrated that foliar application of extracts 
from Nostoc calcicola and Nostoc linckia, which contain 
high levels of chlorophyll a, carotenoids and total phe-
nols, significantly suppressed the pathogenic fungus 
Fusarium oxysporum f. sp. lycopersici in tomatoes. 
According to findings reported by Águila-Carricondo 
et al. (2024), cyanobacteria Nostoc commune, Scytonema 
hyalinum, and Tolypothrix distortiona, isolated from 
erosion-prone soils, showed strong inhibitory activity 
against phytopathogens Phytophthora capsici, Pythium 
aphanidermatum, and Fusarium oxysporum f. sp. 
radicis-cucumerinum, attributable to elevated production 
of hydrolytic enzymes that degrade the cellulose walls 
of phytopathogens and secondary metabolites synthe-
sized under conditions of limited nitrogen and carbon 
availability. In another study, extracts from Oscillatoria 
nigro-viridis HSSASE 15, Anabaena sp. HSSASE11, and 
Dunaliella sp. HSSASE13 demonstrated significant anti-
fungal activity against phytopathogens Pythium ulti-
mum, Fusarium solani, and Botryodiplodia theobromae. 
The highest efficacy correlated with the elevated con-
tent of flavonoids, phenols, proteins, xylanase, glucanase 
and total neutral sugars (Senousy et  al., 2022). 
Furthermore, the cyanobacteria Anabaena sp. IPPAS 
B-2020 exhibited high fungicidal activity against 
Fusarium culmorum, F. graminearum, and F. sporotri-
chioides, attributed to the synthesis of bioactive com-
pounds, including citric, lactic and acetic acids, 
ter p enes ,  a lkanes ,  a lcohols  and other 
low-molecular-weight organic substances (Bataeva 
et  al., 2024). Neowestiellopsis persica A1387 cyanobac-
terium exopolysaccharide extract demonstrated signif-
icant antifungal activity against Fusarium oxysporum 
in vitro and in vivo, reducing the severity of fusarium 
wilt in cucumbers, increasing their biomass and inhib-
iting the activity of antioxidant enzymes (Nowruzi and 
Beiranvand 2024).

Despite extensive research on cyanobacteria as 
sources of antifungal compounds, there is growing 
interest in microalgae, whose biologically active 
extracts also demonstrate notable antibacterial and 
antifungal activity, effectively suppressing phytopatho-
gens (Ferreira et al., 2023). In the study by Al-Nazwani 
et al. (2021), a methanolic extract of Chlorella vulgaris, 
containing palmitic and oleic acids, glycine and phe-
nol, showed significant antifungal activity against 
Rhizoctonia solani, reducing the pathogenicity of this 
fungus on potatoes both in vitro and under green-
house conditions. In another study, the diethyl ether 
extract of Chlorella vulgaris, rich in fatty acids, alco-
hols, esters, demonstrated high antifungal activity 
against Fusarium oxysporum, Fusarium sp., Fusarium 
solani, Aspergillus flavus, and Aspergillus niger (Perveen 

et  al., 2022). Analyses of in vitro and in vivo exper-
iments indicate that polyphenols in aqueous suspen-
sions of Chlorella vulgaris and Tetradesmus obliquus 
can suppress the growth of the pathogenic fungus 
Fusarium oxysporum in spinach (Viana et  al., 2024). 
Scaglioni et al. (2019) investigated phenolic, and carot-
enoid extracts from Nannochloropsis sp. and Spirulina 
sp., which significantly inhibited the growth of a 
Fusarium complex, with natural phenolic acid extracts 
proving more effective than their synthetic counter-
parts. Bencheikh et  al. (2022) showed that an aqueous 
extract of Arthrospira platensis grown in a modified 
medium exhibited high antifungal activity against 
Fusarium culmorum ,  Alternaria solani ,  and 
Cladosporium sp., as well as antibacterial activity, pre-
dominantly against Gram-positive bacteria, due to the 
presence of γ-linolenic acid and the synergistic effects 
of lauric and palmitoleic acids. Ambrico et  al. (2020) 
reported that the hexane extract from the microalga 
Dunaliella salina, rich in β-carotene, demonstrated 
strong antibacterial activity both in vitro and in vivo 
against phytopathogenic bacteria Pseudomonas syringae 
pv. tomato and Pectobacterium carotovorum subsp. 
carotovorum, significantly reducing the incidence and 
severity of bacterial spot and soft rot symptoms in 
tomatoes and zucchinis.

