Review Article
Herbicide Resistance Evolution and Agronomic Mitigation Strategies: A Global Perspective
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ABSTRACT

	One of the most serious threats to global crop productivity and sustainable weed management in present scenario is herbicide resistance. Dependency on repeated application of herbicides with similar modes of action, simple cropping systems and reduced diversity among agronomic practices turns out to be major reason for evolution of resistant weed populations across different agroecosystems. Currently, around 260 weed species have been reported to be resistant to one or more site of action, leading to increased yield losses, production cost and environmental concerns. A weed species can develop one or more form of resistance such as Target site resistance (TSR), non-target-site resistance (NTSR), cross-resistance, multiple resistance, etc depending upon the physiology of weed and properties and dose of herbicide. Globally, herbicide resistance has started to become a wide spread problem in controlling the weeds. To delay or avoid the development of herbicide resistance and restore sustainability we have to implement agronomic mitigation strategies which include crop diversification, cultural and mechanical interventions, use of integrated weed management practices and precise use and application of herbicides. It proper and timely solution of this problem is not developed or left unchecked than it can cause uncontrolled losses to crop yield.
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1. INTRODUCTION 

Weeds are generally plants that grow out of place and time and create problems for agriculture by taking away important resources. When weed infestation is left uncontrolled it can cause increased production costs, significant yield losses and reduced efficiency of applied inputs (Horvath et al.,2023). In modern agriculture to combat this challenge, herbicides have emerged as one of the most effective and widely adopted tools for weed management in modern agriculture (Parven et al., 2025). Herbicide can be defined as “Herbicides are chemical or biological agents that are applied to control, suppress or eradicate unwanted plant species by disrupting essential physiological and biochemical processes, while ideally minimizing damage to crops and the environment” (Mesnage et al., 2021). The adoption of herbicide started around mid-20th century. (Davis and Frisvold, 2017).
Along the past years herbicides have played a key transformative role in modern agriculture by providing efficient, reliable and economical weed control across diverse cropping systems (Nath et al., 2024). However, the long-term application and indiscriminate use of herbicides by farmers have imposed intense selection pressure on weed populations which resulted in the rapid development of herbicide resistance in different weed species (Ofosu et al., 2023). Although it was for long time an isolated phenomenon but in recent past it has become global challenge affecting major cropping systems, including rice-wheat, maize-soybean and cotton-based rotations. In modern agriculture the availability of herbicides has played a key transformative role by providing reliable, economic and efficient method of weed management across diverse cropping systems (Gao and Su 2024). A significant contribution towards yield stability, labour savings and the intensification of food production needed to meet the demands of a growing global population has been achieved with help of widespread herbicide adoption (Rahul et al., 2025). However, the continuous and indiscriminate use of herbicides has led to an unexpected consequence that is herbicide resistance (Damalas and Koutroubas, 2024). 
Herbicide resistance in simple words can be explained as “the inherited ability of a weed population to survive and reproduce following exposure to a herbicide dose that would normally be lethal to the wild-type population.” Globally, at present there are 541 unique cases of herbicide resistant weed. Out of the 31 known herbicide sites of action weeds have evolved resistance to 21 of them. Incidence of herbicide resistant weeds have been reported in 102 crops in 75 countries (Heap, 2026). Herbicide resistance is being reported across all the major agricultural regions. Resistant weeds such as Amaranthus spp., Lolium rigidum, Echinochloa spp. and Phalaris minor have caused substantial yield losses and increased weed management costs (Ofosu et al., 2023). In developing countries, herbicide resistance poses an additional burden due to limited access to alternative technologies and advisory services.
Herbicide resistance is an evolutionary response that is mainly driven by repeated and strong selection pressure due to chemical weed management (Mendes et al., 2022). As time passes weed biotypes possessing traits that help survival under herbicide exposure increase in frequency, ultimately turning the once susceptible into resistant biotype. Development of herbicide resistance is not just a biochemical phenomenon but also agronomic one that is deeply influenced by cropping pattern, tillage systems and herbicide use intensity (Mucheri et al., 2024). Hence, understanding the evolutionary mechanism through agronomic point of view is very essential for developing durable mitigation strategies.
2. Mechanism of herbicide resistance 
The evolution of herbicide resistance in different weed species arises through heritable mechanisms that either reduce or prevent the toxic action of herbicides (Chipomho et al., 2023). Primarily, it is classified into target-site resistance (TSR) and non-target-site resistance (NTSR) (Guo et al., 2024). 

