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1. Introduction

Today’s agriculture faces significant challenges, such as 
climate change, resource limitations, and land degradation 
(Shayanthan et al., 2022; El Chami et al., 2020). These issues lead 
to reduced crop yields and threaten food security, with a pro-
jected global population of 9.7 billion by 2050 (Gu et al., 2021). 
Although pesticides and chemical fertilizers have been utilized 
in agriculture, their sustainability impacts are increasingly dis-
cussed, highlighting the urgent need for more sustainable ag-
ricultural practices (Khan, B et al., 2023; Baweja et al., 2020). 
Microbial communities are key to sustainable farming practices 
(Cappelli et al., 2022). They enhance soil quality and promote 
plant growth through secondary metabolites that improve nu-
trient solubilization, growth regulation, and enzyme production 
(Meena et al., 2023; Mitra et al., 2022). Synthetic biology applica-
tions have promise for addressing these challenges (Valle-García 
et al., 2023; Tian et al., 2021).

Integrating microbial communities into synthetic microbial 
communities (SynComs) offers stimulating options in agricultur-
al practices (Gonçalves et al., 2023). SynCom was constructed by 
understanding microbial functions, which involves  identifying 

those with desirable traits for agricultural use. Each strain is 
characterized and classified for its specific function before be-
ing combined as a SynCom (Johns et al., 2016). Designing SynCo-
ms involves systematically integrating microbial species from in 
 vitro screening and in vivo verification (Shayanthan et al., 2022; 
Tsolakidou et al., 2019). SynCom design is characterized by plant 
growth-promoting traits, antagonistic activities, biochemical 
characteristics, enzyme productions, and insecticidal properties 
(Yan et al., 2024; Cherif et al., 2022; Vega-Celedón et al., 2021). Se-
lected SynCom involves strain characteristics and construction 
strategies (Marín et al., 2021).

SynComs have potential applications in biotechnology, ag-
riculture, and environmental science (Singha and Shukla, 2023; 
Prigigallo et al., 2022). SynComs can be sourced from various 
collections, including natural environments, extreme condi-
tions like high salinity or drought, or even gene bank collection 
(De-Lin et al., 2024; Chaudhary et al., 2023; Zhuang et al., 2021; 
Zhang et al., 2019). Sustainable farming practices focus on im-
proving soil health and reducing harmful pesticides (Saha and 
Bauddh, 2020). This review thus emphasizes the practical appli-
cations of SynComs as crucial resources for enhancing sustain-
able agriculture and environmental  sustainability, highlighting 
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their  multifunctional roles, integrated field applications, and 
ecological considerations. 

2. Methodology of literature review

This review aims to synthesize the scientific understand-
ing of synthetic microbial communities’ roles, applications, 
and ecological implications (SynComs) in sustainable agri-
culture. A structured literature search was conducted across 
major electronic databases, including Google Scholar, cover-
ing publications from 2010 to 2025. The search procedure 
utilized integrations of relevant keywords such as artificial 
microbial consortia, engineered microbial consortia, micro-
bial consortium, plant growth-promoting rhizobacteria, and 
sustainable agriculture. Inclusion criteria were encompassed 
peer-reviewed original research, book chapters, review ar-
ticles published in English, relevant institutional reports, and 
online-accessible sources. Conference abstracts, unpublished 
theses, and non-English publications were excluded. During 
the screening phase, titles and abstracts were assessed for rele-
vance, followed by full-text reviews of the articles. Manual data 
extraction was performed, with studies organized thematically 
into conceptual domains, including the multifunctional roles of 
SynComs, their integrated agricultural applications, and the as-
sociated ecological implications. The precise investigation was 
given to identify recent advancements, current research gaps, 
and the prospects for the practical application of SynComs in 
sustainable agricultural systems.

3.  Approaches for engineering synthetic microbial 
communities (SynComs)

Synthetic microbial communities (SynComs) can be de-
fined as consortia of microorganisms (Mehlferber et al., 2024). 
SynCom combines microbial species to address agricultural 
challenges and enhance crop productivity (Devi and Balach-
andar, 2022; Karkaria et al., 2021). SynCom’s design and con-
struction require analyzing different characteristics (Johns 
et al., 2016). The selection process, shown in Fig. 1, involves 
analyzing different strains to isolate those with desirable 
traits for agriculture. Each strain is characterized and classi-
fied by its specific function before being included in the final 
SynCom. SynComs can be developed from various sources like 
natural culture collections and gene banks (De-Lin et al., 2024; 
Zhuang et al., 2021; Zhang et al., 2019). They play a crucial role 
in promoting plant growth, mainly when sourced from envi-
ronments with resilient plants (Liu, H et al., 2022). SynComs 
from healthy rhizospheres enhance crop health and stress 
tolerance, leading to high yields and disease resistance. Addi-
tionally, those derived from extreme conditions such as high 
salinity or drought can boost plant resilience (Chaudhary et 
al., 2023).

SynCom construction involves in vitro screening and in 
vivo verification. In vitro screening identifies microbes with 
beneficial activities using molecular techniques and culture 
methods, while in vivo testing evaluates these microbes with 
plants in controlled conditions (Tsolakidou et al., 2019). The re-
sults helped create SynComs, which tested greenhouses on tar-

Fig. 1. The process involved in constructing a SynCom. The process begins with various microbial 
communities, each performing specific functions. Strains are characterized, screened, and isolated 
based on their functions. Desirable strains for specific applications are selected and constructed 
into a customized microbial consortium, or SynCom
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Table 1
SynComs’ wide range of applications illustrates their versatility in addressing various agricultural and environmental challenges. These include 
 enhancing crop resilience, decreasing herbicide needs, developing biocontrol strategies, and advancing biosensor technology

SynComs Strain sources Applied 
applications

Objectives References

Pseudomonas sp. N4, 
Pseudomonas sp. N8, 
Ensifer sp. N10, 
Ensifer sp. N12

Medicago spp. nodules Biofertilizer 
and 
bioremediation

To promote M. sativa growth 
and nodulation in degraded 
estuarine soils under several 
abiotic stresses, including high 
metal contamination, salinity, 
drought, and temperature.

Flores-Duarte 
et al., 2023a 

Pantoea agglomerans S3, 
Bacillus velezensis R5, 
Pseudomonas chlororaphis H4, 
Priestia megaterium MS2, 
Bacillus subtilis MR4, 
Pseudomonas gessardi MH8

Rhizosphere and tissues 
of Mesembryanthemum 
crystallinum

Biofertilizer 
and 
bioremediation

To determine the effect 
of the selected consortiums 
on plant growth, physiology, 
and metal accumulation.