The indirect mechanism by which phototrophic 
microorganisms act against phytopathogens is through 
stabilizing the structure and biodiversity of rhizo-
sphere microbial communities and activating nutrient 
cycling processes (Berthon et  al., 2021; Shah et  al., 
2021). Plants respond to localized infections through 
a salicylic acid (SA)-mediated signaling cascade, that 
triggers systemic acquired resistance (SAR), conferring 
prolonged protection against a variety of phytopatho-
gens, including fungi, bacteria, and viruses (Kamle 
et  al., 2020). This process is further enhanced by root 
exudates, which serve as chemical signals to attract 
beneficial microorganisms and mediate interactions 
within the rhizosphere. Consequently, induced sys-
temic resistance (ISR) is formed against phytopatho-
gens, activating plant defense responses through 
jasmonic acid (JA) and ethylene signaling pathways 
(Zehra et  al., 2021). Root treatment with a 
Scenedesmus-677 extract effectively suppressed bacte-
rial infections in tomato seedlings caused by 
Clavibacter michiganensis, whereas the application of 
Leptolyngbya-1267 enhanced plant resistance by acti-
vating defense responses through the SA signaling 
pathway (Toribio et  al., 2021).

In addition, phototrophic microorganisms that form 
symbiotic relationships with plants synthesize biolog-
ically active compounds that stimulate plant defense 
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systems and enhance systemic resistance to phyto-
pathogens, as demonstrated by numerous studies. 
Polysaccharides boost defense mechanisms by activat-
ing enzymes such as phenylalanine ammonia-lyase, 
chitinase, β-1,3-glucanase, and peroxidase (Riseh 
et  al., 2022). Righini et  al. (2019) demonstrated that 
aqueous extracts and polysaccharides from the cya-
nobacteria Anabaena sp. and the algae Ecklonia sp. 
and Jania sp. effectively suppressed the growth and 
sporulation of Botrytis cinerea, while indirectly acti-
vating plant defense mechanisms and reducing the 
likelihood of gray mold infection during preharvest 
treatments. Polysaccharides from microalgae such as 
Porphyridium sp., Phaeodactylum tricornutum, 
Desmodesmus sp., and Dunaliella salina effectively 
stimulated tomato plant defense mechanisms by acti-
vating antioxidant enzymes and pathogenesis-related 
proteins, modulating the metabolite profiles, and 
strengthening cell membrane structures (Rachidi et al., 
2021). In another study, polysaccharides isolated from 
Chlorella vulgaris, C. sorokiniana, Dunaliella salina, 
Chlamydomonas reinhardtii demonstrated significant 
biostimulatory effects on plant defense enzymes such 
as β-1,3-glucanase and phenylalanine ammonia-lyase 
(Farid et  al., 2019). The chloroform extract of the 
microalga Tetraselmis rubens demonstrated high anti-
bacterial activity in vitro and in vivo against 
Pseudomonas corrugata due to a complex of bioactive 
compounds, including fatty acid esters, which effec-
tively reduced the incidence of bacterial leaf spot in 
tomatoes (Ouaddi et  al., 2025).

Proteins, antioxidants, phenols, flavonoids, and 
other metabolites also provide substantial indirect 
protective effects by inhibiting the growth of diverse 
phytopathogens. Righini et  al. (2020) reported that 
aqueous extracts of the cyanobacteria Anabaena minu-
tissima and the algae Ecklonia maxima and Jania 
adhaerens exhibit strong antifungal effects against 
Podosphaera xanthii, the causal agent of cucumber 
powdery mildew. Extracts from A. minutissima and 
J. adhaerens, which contain proteins, phycobiliproteins 
(PBP), chlorophylls, carotenoids, and antioxidants, 
induced the expression of plant defense-related genes 
by activating SA and JA signaling pathways. These 
authors also investigated aqueous extracts and PBP 
from A. minutissima, which demonstrated potent anti-
fungal activity against Botrytis cinerea on tomato fruits 
by inhibiting mycelial growth and colony formation. 
Moreover, PBPs preserved the integrity of cutin and 
pectin structures in treated fruits (Righini et  al., 
2021). In another study, treating tomato seeds with 
PBPs from A. minutissima promoted seeds germina-
tion and growth by activating the defense enzymes 