2.1 Target-Site Resistance (TSR): 
Target site resistance occurs when the herbicide’s specific binding site (enzyme or protein) is altered due to which herbicide can no longer effectively bind and inhibit to that enzyme or protein (He et al., 2022). The plant’s metabolic pathway remains functional, but the herbicide cannot interrupt it. The occurrence of target-site resistance is mainly due to point mutations, gene amplification or overexpression of the herbicide’s target enzyme, due to which herbicide binding efficiency is lowered or increases the amount of target protein (Jin et al., 2022). It can be due to:
· Point Mutations (SNPs): it is caused by a single nucleotide change in the gene coding for the target enzyme altering the amino acid sequence (Mendes et al., 2022). For example, in case of ALS inhibitors mutations at key positions (e.g., Pro197, Trp574) in the acetolactate synthase enzyme prevent herbicides like sulfonylureas from binding even though the enzyme remains active (Xu et al., 2025). Similarly in case of ACCase inhibitors mutations in the carboxyltransferase domain of acetyl-CoA carboxylase prevent the control by herbicides belonging to "FOPs" and "DIMs" group (Jhala et al.,2026).
· Duplication/Amplification: It occurs when multiple copies of the target gene are produced by the weeds. So, even if some of the enzymes are inhibited by the herbicide, the remaining vast volume of un-inhibited helps plant to survive. Such case has been reported in Amaranthus palmeri (Palmer amaranth) for glyphosate resistance (Cao at al.,2022). The EPSPS gene is amplified by tens or hundreds of times, producing massive amounts of the enzyme to reduce the herbicide activity.
2.2 Non-Target-Site Resistance (NTSR): 
In contrast, non-target-site resistance involves mechanisms that limit the herbicide from reaching its site of action by reducing absorption, impairing translocation, vacuolar sequestration or by enhancing metabolic detoxification mediated by enzyme systems such as cytochrome P450 monooxygenases, glutathione-S-transferases and glycosyltransferases (Zhang et al.,2025). In simple words it involves any mechanism that reduces the amount of active herbicide from reaching the target site. NTSR is usually difficult to diagnose.
· Metabolic Resistance (Enhanced Degradation): In this case weeds rapidly detoxifies the applied herbicide before it causes damage. Weeds increases the production of related enzymes such as Cytochrome P450 monooxygenases, Glutathione S-transferases (GSTs) or glycosyltransferases (Torra et al., 2024). Through this process herbicide is chemically modified (oxidized, conjugated with sugar or glutathione) into a less or non-toxic form of chemical that the plant can easily sequester. Some cases of cross resistance can be seen due to this.
· Reduced Translocation: in this the movement of the herbicide from site of application to the site of action is either reduced or inhibited. Similar mechanism is observed in Lolium rigidum resistant to glyphosate where once glyphosate enters the phloem, the weed start to rapidly sequester it into the vacuoles of the cells, preventing it from reaching the site of action (Nalin et al., 2023).
· Absorption/Sequestration: in this thicker cuticles, increased leaf hairs or altered leaf orientation help in reducing the initial absorption/uptake of the herbicide solution. In case of vacuolar sequestration, weed transfers the herbicide into vacuole, where it is in isolated state from rest of the cytoplasm unable to control the weed (Wang et al., 2025).
· Rapid Necrotic Response (Hypersensitivity): A specific mechanism observed in some weeds resistant to Paraquat (Albrecht et al., 2022). In this mechanism when weeds absorb a particular herbicide, the treated leaf tissue rapidly kills itself (rapid desiccation) preventing the translocation of it to rest of the parts. The plant drops the dead leaf and regrows from untreated buds (de Queiroz et al.,2022).