Flores-Duarte 
et al., 2023b

A. xylosoxidans Z2K8, 
Burkholderia sp. Z1AL11, 
K. variicola R3J3HD7, 
P. ananatis E2HD8, 
P. diazotrophicus Z2WL1, 
P. protegens E1BL2

Jala maize landrace Biofertilizer 
and biocontrol

It is used to promote plant growth 
and yield and to inhibit fungi.

Sotelo-
Aguilar et al., 
2023 

B. megaterium, B. pumilus,
B.aryabhattai, B. subtilis,
B. pseudomycoides, 
B. toyonensis

Rhizosphere soil of healthy 
R. pseudostellariae

Biofertilizer To evaluate the effects 
of Bacillus spp. on soil 
physicochemical properties 
and plant physiological 
characteristics.

Yan et al., 
2024

Microbacterium sp.,
Pseudomonas extremaustralis,
Bacillus amyloliquefaciens,
Priestia megaterium, Bacillus subtilis

Soil Bioremediation Regulating the bioavailability 
of heavy metals.

Nie et al., 
2023 

R. erythropolis (Rh), 
P. aeruginosa (Ps)

Rhizosphere soil Bioremediation 
and biofertilizer

To improve rice Aluminium (Al) 
resistance by optimizing root 
morphology and improving soil 
nutrient availability.

Liu, C et al., 
2023

Pseudomonas putida KT2440, 
Pseudomonas fl uorescens F113, 
Pseudomonas fl uorescens SBW25, 
Pseudomonas aeruginosa PAO1

Fields of wheat  Biopesticide To reduce herbicide 
consumption.

Hadayat 
et al., 2024

T. longipile SG1, T. asperellum SG4, 
T. koningiopsis SG6, 
T. hamatum SG18, 
T. koningii SG19, 
T. hamatum SG20, 
T. longipile VB6, T. spirale VB25, 
T. longipile VB28, T. spirale VB33

Mature chestnut orchard 
for fruit production (Castanea 
sativa Mill.) affected by ink 
disease and coetaneous mature 
silver fi r stand (Abies alba Mill.) 
affected by root rot caused 
by Heterobasidion abietinum 

Biocontrol To investigate 
an innovative strategy 
for the biocontrol 
of plant disease.

Frascella 
et al., 2023

E. coli AR1, 
E. coli AR2, 
E. coli AR3

Engineered microbes Biomedicine To enhance the viability 
of engineered microbes in the host’s 
stomach, protecting them 
from the stress of acidic conditions.

Inda & Lu, 
2020

Bacillus subtilis, 
Pseudomonas putida

Engineered microbes Biosensors To engineer fl avin 
mononucleotide–based fl uorescent 
proteins that can be used 
as fl uorescent reporters in aerobic 
and anaerobic biological systems.

Drepper 
et al., 2007
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get crops to assess their impact on growth, yield, and resilience. 
The findings from these trials further refine SynCom’s com-
position and application. SynComs demonstrate transforma-
tive potential in sustainable agricultural and environmental 
practices, as shown in Table 1, with their diverse applications 
across various sectors.

For instance, Pseudomonas sp. N4, Pseudomonas sp. N8, 
Ensifer sp. N10, and Ensifer sp. N12 sourced from Medicago spp. 
nodules were constructed to promote Medicago sativa growth 
and nodulation in degraded estuarine soils under several abi-
otic stresses, including high metal contamination, salinity, 
drought, and temperature (Flores-Duarte et al., 2023a). Pan-
toea agglomerans S3, Bacillus velezensis R5, Pseudomonas chlo-
roraphis H4, Priestia megaterium MS2, Bacillus subtilis MR4, 
and Pseudomonas gessardi MH8 isolated from rhizosphere and 
 tissues of Mesembryanthemum crystallinum were combined as 
a SynCom to determine plant growth, physiology, and metal 
 accumulation (Flores-Duarte et al., 2023b).

Sotelo-Aguilar et al., 2023, created a SynCom using Achro-
mobacter xylosoxidans Z2K8, Burkholderia sp. Z1AL11, Kleb-
siella variicola R3J3HD7, Pantoea ananatis E2HD8, Phytobacter 
diazotrophicus Z2WL1, and Pseudomonas protegens E1BL2 to 
promote plant growth and inhibit fungi. Similarly, Bacillus 
megaterium, Bacillus pumilus, Bacillus aryabhattai, Bacillus 
subtilis, Bacillus pseudomycoides, and Bacillus toyonensis iso-
lated from rhizosphere soil of healthy Radix pseudostellariae 
were constructed for investigating soil physicochemical prop-
erties and plant physiological characteristics (Yan et al., 2024). 
SynCom represents a significant advancement in sustainable 
agriculture, while also ensuring environmental protection.

4.  The use of synthetic microbial communities (SynComs) 
to improve plant health

Switching from chemical to biological methods in agricul-
ture promotes sustainable practices (Mącik et al., 2020). Farm-
ers are increasingly moving towards biological approaches like 
biopesticides and beneficial microorganisms to mitigate the ad-
verse effects of conventional farming. These methods are less 
harmful to biodiversity and cause minimal damage to non-tar-
get species (Thakur et al., 2020). They also enhance soil health by 
increasing organic matter and microbial diversity, while chemi-
cal inputs can degrade soil quality and fertility (Buta et al., 2021). 
SynComs are designed combinations of microorganisms used as 
biofertilizers to enhance soil health and crop yields. They con-
sist of cultured microorganisms with specific traits for targeted 
functions (Yin et al., 2022).

SynComs are biofertilizers that enhance soil quality and 
improve nutrient cycling of nitrogen, phosphorus, and potas-
sium (Kabir et al., 2024). They increase nutrient bioavailability 
through nitrogen fixation, phosphate solubilization, and mo-
bilization of other nutrients, which boosts plant growth (Kaur, 
S et al., 2022). Additionally, SynComs produce phytohormones 
such as auxins, cytokinins, gibberellins, ethylene, and abscisic 
acid, which promote plant growth, root development, and yield 
(Qiao et al., 2024). Plants use various hormones to  regulate 

growth and development (Singh and Roychoudhury, 2023). 
Auxins promote cell elongation and root growth for better ac-
cess to water and nutrients (Jankovska-Bortkevič et al., 2023). 
Cytokinins drive cell division and enhance shoot growth (Svol-
acchia and Sabatini, 2023). Gibberellins stimulate stem elon-
gation, seed germination, and flowering (Ritonga et al., 2023). 
Ethylene aids fruit ripening and manages root development 
and stress responses (Huang et al., 2023). Meanwhile, SynComs 
also release abscisic acid to help plants cope with drought and 
salinity (Segarra-Medina et al., 2023).

