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ABSTRACT

Herbicides, long heralded as precise tools in agricultural management, leave behind echoes that reverberate through the most intimate layers of ecological networks. This study explores how herbicidal interventions—
especially those involving compounds like glyphosate—silently alter microbial communities that anchor essential ecosystem functions. These non-target effects begin at the microscopic scale, where shifts in soil microbiome
composition interrupt vital processes such as nutrient cycling, rhizosphere signaling, and plant—soil feedback mechanisms.

Framed through a microbiome-centric lens, we present a synthesis of recent studies alongside conceptual models illustrating how herbicide residues serve not only as chemical stressors. but as agents that restructure the
metabolic dialogues among microbes and their hosts. Alterations in microbial diversity and function affect plant vitality, reduce resilience to biotic and abiotic stresses, and cascade upward to influence animal performance,
herbivory dynamics, and pollination success. As herbicides disrupt these finely tuned interdependencies, we observe potential tipping points that may reshape ecosystem ftrajectories and even influence microbial and host

evolution.

More than collateral damage, microbial responses to herbicidal exposure represent a silent rebellion—one with the power to mediate or magnify ecological instability. We advocate for integrative strategies that acknowledge
microbiome health as a central criterion in agrochemical risk assessments. Understanding these subterranean symphonies is essential for mitigating the long-term consequences of anthropogenic disturbance and for crafting

sustainable, microbe-conscious stewardship of ecosystems.
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INTRODUCTION

Herbicides have revolutionized modern agriculture by enabling targeted and efficient weed control,
contributing significantly to crop productivity and food security. Among these, glyphosate stands as one of

THE RHIZOSPHERE MICROBIOME: KEYSTONE OF SOIL HEALTH

The rhizosphere microbiome—microorganisms that inhabit the narrow zone surrounding plant roots—plays a

the most extensively used broad-spectrum herbicides worldwide due to its effectiveness and non-selective foundational role in nutrient cycling, stress response, and plant immunity (Berg et al., 2020).
inhibition of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme in the shikimate pathway The specific functions of soil microbes can be divided into seven major groups (Berendsen et al., 2012; Cheng et al.,

(Duke and Powles, 2008).

Soil microbial communities, particularly those inhabiting the rhizosphere. play a pivotal role in

2022; Kumar et al., 2022):
Decomposition: Microbes—bacteria and fungi—break down organic matter such as crop residues, insect carcasses,

maintaining ecosystem functions. These communities mediate nutrient cycling, organic matter  animal manure, and other organic materials in the soil. .

decomposition, and intricate plant-microbe interactions that influence plant growth, health, and resistance Nutrient cycling: Microbes are involved in the circulation of essential nutrients in the soil. They can “unlock™ nutrients
to environmental stressors (Berg et al., 2020). Disturbances to microbial composition and diversity—  that are locked up in forms inaccessible to the plant and therefore promote the availability of nutrients for plant
whether through direct toxicity or altered plant exudation patterns—can ripple through the entire absorption.

ecosystem. Emerging evidence suggests that herbicide residues can suppress mycorrhizal colonization,  Soil structure and aggregation: Certain bacteria and fungi produce sticky substances such as polysaccharides that bind

shift bacterial community structures, and increase plant susceptibility to soil-borne pathogens (Zaller etal., 5o particles together, forming aggregates. Soil aggregates improve soil structure, porosity, and water-holding capacity,

2014; Newman et al., 2016; Johal and Huber, 2009).

Herbicides may induce long-term restructuring of microbial networks, with implications for microbial
evolution. functional redundancy, and overall soil resilience (Timmis et al., 2019). Furthermore, chronic
exposure to glyphosate and similar compounds may drive microbial adaptation or resistance, potentially
reducing the soil’s capacity to buffer abiotic stressors such as drought or nutrient depletion (Schlatter et al.,

2017).

allowing for better root penetration and aeration.

Disease suppression: Certain beneficial bacteria and fungi called biocontrol agents can suppress soil-borne pathogens
and pests.