such as chitinase and β-1,3-D-glucanase, through ele-
vated phenol and flavonoid contents, thereby confer-
ring resistance to the phytopathogen Rhizoctonia 
solani (Righini et  al., 2023). Furthermore, aqueous 
extracts of A. minutissima, rich in proteins and car-
bohydrates, effectively protected tomato plants from 
soilborne phytopathogens R. solani and Pythium ulti-
mum by enhancing plant resistance, including 
increased activity of endochitinase and glucanase 
defense enzymes and higher levels of carotenoids and 
chlorophyll (Righini et  al., 2025). Abdelaziz et  al. 
(2022) applied aqueous extracts of the cyanobacteria 
Desmonostoc muscorum, Anabaena oryzae, and 
Arthrospira platensis to bolster pepper (Capsicum ann-
uum) immunity against Fusarium wilt. Their findings 
revealed that cyanobacterial treatment conferred pro-
tection from phytopathogens by elevating the levels 
of photosynthetic pigments, osmoprotectants, and 
antioxidant enzymes while reducing hydrogen perox-
ide (H2O2) and lipid peroxidation. In a study by 
Ghareeb et  al. (2022), extracts from the Oscillatoria 
sp. MT790332, containing flavonoid, phenolic, and 
quinone compounds, displayed significant nematicidal 
activity against the root-knot nematode Meloidogyne 
incognita, suppressing its development and simultane-
ously improving soybean growth, biomass, and chlo-
rophyll content. These effects were associated with 
enhanced expression of plant defense genes linked to 
pathogenesis. Elsharkawy et  al. (2022) demonstrated 
that extracts from microalgae and cyanobacteria such 
as Chlorella vulgaris, Anabaena oryzae, Nostoc linckia, 
Spirulina platensis, and Dunaliella salina effectively 
mitigate the severity of tomato mosaic virus. This 
protective effect is attributed to the induction of plant 
resistance mechanisms, evidenced by elevated perox-
idase and polyphenol oxidase activity, as well as 
increased expression of the PR1 and PAL genes 
involved in SA and JA pathways (Elsharkawy 
et  al., 2022)

B.  Limitations to the development of 
phototrophic biotechnology in the biocontrol of 
phytopathogens

Phototrophic biotechnology offers effective biocontrol 
methods aimed at suppressing phytopathogens through 
bioactive compounds produced by microalgae and 
cyanobacteria. However, its widespread adoption 
remains constrained by various technological, eco-
nomic, and environmental factors.

Although microalgae and cyanobacteria themselves 
can serve as relatively low-cost raw materials, the 
industrial-scale cultivation and extraction of 
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biologically active compounds still pose a major finan-
cial challenge (Gonçalves, 2021). Research focused on 
optimizing technological processes and developing 
more efficient extraction methods has the potential 
to substantially lower overall costs (Righini et al., 2022).

Despite numerous studies demonstrating the high 
biological activity of microalgae and cyanobacteria, 
the number of commercially available products derived 
from these organisms remains limited. Many prom-
ising compounds with biopesticidal properties are 
patented, yet only a few reach the market (Berthon 
et  al., 2021). One barrier in this regard is the adap-
tation of phototrophic microorganisms to environ-
mental conditions during field trials (Parmar et  al., 
2023). A thorough understanding of soil biological 
and ecological characteristics can significantly enhance 
the efficacy of phototrophic biocontrol agents, includ-
ing improvements in sampling procedures, consider-
ations of soil biota interactions, and adaptation to 
agroecological conditions (Lahlali et  al., 2022).