Furthermore, SynCom produces several substances that 
enhance plant growth and health. One key component is si-
derophores, which chelate iron in the soil, making it accessible 
for essential metabolic processes like photosynthesis (Misra 
et al., 2023). They also solubilize potassium, phosphorus, and 
zinc, improving nutrient availability (Bakki et al., 2024). Addi-
tionally, SynComs generates antibiotics to protect plants from 
harmful microbes, reducing disease and promoting overall 
health (Hansen et al., 2023). They contain enzymes that break 
down soil organic matter, release nutrients (Chiaranunt and 
White, 2023), and produce volatile organic compounds that 
stimulate growth and activate defenses against pathogens (Jing 
et al., 2024).

The Fig. 2 illustrates how SynComs function as bioferti-
lizers to enhance plant growth. The interaction between host 
plants and SynComs involves signaling and material exchange. 
When plants release sugars and amino acids from their roots, 
SynComs are attracted and secrete signaling molecules recog-
nized by the plants. They then colonize the root surface or in-
terior, transferring beneficial metabolites. For growth, plants 
need macronutrients (N, P, K) and micronutrients (Fe, Zn, Cu). 
The SynCom colonizes the roots and surrounding soil, improv-
ing nutrient availability through nitrogen fixation, P, K, and Zn 
solubilization, and iron chelation. In turn, plant roots absorb 
these nutrients and facilitate microbial interactions. Addition-
ally, SynCom produces compounds like hormones and antimi-
crobial agents that promote growth, enhance stress resistance, 
and suppress pathogens. SynComs can also form biofilms on 
roots, creating a protective microenvironment that facilitates 
nutrient exchange and shields against pathogens, ultimately 
promoting plant growth significantly.

SynComs release phytohormones and growth-promoting 
substances into the soil, enhancing plant nutrient absorption. 
For instance, phosphorus-solubilizing bacteria convert insolu-
ble phosphorus into soluble forms for easier uptake (Zhou et 
al., 2024). Some SynCom members decompose organic matter, 
releasing nutrients (Cao et al., 2023). The compounds secreted 
can penetrate root cell membranes, and some volatile sub-
stances can be absorbed by leaves (Zhang et al., 2024). Denaya 
et al. (2021) showed that a SynCom of Citrobacter braakii, Cit-
robacter freundii, and Pseudomonas stutzeri significantly en-
hances plant growth by improving nutrient uptake and induc-
ing resistance against pathogens. Similarly, Kaur, T et al. (2022) 
found a SynCom of Erwinia sp. EU-B2SNL1, Chryseobacterium 
arthrosphaerae EU-LWNA-37, and Pseudomonas gessardii EU-
MRK-19 further boosts plant growth, nutrient uptake, disease 
resistance, and stress tolerance.
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The development of SynCom as a biofertilizer leveraging 
PGP traits offers a promising method for enhancing nutri-
ent availability in soil. Selecting isolated strains with strong 
PGP trait performance can improve soil properties and plant 
growth. Verma et al. (2018) developed a SynCom of Bacillus 
subtilis  BHUJP-H1, Bacillus sp. BHUJP-H2 and Bacillus licheni-
formis BHUJP-H3, based on biochemical characterization and 
plant growth-promoting traits. These traits, including catalase, 
cellulase, and phosphate solubilization, significantly enhance 
the growth of Vigna radiata.

Current studies indicate that constructing SynComs as 
 biofertilizers requires selecting specific bacterial strains based 
on their PGP traits (Srivastava and Sharma, 2022). As shown in 
Table 2, the formulation relies on evaluating PGP traits, antag-
onistic activities, biochemical characteristics, and hydrolytic 
enzyme production (Kaur et al., 2024; Mir et al., 2024; Devi, R 
et al., 2022a; Devi, R et al., 2022b; Kumar et al., 2021). These 
traits enhance nutrient absorption, with certain strains capa-
ble of capturing atmospheric nitrogen and converting it into 
ammonia, thereby increasing soil nitrogen content. They also 
can convert essential nutrients like phosphate, potassium, and 
zinc into soluble forms, enhancing their availability to plants. 
Additionally, SynCom produces phytohormones and growth 
regulators that support plant growth, promote resilience 
against environmental stress, and improve overall health 
and productivity. These traits enable SynComs to contribute 
to more sustainable agricultural systems. Utilizing SynCom 
in biofertilizers supports sustainable agriculture, boosts crop 
productivity, and enriches soil quality, making it a valuable 
advancement of farming practices. Thus, using SynCom-based 
biofertilizers promotes sustainable agriculture and reduces 
ecological impact.

Fig. 2. SynCom enhances nutrient acquisition and promotes plant health 
within the rhizosphere. SynCom’s members colonize plant roots and im-
prove nutrient availability through nitrogen fixation, solubilization, iron 
chelation, hormones, and antimicrobial agents that enhance growth, stress 
resistance, and disease suppression. Schematic of a root section showing 
the structure of the rhizosphere was sourced from the Nature Education 
Knowledge Project (https://www.nature.com/scitable/knowledge/library/
the-rhizosphere-roots-soil-and-67500617/, accessed on January 11, 2025)

Table 2
SynComs are constructed as biofertilizers to enhance soil health and crop yields

SynComs Selection Criteria Strain Sources Species indicator References

Bacillus spp., 
Streptomyces spp., 
Azotobaacter spp., 
Frauteria spp.

PGP traits (Hydrogen cyanide, 
ammonia production, cellulase, 
pectinase, protease, amylase, 
and antagonistic activity).

Soil samples Vigna mungo L. Maiyappan 
et al., 
2010

B. megaterium, 
A. chlorophenolicus, 
Enterobacter, 
P. aeruginosa

Biochemical characterization 
and PGP traits (indole-3-acetic acid 
(IAA), hydrogen cyanide (HCN), 
siderophore production, 
P-solubilization, and N-fi xation).

Rhizospheric soil samples Triticum aestivum Kumar 
et al., 
2021

Bacillus subtilis BHUJP-H1 
(KU312403),
Bacillus sp. BHUJP-H2 (KU312404) 
and B. licheniformis BHUJP-H3 
(KU312405)

Biochemical characterization 
and PGP traits (Catalase, cellulase, 
amylase, indole-3-acetic acid, 
phosphate solubilization, production 
of ammonia, siderophore, 
and hydrogen cyanide).

Soil and water samples Vigna radiata Verma 
et al., 
2018

Pseudomanas gessardi 
EU-LWNA-25 
and Erwinia rhapontici 
EU-B1SP1

PGP traits (N-fi xation, solubilization 
of K, P, and Zn; siderophores, 
ammonia, indole-3-acetic acid, 1-
aminocyclopropane-1-carboxylic acid, 
and hydrogen cyanide production).