Phytohormone Production: Some soil microbes can produce plant hormones in the soil, many of which are called "plant
growth regulators" or PGRs. Hormones such as auxin, cytokinin, and gibberellin are known to support plant growth,

This paper synthesizes recent findings on the impact of herbicides—especially glyphosate—on soil  Yield, and stress tolerance when applied as foliar products.
microbial communities. It aims to elucidate the biochemical, ecological, and evolutionary consequences of Symbiotic relationships: Many plants form beneficial symbiotic relationships with soil microbes.

microbial disruption, and to advocate for frameworks that prioritize microbial integrity as a cornerstone of Salinity regulation: Some microbes have adapted to survive in saline environments and possess mechanisms to

sustainable agriculture.

HERBICIDES AND THEIR LEGACY

tolerate high salt concentrations.

These microbial consortia are sensitive to external chemical inputs and serve as early indicators of soil disturbance
(Kurenbach et al., 2021; Yang et al., 2023; El-Helow et al.. 2024). Herbicides can alter:

- Microbial richness and evenness

Herbicides have revolutionized modern agriculture by enabling efficient weed control, reducing labor - Community composition (e.g., shifts from Proteobacteria to Actinobacteria)
costs, and increasing crop yields. Since the introduction of synthetic herbicides like 2.4-D in the 1940s, - Enzyme activity, such as dehydrogenase and phosphatase
over 270 active ingredients have been commercialized, shaping global farming practices and food systems - Plant—microbe communication, such as root exudate signaling

(Mesnage et al, 2021; U.S. EPA, 2004). Herbicides have played a central role in modern agricultural

intensification, with compounds like glyphosate, atrazine, and 2.4-D becoming dominant tools in weed

control (Duke and Powles, 2008). Glyphosate, in particular, has been praised for its broad-spectrum action ADAPTIVE RESPONSES AND HERBICIDE EFFECTS ON ECOSYSTEM-LEVEL
and post-emergent use. However, its primary target—the shikimate pathway, absent in animals but present MICROBIAL RESISTANCE PROCESSES

in most plants and microbes—raises significant concerns about non-target effects on microbial

communities (van Bruggen et al., 2018). Repeated herbicide exposure can drive While the rhizosphere is a well-studied hotspot of microbial
dation and ;. microbial adaptation, including degradation activity, recent research reveals that microbial alterations
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correlation among taxa. ¢ As a result, plants become more vulnerable to harmful and opportunistic agents like insects and pathogens

(from Pedrinho et al , 2024).

Despite their utility, herbicides pose significant risks, as soil degradation (long-term use alters
microbial communities, reduces biodiversity, and impairs nutrient cycling). water contamination
(runoff and leaching infroduce herbicide residues into aquatic ecosystems, affecting non-target
organisms like amphibians, fish, and invertebrates) and resistance development (overuse has led to
herbicide-resistant weed populations, complicating management and increasing chemical dependency

(Mesnage and Antoniou, 2017).
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Figure 3. Ecosystem model showing cascading impacts of microbial disruption—soil health, plant health_ insect interactions, and ecosystem services.
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CONCLUSION

Herbicides, while instrumental in modern agriculture, pose complex ecological challenges that extend far
beyvond weed control. Their influence on soil microbial consortia—especially in the rhizosphere—triggers
cascading effects that alter nutrient cycles, suppress beneficial taxa. and potentially promote antibiotic
resistance. These microbial disruptions reshape plant—soil interactions, reduce ecosystem resilience, and
compromise vital services such as pollination, pest regulation, and carbon sequestration.

Conventional herbicide risk assessments often overlook these microbiome-mediated effects, focusing narrowly
on chemical residues and plant toxicity endpoints. Integrating microbiome-centric metrics into regulatory
frameworks—such as microbial diversity indices, functional group profiling, and gene transfer monitoring—
offers a path toward more holistic ecological stewardship.

A microbiologically informed approach to weed management can help sustain soil health, foster
agroecosystem stability, and safeguard public and environmental well-being. The microbial voice, long silent
in regulatory discourse, must now become a guiding force in rethinking agricultural sustainability.

— rhizosphere and endosphere (from Sibalekile Table 1. Gaps in Herbicide Risk Assessment.
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