Although extracts from microalgae and cyanobac-
teria have proven effective against numerous phyto-
pathogens, they may contain metabolites that are toxic 
to certain crop species (Ramakrishnan et  al., 2023). 
To improve both the efficacy and safety of microalgae- 
and cyanobacteria-based biocontrol agents, it is critical 
to account for their selective action against phyto-
pathogens to avoid inadvertently promoting harmful 
organisms. Before these biopesticides are deployed on 
a large scale, it is essential to identify specific targets 
and select phototrophic microorganism strains with 
selective antimicrobial activity (Schmid et  al., 2022). 
In this context, metagenomics can serve as a powerful 
tool for the comprehensive analysis of phototrophic 
communities, enabling the identification of their com-
position and functional activity while evaluating poten-
tial ecosystem risks. This approach ensures the safety 
of microalgae- and cyanobacteria-based products, guar-
antees their long-term efficacy under field conditions, 
and minimizes adverse impacts on agroecosystems.

Equally important is the regulatory dimension of 
bioproduct application. With the introduction of new 
regulations, such as EU Regulation 2019/1009, proce-
dures for registering and bringing microalgae- and 
cyanobacteria-based bioproducts to market are 
expected to become more streamlined (Berthon et  al., 
2021). Nevertheless, the current level of regulatory 
oversight continues to require further research and 
confirmation of the safety and selectivity of these 
bioproducts for successful use in agriculture.

Consequently, overcoming these limitations through 
a comprehensive approach – encompassing production 
optimization, selectivity studies, and the development 

of effective regulatory frameworks is essential for the 
successful and safe integration of phototrophic micro-
organisms into agricultural practice.

IV.  Challenges and prospects of integrating 
metagenomics and phototrophic 
biotechnology in biopesticide development

In recent years, significant progress in biological con-
trol has been made possible by advances in compu-
tational technologies, molecular biology, and 
biotechnology. These tools have enabled researchers 
to delve deeper into the interactions between biocon-
trol agents, phytopathogens, and host plants at molec-
ular, cellular, and ecological levels (Tariq et  al., 2020). 
However, despite these achievements, there remains a 
pressing need for integrated approaches to achieve 
more sustainable management of agroecosystems. One 
promising avenue involves combining metagenomic 
technologies with phototrophic biotechnology to 
enhance the biocontrol of phytopathogens and restore 
soil ecosystem functions.

Metagenomic techniques facilitate the identification 
and characterization of both pathogenic microorgan-
isms and beneficial phototrophic microorganisms that 
possess antimicrobial and immunomodulatory prop-
erties. This integration offers the possibility of creating 
targeted bioproducts adapted to specific agroecosystem 
conditions, ensuring their effective performance in 
the soil and rhizosphere.

The application of specialized metagenomic analysis 
methods alongside detailed investigations of marker 
genes and the monitoring of changes in microbial 
diversity significantly expands our understanding of 
the dynamics and structure of soil microbial commu-
nities. This not only enables the identification of the 
most promising microbial strains but also paves the 
way for the design of optimized synthetic consortia 
(SynCon) specifically engineered to enhance plant 
resilience against phytopathogens and environmental 
stressors (Martins et  al., 2023). The introduction of 
phototrophic microorganisms into these consortia 
helps suppress phytopathogens, supply nutrients to 
plants, and boost their tolerance to unfavorable con-
ditions (Sadvakasova et  al., 2023). Continuous mon-
itoring and dynamic management of microbial 
community composition via a metagenomic approach 
maintains the stability, functionality, and high adapt-
ability of these consortia under changing agroecosys-
tem conditions (Rainey and Quistad, 2020).

Figure 2 illustrates the concept of integrating 
metagenomic analysis with phototrophic biotechnology 
in agriculture. The diagram highlights the key 



80 A. K. SADVAKASOVA ET AL.

advantages of these approaches and their synergistic 
application to microbial community management, 
including sequential steps for selecting, analyzing, 
optimizing, and deploying bioproducts. This integrated 
strategy aims to reduce dependence on chemical 

pesticides while strengthening agroecosystem resilience 
to a range of biotic and abiotic stress factors.