Rhizospheric soil samples Amaranthus 
hypochondriacus L.

Devi, R 
et al., 
2022a
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SynComs Selection Criteria Strain Sources Species indicator References

Ensifer adhaerens strain BK-30, 
Pseudomonas fl uorescens strain SN5, 
and Bacillus megaterium strain SN15

Using concentrations of sodium 
chloride (NaCl), ACC-deaminase 
activities, Phosphate solubilization, 
and Indole acetic acid production. 

Rhizospheric soil samples Triticum aestivum Khan et al., 
2022

K. oryzendophytica YMA7, 
P. kribbensis KSB, 
P. polymyxa COW3

PGP traits (P-solubilizing, 
K-solubilizing, N-fi xing, IAA-producing, 
ammonia production, Production 
of Indole-3-Acetic Acid, Siderophore 
production, and antagonistic activities).

Rhizospheric soil samples Oryza sativa Sherpa et 
al., 2021

Enterobacter ludwigii EU-BEN-22, 
Micrococcus indicus EU-BRP-6, 
Pseudomonas gessardii EU-BRK-55

PGP traits (Nitrogen-fi xing, 
phosphorus solubilization, potassium 
solubilization).

Rhizospheric soil samples Solanum 
melongena L.

Kaur et al., 
2024

Erwinia persicina EU-A3SK3, 
Halomonas aquamarina 
EU-B2RNL2, 
and Pseudomonas 
extremorientalis EU-B1RTR1

PGP traits (Phosphorus solubilization, 
Potassium solubilization, nitrogen 
fi xation, solubilization of zinc; 
production of siderophores, IAA, 
ammonia, and hydrogen cyanide).

Rhizospheric soil and root 
samples 

Capsicum annum L. Devi, R 
et al., 2022b

Azotobacter chroococcum,
Priestia megaterium, 
and Pseudomonas sp. SK3

PGP traits (indole-3-acetic acid (IAA) 
production, Siderophore produc-
tion, HCN production, Ammonia 
production, ACC deaminase activity, 
solubi lization of phosphate, amylase 
pro duction, Production of exopoly-
saccharide, and zinc solubilizing).

National Bureau of Agricul-
turally Important Microor-
ganisms (NBAIM) Mau, Uttar 
Pradesh, India, and Culture 
Bank in Environmental 
 Genomics Laboratory, Indian 
Institute of Technology, Delhi.

Cajanus cajan Srivastava 
& Sharma, 
2022

Streptomyces sp. Al-Dhabi 30,
Lactobacillus plantarum 
ATCC 33222, 
and Candidautilis ATCC 9950

PGP traits (phosphate solubilization, 
production of siderophores, indole 
acetic acid), Hydrolytic enzyme 
(chitinase, cellulase, pectinase, and 
protease), and antagonistic activities. 

Rhizospheric soil samples Solanum 
lycopersicum

Al-Dhabi 
et al., 
2019

Pseudomonas sp. TmR5a 
and Curtobacterium sp. BmP22c

PGP traits (IAA production, phosphate 
solubilization, presence of nifH 
(nitrogenase reductase) and acdS 
(1-aminocyclopropane-1-carboxylate 
(ACC) deaminase) genes, and 
anti-phytopathogenic activities).

Soil samples Solanum 
lycopersicum

Vega-
Celedón 
et al., 
2021

Rhizobium tropici IHTF-1 
and Rhizobium mayense IHTF-2

PGP traits ( indole-3-acetic acid (IAA), 
solubilization of minerals like phos-
phate, potassium and zinc, sidero-
phore, ACC deaminase, and ammonia), 
and hydrolytic enzymes (chitinase, 
β- 1, 3-glucanase and cellulase).

Root nodules Phaseolus vulgaris L. Mir et al., 
2024

Serratia marcescens 59,
Pseudomonas fl uorescens 57,
Rahnella aquatilis 36 and
Bacillus amyloliquefaciens 63

PGP traits (Indole acetic acid (IAA) 
production, Phosphate solubilization, 
Chitinases production), and in vitro 
antagonistic activity. 

Rhizospheric soil samples Cicer arietinum L. Palmieri 
et al., 
2017

Pseudomonas aeruginosa B4, 
Pseudomonas aeruginosa B23, 
Pseudomonas aeruginosa B25, 
Pseudomonas aeruginosa B35, 
Serratia marcescens B8 and 
Alcaligenes feacalis B16

PGP traits (siderophore, IAA, 
HCN, and chitinolytic activities), 
and antagonistic assay.

Rhizospheric soil samples Solanum tuberosum L. Devi 
et al., 
2018

Brevibacillus fl uminis, 
Brevibacillus agri 
and Bacillus paralicheniformis

PGP traits (catalase test, glucose 
fermentation, IAA test, H2S production, 
starch hydrolysis, tween 80, gelatin 
hydrolysis, casein hydrolysis, 
P solubilization, Zn solubilization, 
and ammonia production).

Soil samples Solanum melongena, 
Solanum tuberosum, 
Solanum lycopersicum, 
and Capsicum 
frutescens

Goswami 
et al., 
2019

Table 2 – continue
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5.  Integrated application of synthetic microbial 
communities (SynComs) reduces the consumption 
of pesticides

Insects can damage crops and lead to agricultural losses 
(Snyder et al., 2020). While chemical pesticides are commonly 
utilized to control pests, their harmful effects on health and 
the environment raise concerns (Buta et al., 2021). Pesticides 
can harm non-target species, disrupt ecological balance, and 
adversely affect soil health by reducing beneficial organism 
activity, compromising nutrient cycling and soil stability. 
 Additionally, they can contaminate groundwater and water 
bodies through runoff, threatening drinking water sources 
and aquatic ecosystems and leading to food chain accumu-
lation (Kumar, P et al., 2023). Pesticides can release volatile 
 organic compounds (VOCs) that react with nitrogen oxides 
(NOx) to create ground-level ozone, a harmful component of 
smog linked to respiratory issues (Zhou et al., 2023). VOCs can 
travel long distances, making pesticides widely impactful. They 
pose immediate risks, such as skin irritation and  poisoning, 
and long-term exposure can lead to serious health problems, 
including cancer and neurological disorders (Dhankhar and 
Kumar, 2023).