3. Types of Resistance:
· Simple resistance: refers to a condition where weed population develops resistance to just one herbicide or one group of herbicides that has similar mode of action (Mendes et al., 2022). It’s the most basic form of resistance and arises from a single genetic change. For example, if a weed that was earlier easily killed by ALS inhibitor now no longer susceptible to it but other herbicides still work fine.
· Cross resistance: occurs when a weed species becomes resistant to several herbicides that all have similar mode of action even if the weed has never been exposed to some of them. It is similar to having one key that unlocks multiple doors. This happens when a single resistance mechanism (like target site mutation or enhanced degradation/metabolism), can make the weed immune to an entire class of herbicides belonging to same group (Townson, 2024)
· Negative cross resistance / Collateral sensitivity: describes a situation where a weed resistant to one herbicide becomes more susceptible to another herbicide. This a rare opposite of normal resistance (Riechers et al., 2024). 
· Multiple resistance: refers to ability of weed population to survive two or more herbicides with completely different mode of action due to development of more than one resistance mechanism (Barker et al., 2023). For example, a weed might develop a target-site mutation for ALS herbicides along with enhanced metabolic detoxification for ACCase herbicides which makes it very difficult to control (Soni et al., 2022).
· Reverse resistance: is a phenomenon in which a weed which was once resistant to a particular herbicide becomes susceptible to that same herbicide. It usually occurs due to the absence of selection pressure because of which sensitive plants outcompete resistant ones.
· Co-resistance / compound resistance: is a process of development of resistance in a weed population to both mixing partners herbicides of a mixer applied concurrently. For example, Lolium rigidium develops resistance to both amitrole and atrazine applied concurrently. Unlike cross resistance (where the mode of action is same), co-resistance usually involves nontarget based mechanisms like enhanced metabolism or rapid herbicide sequestration.
4. Agronomic Drivers of Herbicide Resistance Evolution:
Agronomic practices play a critical role in driving the evolution of herbicide resistance in weed populations by imposing strong and repeated selection pressure (Peterson et al., 2018).
4.1 Repeated use of same herbicide or herbicide with similar modes of action.
Continuous application of herbicides with the similar mode of action creates a selection pressure for developing resistant individuals (Chipomho et al., 2023). Susceptible weeds will die, while resistant ones will survive and reproduce rapidly increasing the frequency of resistant biotypes among the population.
4.2 Monocropping and lack of different crop rotations
Cultivation of same crop season after season often restricts the farmer to repeatedly use similar herbicides and same management practices which reduce the diversity in control strategies increasing the risk of developing herbicide resistance in weed flora (Saulic et al., 2022).
4.3 Conservation agriculture and reduced tillage without diversified weed control
Although conservation tillage has many benefits for soil health, but the heavy reliance of it on herbicides for weed management may increase selection pressure if not balanced with diversified practices (Cordeau, 2022).
4.4 Sub-lethal Doses and Improper Application
The use of sub-lethal doses of herbicides combined with wrong time and technique’s along with poor or partial spray coverage may led to survival of partial tolerant weeds which can pass on the resistant trait (Sharpe and Novak, 2024).
4.5 Over-reliance on Chemical Weed Control
When only herbicides are used as the primary or sole weed management strategy without any integration of cultural, mechanical, or biological methods, the chances of development of herbicide resistance becomes very high (Weisberger et al., 2024).
4.6 Poor Management of Weed Seed Bank
Allowing resistant weeds to produce seeds which leads to replenishment of the soil weed seed bank is one of the most important reasons for spread and persistence of resistance (Kumar et al., 2022b).
4.7 Climate Change Interactions
The elevated levels of CO₂, rising temperatures and altered rainfall patterns can more easily modify biology of weeds as compared to crops which will change the herbicide efficacy and indirectly influence resistance evolution (Kaur et al., 2024).