The successful integration of metagenomics and pho-
totrophic biotechnology into agriculture requires careful 
consideration of both scientific and socioeconomic 

Figure 2.  Prospects for the integration of metagenomics and phototrophic technology for biocontrol of phytopathogens.
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factors. Major technical challenges include the high 
costs of developing new methods for processing and 
interpreting large-scale metagenomic data, difficulties 
in scaling up laboratory research for practical field 
applications, and the need to maintain the stability and 
activity of phototrophic microorganisms under field 
conditions. Addressing these challenges demands the 
standardization of metagenomic analysis methodologies, 
as well as the development of uniform and reliable 
protocols for cultivating phototrophic microorganisms. 
In addition, it is essential to establish accessible and 
effective systems for monitoring and managing micro-
bial consortia directly in agroecosystems.

Despite growing interest in biological control, chal-
lenges remain in demonstrating its profitability and 
practical value (Barratt et  al., 2018). The lack of com-
pelling economic data on biocontrol effectiveness lim-
its governmental support and narrows academic 
interest in developing new solutions. Farmers, partic-
ularly those with limited experience in biocontrol 
systems, often perceive them as less cost-effective than 
chemical pesticides, which complicates the adoption 
of innovative technologies (Barratt et  al., 2018; 
Deguine et  al., 2021). The advancement of bioprepa-
rations is further impeded by the intricacy of the 
registration procedures and the absence of unified 
international regulations. Establishing a global regu-
latory framework is crucial for streamlining the pro-
duction and application of biopesticides (Koul, 2023). 
Effective coordination among government agencies, 
industrial organizations, and the scientific community 
is a critical factor for success. Significant investment 
in public research is needed to fill gaps often over-
looked by the private sector. Policy supports through 
subsidies, regulatory standardization, and international 
collaboration will expedite the implementation of 
these technologies. Interdisciplinary approaches that 
integrate scientific knowledge with the practical needs 
of farmers can further facilitate adoption. Outreach 
and education for farmers demonstrating the long-term 
economic benefits and environmental safety of bio-
products along with effective marketing strategies are 
equally vital (Lee et  al., 2024). Systematic research 
dedicated to developing specialized bioproducts and 
gaining an in-depth understanding of microbial com-
munity interactions with plants and the environment 
is essential for the successful realization of this prom-
ising concept.

V.  Conclusion

The application of metagenomics for the targeted 
selection of resilient phototrophic strains adapted to 

various climatic and soil conditions ensure high pre-
cision and effectiveness in biocontrol. These micro-
organisms form the basis of new biopreparations 
that exhibit resilience to stress and function effec-
tively across diverse agroecosystems. Functional 
metagenomics offers detailed insights into the mech-
anisms driving phototroph antagonism against phy-
topathogens, while also enhancing their efficacy. 
Furthermore, the development of synergistic micro-
bial consortia facilitates the establishment of 
multi-component systems capable of adaptive bio-
control, even in dynamic environmental conditions. 
However, several critical challenges must be over-
come to enable the widespread implementation of 
these technologies. Current limitations in metage-
nomic methods, such as sequencing accuracy and 
the complexity of data annotation, require further 
advancements to improve the analysis of complex 
microbial communities. Economic costs associated 
with the production of microalgal biomass and the 
extraction of bioactive compounds remain significant 
barriers, underscoring the need for more cost-effective 
and scalable methods. These challenges define the 
direction for future research aimed at improving 
cultivation technologies, reducing production costs, 
and increasing the accessibility of biopreparations 
for farmers. The successful implementation of inno-
vative biotechnologies also depends on systemic sup-
port from governmental and international institutions 
and the establishment of an appropriate regulatory 
framework. Broad adoption of environmentally 
friendly biopreparations requires coordinated efforts 
by scientists, policymakers, and agricultural produc-
ers. Thus, the integration of metagenomics and pho-
totrophic biotechnology lays the foundation for the 
future of sustainable agriculture, aimed at reducing 
environmental impacts, improving soil health, and 
strengthening plant protection. This approach is not 
only a promising direction for biotechnological 
research but also a strategic initiative with the poten-
tial to transform agricultural practices and ensure 
the long-term sustainability of agroecosystems.
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