Scientific research seeks to balance agricultural produc-
tivity with environmental and human health through sustain-
able methods. Biological pest control, particularly microbial 
pesticides, is a promising solution. These pesticides are tar-
geted, ecologically safe, and support beneficial insects, enhanc-
ing biodiversity (Rodrigues et al., 2023). Utilizing SynComs as 
biopesticides can lessen the environmental impact of chemi-
cal pesticides and reduce risks like soil degradation and water 
contamination (Sharma, 2023). SynComs can produce harmful 
endotoxins that affect insect larvae when ingested (Seenivasa-
gan and Babalola, 2021; Pathma et al., 2021). These proteins 
 become active and soluble in the gut due to digestive enzymes 
and alkalinity, damaging the gut lining and stopping the larvae 
from feeding. The toxins attach to specific receptors in the gut 
cells, causing  paralysis and ultimately leading to starvation and 
death (Baranek et al., 2023; Konecka et al., 2012).

Microbes are used as biopesticides for pest control, with 
commonly applied strains including Bacillus thuringiensis (or 
Bt), Pseudomonas, Beauveria, Metarhizium, and Trichoderma 
(Batista and Singh, 2021). A study showed that a SynCom of Par-
anosema locustae and Beauveria bassiana effectively controls 
grasshoppers (Tan et al., 2021). P. locustae weakens the host, 
while B. bassiana multiplies inside and feeds on it, making this 
SynCom approach an innovative and eco-friendly method for 
managing grasshopper populations.

In the case study by Spescha et al. (2023), a SynCom was 
developed to biologically control the cabbage maggot (Delia 
radicum), a pest damaging Brassicaceae crops. The SynCom 
combined the bacterium Pseudomonas chlororaphis, nematode 
Steinernema feltiae, and fungus Metarhizium brunneum. P. chlo-
roraphis was included for its pest and disease resistance, while 
S. feltiae and M. brunneum were commercially used. The results 
indicated a 50% reduction in pest survival and maggot damage 
to radish bulbs (Spescha et al., 2023).

Olanrewaju and Babalola (2019) reported that a SynCom 
of Bacillus subtilis A1, Pseudomonas sp. A18, Pseudomonas sp. 
A29, Streptomyces globisporus NWU4, Streptomyces griseoflavus 
NWU14, and Streptomyces heliomycini NWU198 were effective 
against the fungal pathogen Fusarium graminearum. The study 
revealed that this SynCom produces antimicrobial compounds 
that inhibit F. graminearum growth (Olanrewaju and Baba-
lola, 2019). B. subtilis is known for lipopeptides like iturin and 
surfactin, which have strong antifungal properties. Similarly, 
Streptomyces species and Pseudomonas strains produce natural 
antibiotics and compounds that disrupt fungal cell membranes 
and respiration, effectively combatting fungal infections. Thus, 
SynComs can control pests and plant pathogens, helping to ad-
dress productivity challenges while minimizing environmental 
impacts.

6.  The enhancement of plant disease resistance, 
stress tolerance and soil fertility

Plant diseases significantly affect plant health and produc-
tivity, often caused by pathogens like fungi, bacteria, viruses, and 
nematodes (Nazarov et al., 2020; Shinwari et al., 2019).  Common 
agricultural diseases include fungal infections like powdery 
 mildew and rust, bacterial diseases like fire blight, and  nematode 
infestations. Symptoms include leaf or fruit spots,  wilting, stunt-
ed growth, and root decay (Tripathi et al., 2022). These issues 
disrupt photosynthesis and nutrient  absorption,  significantly 
reducing plant productivity. Meanwhile, plant stress can ad-
versely affect growth, reproduction, and  overall productivity 
due to various physiological and molecular changes, threaten-
ing plant health and survival (Zandalinas et al., 2021). Stress 
can be categorized as abiotic or biotic. Abiotic stress is caused 
by  non-living factors such as temperature  extremes, drought, 
soil deficiencies, and chemical exposure. Biotic stress stems 
from  living organisms, including pests and diseases (Nawaz et 
al., 2023; Das and Biswas, 2022; Mahmoud, 2021). Both types of 
stress can  significantly reduce photosynthetic efficiency, ulti-
mately decreasing crop yield and quality.

Excessive chemical fertilizers can harm soil health by 
 reducing fertility and organic matter and disrupting micro-
bial communities (Pahalvi et al., 2021). While these synthetic 
 compounds provide essential nutrients like nitrogen, phospho-
rus, and potassium to increase crop yields, their overuse and 
 improper disposal have adverse environmental effects (Pahalvi 
et al., 2021). Chemical fertilizers high in nitrogen can lower soil 
pH through nitrification, leading to acidification. This acidity can 
limit access to essential nutrients like phosphorus and increase 
harmful metal solubility, reducing soil fertility (Zhang et al., 
2022). Additionally, these fertilizers disrupt soil microorganisms 
that decompose organic matter, decreasing microbial diversity 
and activity. Consequently, less organic matter is converted into 
humus, which is important for maintaining soil fertility (Sabir 
et al., 2021).

Utilizing a biological approach to enhance soil quality is 
recommended as it can help mitigate negative impacts. Recent 
studies highlight the potential of SynComs in enhancing plant 
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resistance to diseases and stress (De Souza et al., 2020). These 
microbial communities produce proteinaceous toxins that in-
hibit harmful bacteria and polyketides and are effective against 
various bacterial diseases (Li and Honda, 2021; Bonaterra et al., 
2022). Additionally, they contain hydrolytic enzymes like chiti-
nases, glucanases, and proteases that break down fungal cell 
walls (Wang et al., 2021). SynComs also improve plant health 
and resilience by enhancing nutrient availability and generating 
phytohormones (Mukherjee et al., 2021). SynComs play a vital 
role in nutrient cycling, organic matter decomposition, and pro-
moting plant growth (El Hamss et al., 2023; Kumar and Verma, 
2019). A 2024 study by Lyu et al. highlights that SynComs can de-
compose organic matter, providing nutrients to plants in easily 
digestible forms (Lyu et al., 2024). Plants absorb carbon dioxide 
and water, converting them into glucose and oxygen through 
photosynthesis. Nitrogen and phosphorus are crucial for plant 
nutrition. Nitrogen is essential for amino acids and protein syn-
thesis, while phosphorus is vital for energy transfer and is a key 
component of nucleic acids and cell membranes (Zheng et al., 
2023; Khan, F; Shah et al., 2024).

Zhuang et al. (2021) found that a SynCom of six Pseu-
domonas strains can enhance plant growth and disease resist-
ance. Similarly, Ma et al. (2023) showed that a SynCom with Ba-
cillus sp., Burkholderia sp., Pseudomonas sp., Streptomyces sp., 
and Bradyrhizobium sp. effectively controls Fusarium oxyspo-
rum by boosting the defense enzyme activity. In 2022, Kaur et 
al. studied the SynComs, consisting of Arthrobacter sp., Entero-
bacter sp., Brevibacterium sp., and Plantibacter sp., in enhancing 
soil health and crop productivity. The study found that SynCom 
improved soil nitrate availability by 55%, germination rates by 
14.3%, plant height by 7.4%, and shoot biomass by 5.4% (Kaur, 
S et al., 2022). These results suggest that SynComs can enhance 
nutrient cycling and promote sustainable agriculture, highlight-
ing their potential to improve soil fertility and crop productivity. 
Hence, SynComs offers a multifaceted approach to improving 
plant resilience and agricultural practices. 