5. Agronomic Mitigation Strategies for Managing Herbicide Resistance
Agronomic mitigation strategies pay a critical role in sustainable weed management which are aimed at delaying, preventing or reversing the evolution of herbicide resistance in weeds (Singh et al., 2024). Herbicide resistance primarily arises due to repeated application of herbicides and dependency on herbicides with similar modes of action (Pedroso and Moretti, 2025). Under these circumstances strong selection pressure favouring resistant biotypes is created. Therefore, diverse agronomic practices are needed for reducing dependence on chemical weed management and thereby improving evolutionary pressure and long-term weed management outcomes.
5.1 Crop Diversification and Rotation
One of the most effective agronomic strategy for mitigating herbicide resistance is crop diversification (Jastrzębska et al., 2023). Rotation of crops with different life cycles, durations and management requirements usually disrupts weed adaptation (Rudell et al., 2023). Crop rotation also prevents the continuous use herbicides with single mode of action. Integrating cereals, legumes and cover crops into the system enhances the variability in resource competition and agronomic practices which help in reducing the buildup of weed population.
5.2 Competitive Crop Establishment
Improving the crop competitiveness by optimising the planting density, row spacing, cultivar selection and early sowing can significantly suppress weed growth (Tang et al., 2025). Use of competitive cultivars help to control the weed species by exhibiting rapid canopy development and early vigour which reduce light availability to weeds (Hendriks et al., 2022). Such approaches reduces the dependency on herbicides and slows down the evolution of resistance.
5.3 Cultural Weed Management Practices
They include adjustments in agronomic practices such as altering sowing dates, stale seedbed techniques, mulching and residue retention which contribute to managing weed emergence and survival. Conservation agriculture systems if properly managed, may enhance crop weed competition and reduce weed germination (Neto, 2025).
5.4 Mechanical and Physical Weed Control
Mechanical interventions such as inter-row cultivation, hoeing, strategic tillage etc reduce weed density and prevent resistant individuals from reproducing (Kumar et al., 2022a). Deep tillage and summer fallow when performed at right time they exposes the weed seeds and if performed at regular intervals can destroys the seed bank.
5.5 Integrated Nutrient and Water Management
Balanced nutrient management and precise irrigation strategies influence crop weed competition dynamics to a large extant (Ghosh et al., 2022). Placement of fertilizers near crop roots rather than application by broadcasting can shift the crop-weed competition in favour of crops. Optimizing the irrigation scheduling can suppress certain weed species which are adapted to specific moisture regimes.
5.6 Herbicide Stewardship within Agronomic Systems or Integrated Weed Management
Although agronomic mitigation strategies emphasize mainly on non-chemical practices, but judicious use of herbicide remains essential for better control. Rotation and mixture of herbicides with different modes of action, application at recommended doses and integration with cultural practices simply reduces selection pressure and prolong the herbicide efficacy (Barbieri et al., 2022). Evidence suggests that systems-based weed management is the most effective and turns out to be a long-term solution to herbicide resistance.
5.7 Seedbank Management
Strategies targeting weed seed production and their dispersal such as timely harvest, chaff management and prevention of seed rain simply contribute to long-term resistance mitigation by reducing the soil seedbank and limiting the spread of resistant genotypes (Walsh and Powles, 2022). Use of deep tillage and summer fallow when performed at right time and regular intervals can destroys the seed bank.
5.8 Role of Precision and Digital Agronomy
Recent advances in remote sensing, weed detection algorithms and site-specific herbicide application offer better opportunities to reduce overall herbicide dependency and delay resistance (Huang et al., 2025). Resistant patches can be easily targeted with help of precision weed management at early stage and prevent their spread.

6. Way Forward
One of the major threat to sustainable agricultural production systems is the rapid evolution and global spread of herbicide-resistant weed populations. While integrated weed management strategies have shown a promising control, future research must focus on
· Deeper understanding of evolutionary dynamics and resistance mechanisms
· Development of efficient and problem specific integrated weed management systems
· Precision agriculture and digital technologies
· Novel herbicide discovery and alternative control methods
· Weed seedbank dynamics
· Climate change interactions and their effect on weeds
· Socio-economic research on farmer adoption barriers

7. Conclusions
Evolution of herbicide resistance represents one of the most significant challenge that threatens the sustainability, productivity and economic viability of modern agricultural systems worldwide. The repetition of herbicides with similar modes of action coupled with similar cropping system year after year has increased the selection pressure on weed populations, which has lead to the widespread emergence of resistant biotypes of weed across agroecosystems. To overcome this problem, proper and timely measures must be taken. Management of herbicide resistance demands a holistic and systems-based approach that integrates all scientific innovation with practical agronomic solutions. 
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