7.  Bioremediation of hazardous pollutants 
from agricultural soils

Farming practices and industrial activities introduce toxic 
pollutants like heavy metals and pesticides into soils, risking soil 
and water quality, food safety, and human health (Rashid et al., 
2023; Alengebawy et al., 2021). These pollutants disrupt the soil 
ecosystem and reduce fertility. Bioremediation is an effective 
strategy to address environmental pollution. Recently, SynComs 
used natural metabolic pathways to degrade pollutants into less 
harmful substances, converting them into nutrients or energy 
for growth (Lashani et al., 2023; Li et al., 2021). SynComs actively 
biotransform contaminated soils, helping in the in situ degrada-
tion of hazardous materials. Each species in SynComs utilizes 
specific metabolic pathways and enzymatic systems to break 
down contaminants and detoxify them. These processes trans-
form pollutants into non-toxic products, enhancing environmen-
tal restoration and soil health, as shown in Fig. 3. Through mi-
crobial metabolism, SynComs can break hazardous compounds 
into simpler, less harmful intermediates. The enzymes produced 
by SynComs promote the detoxification process by catalyzing 
the degradation of pollutants into benign components such as 
water, carbon dioxide, or simpler organic molecules. As a result 
of both microbial degradation and enzymatic activity, toxic com-
pounds are converted into harmless substances. These non-toxic 
byproducts can seamlessly integrate into natural biogeochemi-
cal cycles without causing adverse effects.

Chaudhary et al. (2023) found that a SynCom of Pseu-
domonas pseudoalcaligenes, Micrococcus luteus, Bacillus sp., and 
Exiguobacterium aurantiacum effectively removed oligotrophic 
pesticides from polluted lakes (Chaudhary et al., 2023). These 
bacteria utilize pollutants as nitrogen sources for growth, with 
various enzymes, including esterase, peptidase, urease, and 
thioesterase, aiding in pesticide degradation (Malik et al., 2022). 
Furthermore, Abraham et al. (2014) found that SynCom in-
cludes Alcaligenes sp. JAS1 and Pseudomonas moraviensis JAS18 

Fig. 3. SynComs break hazard-
ous compounds into simpler 
ones through microbial me-
tabolism. Enzyme detoxifica-
tion catalyzes pollutants into 
non-toxic byproducts that can 
seamlessly integrate into natu-
ral biogeochemical cycles with-
out causing adverse effects
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 effectively degrade organophosphorus and organochlorine pes-
ticides. Each strain can break down these pesticides. Phosphotri-
esterase from Pseudomonas sp. targets organophosphorus pesti-
cides, while dehalogenases from Alcaligenes sp. remove chlorine 
from organochlorine pesticides (Aswathi and Sukumaran, 2019; 
Furukawa, 2018).

SynCom transforms toxic pesticides into less harmful sub-
stances through biochemical mechanisms, primarily enzy-
matic degradation. Enzymes like hydrolases degrade organo-
phosphates by hydrolyzing chemical bonds (Bhatt et al., 2021). 
Oxidoreductases can detoxify organic pesticides by adding or 
removing electrons (Alneyadi et al., 2018). Certain strains in 
SynCom produce dehalogenase enzymes that eliminate halogen 
atoms from organochlorine pesticides, significantly reducing 
toxicity and increasing degradation susceptibility (Buryska et 
al., 2018). Research indicates that SynComs can effectively break 
down pollutants, as shown by Lü et al. (2024). These microorgan-
isms possess unique metabolic pathways that convert harmful 
substances into safer compounds, making them an eco-friendly 
solution for bioremediation. Therefore, SynComs are designed 
to break down agricultural chemical pollutants and convert 
complex compounds into non-toxic substances. Their success in 
transforming pollutants into non-toxic forms has been demon-
strated in lab settings and practical applications. 

8.  Bioconversion of agricultural residues and waste 
to value-added products

Crop residues are a valuable yet challenging resource for 
agriculture and environmental management (Duarah et al., 
2022). They are essential for energy generation, material pro-
duction, and soil enrichment. Microbial processes, particularly 
SynComs, offer innovative solutions for utilizing these residues 
through biorefinery methods (Lin et al., 2024). SynComs convert 
agricultural residues into valuable chemicals via enzymatic 
hydrolysis and fermentation, starting with the breakdown of 
polymers into simpler molecules for bacterial consumption. 
Cellulases break down cellulose into glucose, while hemicel-
lulases degrade hemicellulose into sugar monomers like xy-
lose. Ligninases, such as laccases and peroxidases, decompose 
lignin, which is more resistant to degradation than cellulose 
and hemicellulose (Nargotra et al., 2022). After converting bio-
mass into simple sugars, SynCom ferments these sugars under 
anaerobic or aerobic conditions to produce valuable products. 
SynCom’s metabolic pathways generate biofuels, biochemicals, 
bioenergy carriers, and pharmaceuticals, as demonstrated in 
Fig. 4. SynComs convert lignocellulosic residues rich in cellulose, 
hemicellulose, and lignin into valuable bio-based products. En-
zymes such as endoglucanase, exoglucanase, and β-glucosidase 

Fig. 4. Lignocellulosic residues rich in cellulose, hemicellulose, and lignin are valuable bio-based products. Pretreatment promotes 
the release of cellulose and hemicellulose and reduces lignin content. Enzymes like endoglucanase, exoglucanase, and β-glucosi-
dase effectively break cellulose into glucose molecules. SynComs efficiently ferment the resulting sugars into a range of bio-based 
products. Cellulose, hemicellulose, lignin in plant cells, and the structure of lignocellulosic biomass were sourced from Wang et al., 
2017 and Jensen et al., 2017, respectively
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 effectively  degrade cellulose into glucose molecules by targeting 
cellulose’s crystalline and amorphous regions. SynComs then ef-
ficiently ferment the resulting sugars into a range of bio-based 
products. These include ethanol (a biofuel), butanol (both a sol-
vent and biofuel), methane (a renewable energy source), and 
lactic acid (a precursor for bioplastics). The production of these 
products occurs through fermentation, followed by recovery in 
the post-processing phase.

Various SynComs that can break down lignocellulosic resi-
due have been identified (Lin, 2022). Significant progress has 
been made in using SynComs to convert biomass into valuable 
products. For instance, Zheng et al. (2020) studied a SynCom of 
Parabacteroides, Alcaligenes, Lysinibacillus, Sphingobacterium, 
and Clostridium, which efficiently degraded rice straw, result-
ing in a loss of 71.7% cellulose, 65.6% hemicelluloses, and 12.5% 
lignin. Fermentation produced acetic acid and butyric acid. 
Similarly, Dash et al. (2022) found a SynCom of Penicillium sp. 
LF3, Alternaria alternata LF9, Bacillus cereus LB8, and Entero-
bacteriaceae bacterium LB18 generated β-glucosidase, cellulase, 
and laccase while decomposing rice straw, releasing methane 
and carbon dioxide in the process. SynComs’ innovative meth-

Table 3
The scientific and economic reasons for using SynComs effectively compete with traditional agricultural inputs, such as chemical fertilizers and pesti-
cides

Challenges faced Scientifi c and economic rationales

Economic competitiveness The substantial initial costs associated with research and development (R&D) for SynCom, including strain isolation, 
screening, compatibility testing, and formulation, must be balanced by an affordable deployment in the fi eld. 
If SynCom continues to be priced high, farmers will likely resort to cheaper synthetic agrochemicals, which provide 
immediate and visible results at a predictable cost.

Cost-effi  ciency in input use In theory, SynComs integrates multiple strains, each possessing distinct plant-benefi cial traits such as nitrogen 
 fi xation, phosphorus and potassium solubilization, and biocontrol. However, certain strains may interact negatively, 
 diminishing functional output. Moreover, results observed in laboratory or greenhouse settings often fail to 
replicate under fi eld conditions, particularly when considering varying soil types, crops, and climate zones. When 
formulations are complex or costly, farmers tend to be cautious about decreasing chemical inputs unless a new 
product can  guarantee an equivalent or superior return on investment.

Field consistency 
and effi  cacy

Inconsistent fi eld performance poses a signifi cant challenge to the adoption of microbial technology. Native soil 
microbial communities are inherently diverse and specifi c to their environmental context. When SynComs are 
introduced, they often struggle to establish dominance due to competition, predation, or incompatibility. For instance, 
a SynCom that proves effective in loamy soil may be ineffective in environments characterized by acidic, phosphorus-
depleted conditions. Field conditions often involve fl uctuating temperature, pH, moisture, salinity, texture, and UV 
exposure, which can impact microbial viability and, consequently, lead to a loss of function in the fi eld. Additionally, 
different crops and various cultivars of the same species exhibit distinct rhizosphere exudate profi les that infl uence 
their ability to contact SynCom members. What works for SynCom in tomato (Solanum lycopersicum) may not apply 
to maize (Zea mays). Consequently, low colonization effi  ciency can result in weak or absent plant responses. 

Integration with existing 
practices

Conventional inputs like urea and pesticides can be easily applied using standard methods. In contrast, SynComs 
often necessitate precise placement, such as near plant roots, or require moist conditions to maintain viability. 
As a result, farmers may need to adjust their routines, invest in new equipment, or modify application timings, 
which adds to labor and operational complexity. While chemical fertilizers and pesticides are stable under high 
pressure in sprayers, UV exposure, and temperature fl uctuations, SynComs can lose their viability when applied with 
conventional  machinery unless protective formulations are used. Furthermore, they may be negatively impacted 
or killed by residual  pesticides or herbicides, high salinity from fertilizers, or pH levels resulting from chemical 
soil amendments. SynComs  cannot be combined directly with fungicides, insecticides, or synthetic fertilizers, 
unlike chemical mixes. Conventional  agrochemicals typically remain stable for 1 to 3 years at room temperature. 
In contrast, SynComs require refrigeration and moisture control and have a shorter shelf-life, often around 3 to 
6 months for some products. Consequently, storage and logistics have become more complex and costly, particularly 
in rural or resource-limited settings.

ods can transform biological materials into valuable products, 
 contributing to the circular economy by turning agricultural 
and industrial waste into resources vital for the biorefinery 
 industry.

9.  Challenges of SynCom for sustainable agricultural 
practices

While SynComs can enhance plant growth, reduce chemi-
cal input needs, and improve disease resistance; however, 
their complex interactions with the environment and the 
challenges of translating laboratory results to field conditions 
present difficulties. Their effectiveness faces challenges, in-
cluding interactions with the native plant microbiome, which 
can be influenced by soil type, climate, and existing microbial 
communities (Brooks and Alper, 2021; Burman and Bengtsson-
Palme, 2021). Producing and applying SynComs cost-effectively 
is essential for competition with conventional agricultural in-
puts, and their widespread adoption depends on this (Tariq et 
al., 2025; Delgado-Baquerizo et al., 2025). Effectively utilizing 
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Table 4
Country-level barriers to SynCom adoption. SynComs’ core barriers are their limited field efficiency and the potential for unpredictable interactions 
with native microbiomes, leading to concerns about long-term stability and environmental impact.

Country/Region Main Problem Barrier for SynComs Source

Japan Regulatory ambiguity Japan has no clearly defi ned classifi cation for SynComs within 
the existing fertilizer or pesticide regulations, complicating their 
approval for widespread agricultural use or organic farming.

(Yokoyama, 2023)

United States Strict EPA and OMRI listing 
requirements

SynComs must be categorized as either biostimulants 
or biopesticides. Multifunctional SynComs do not fi t into 
defi ned legal categories and incur high regulatory costs.

(Sachs et al., 2020)

European Union Fragmented implementation 
of the new EU Fertilizing 
Products Regulation (FPR)

FPR (EU 2019/1009) favors mono-strain bio-inputs. SynComs, 
with multiple strains and functions, require more data 
for effi  cacy and safety, slowing their approval.

Regulation (EU) 
2019/1009

India Low farmer awareness, 
weak biofertilizer regulation 
enforcement

While India promotes bio-inputs, inadequate farmer training 
and low-quality or unverifi ed microbial products erode trust 
in SynComs.

(Anisha & Pooja, 
2023)

China Regulatory lag and emphasis 
on chemical fertilizers 
in subsidy schemes

Although there is interest in green agriculture, SynComs 
is not yet prioritized in policy or government procurement 
compared to conventional fertilizers. 

(Fang, 2018)

Brazil Stringent approval under 
MAPA (Ministry of Agriculture) 
and high import duty 
on microbial technologies

SynCom’s import and commercialization face signifi cant 
regulatory and tax barriers; local production is necessary 
but still underdeveloped.

(Brazil – Import 
Tariffs 2023)

Developing 
countries 

Weak policy frameworks 
and fragmented biofertilizer 
regulations

Developing Southeast Asian countries often do not have clear 
regulatory paths for synthetic microbes; they are frequently 
categorized with generic biofertilizers, which lack quality 
oversight.

(Ludher, 2023)

Challenges faced Scientifi c and economic rationales

Environmental 
and regulatory incentives

Although SynComs has the potential to support sustainability goals, they encounter several challenges before they 
can qualify for carbon credits, eco-labels, or subsidies. Unlike synthetic fertilizers and pesticides, SynComs are often 
situated in ambiguous regulatory frameworks in many countries (see Table 4). Most national laws lack standardized 
defi nitions or approval processes for SynComs. This legal ambiguity prevents them from accessing subsidy programs 
and claiming the benefi ts of eco-certifi cation. Even if SynComs contributes to emission reductions, such as through 
decreased fertilizer usage, no established methodologies for measuring this impact or protocols for verifi cation and 
certifi cation exist. As a result, farmers who utilize SynComs cannot monetize the environmental benefi ts without 
formal recognition within carbon accounting systems. Additionally, without fi eld data analysis, SynComs cannot 
demonstrate eligibility for eco-labels or market premiums (e.g., Rainforest Alliance, EU Organic). Even when SynCom 
producers strive to comply with standards like OMRI (US organic list), JAS (Japan organic), and REACH (EU chemical 
safety), the expenses associated with testing, documentation, and registration can be prohibitively high, particularly 
for start-ups or small biotech companies. These costs hinder the affordability of SynComs, complicating their cost-
effective deployment. Furthermore, market adoption remains limited without adequate training, fi eld demonstrations, 
and awareness of incentives, even in regions advocating for green agriculture.

Return on investment (ROI) Creating effective SynComs requires several steps, including genome sequencing, trait screening (such as PGP traits and 
antagonism), compatibility testing, fi eld trials, and formulation and shelf-life assessments. As a result, SynCom products 
can be more expensive than conventional inputs, particularly during the initial commercialization phase. If the cost 
surpasses US$30 per hectare, SynComs may become less economically appealing, even if they offer environmental 
advantages.

SynComs cost-efficiently is crucial for competing against tra-
ditional agricultural inputs, such as chemical fertilizers and 
pesticides. The Table 3 presents the scientific and economic 
rationale for successfully employing SynComs to rival conven-
tional agricultural practices. Additionally, Table 4 outlines the 

country-specific barriers to adopting SynComs, primarily stem-
ming from their limited field efficiency and the potential for 
unpredictable interactions with native microbiomes. This rais-
es concerns  regarding long-term stability and environmental 
impact. Finally, Table 5 compares the functional, environmen-

Table 3 – continue
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tal, and economic aspects of cost-effective SynComs with tradi-
tional agricultural inputs. Safety concerns and evolving regula-
tory frameworks also present  obstacles. Developing  effective 
SynComs requires a deep  understanding of microbial ecology, 
plant-microbe interactions, systems biology, and significant 
research and development to optimize them for specific crops 
and environments.

10.  Risk assessment and limitations of SynCom 
applications in sustainable agriculture

SynComs are designed to provide potential advantages 
for tackling agricultural challenges and enhancing sustain-
able agriculture. Nevertheless, their application may also lead 
to unintended negative effects. These effects can diminish the 
diversity of native microbial populations, resulting in shifts in 
community structure that could impact the overall functionali-
ty of the soil ecosystem (Timofeeva et al., 2023; Hao et al., 2023). 
Furthermore, SynComs may include strains that produce in-
hibitory substances, which can adversely affect other commu-
nity members, even if such antagonism is unintentional (Wang 
et al., 2022). Similarly, the introduced SynCom can  appear as 
the dominant strain within the microbial community, poten-
tially disrupting the balance and function of the  ecosystem 
(Dobrzyński et al., 2025; Afanador-Barajas et al., 2021). Changes 
in microbial community structure can influence the efficiency 
of nutrient cycling, thereby affecting plant nutrient uptake and 
overall soil health (Korneykova et al., 2024).

Moreover, certain native microbes play a vital role in sup-
pressing pathogens; if SynCom outcompetes these beneficial mi-
crobes, it could undermine the soil’s ability to control diseases. 
While some SynComs might initially succeed after inoculation, 
their populations could decrease over time due to resource in-
sufficiency or interactions with the native community. Although 
SynComs can potentially suppress pathogens, they also pose the 
risk of introducing new or amplified pathogens that could ad-
versely affect plant health and crop yields.

Consequently, the prevailing understanding is that SynComs 
require attentive design and rigorous testing to ensure they fos-
ter beneficial microbial interactions, enhance plant health, and 
mitigate potential risks. Researchers should concentrate on eval-

uating the performance of SynComs across varying field condi-
tions, including different soil types, climates, and crop varieties. 
Continuous monitoring and assessment of SynCom applications 
are essential for identifying unexpected adverse effects and 
adapting strategies. Further research is necessary to elucidate 
the complex interactions among SynComs, indigenous microbes, 
and plants within the rhizosphere.

11. Conclusions

Synthetic microbial communities (SynComs) are artifi-
cially assembled microbe consortia that present a promising 
pathway toward sustainable agriculture, especially in escalat-
ing global challenges such as climate change, land degradation, 
and excessive reliance on chemical inputs. By enhancing plant 
health, improving nutrient cycling, and increasing resilience to 
environmental stresses, SynComs serve as a viable  alternative 
to conventional agricultural methods. In addition to their func-
tion as biofertilizers, SynComs play a role in bioremediation 
and the valorization of agricultural residues, thereby support-
ing circular bioeconomy models. Integrating these communities 
into farming systems can help restore ecological balance, ensure 
long-term food security, and maintain soil and environmental 
health. To fully leverage their potential, however, advancing 
interdisciplinary research, implementing supportive policies, 
and encouraging farmer participation through knowledge trans-
fer and collaborative innovation is crucial.

Acknowledgments

The author thanks the Ministry of Education, Culture, 
Sports, Science, and Technology of Japan for their generous 
 support through the Japanese Government (MEXT) Scholarship 
Program (Scholarship Number: 232027).

Conflict of interest

The author declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Table 5
A comparative evaluation of functional, environmental, and economic perspectives of cost-effective SynComs versus conventional agricultural inputs

Parameter SynComs (if cost-effective) Conventional Inputs

Nutrient effi  ciency Multifunctional (N-fi xation, P-solubilizing) Single-function (e.g., urea)

Environmental impact Low (biodegradable, non-toxic) High (pollution, residue accumulation)

Long-term soil health Improved (microbial diversity support) Degraded (chemical overload)

Application frequency Reduced (due to persistence) Repeated applications needed

Market appeal Sustainable/organic-friendly Limited in organic markets

Upfront cost (initially) Higher (R&D, formulation) Lower (mass production scale)

Overall ROI (with adoption) Competitive to superior Stable
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