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ABSTRACT

Herbicides have been extensively exploited in the field of agriculture for overall agro-economic developments. Rapid
globalization has necessitated the sharp rise in application of herbicides to meet the food demands of the escalating
population. Extensive utilization has led to weed resistance, variation in plant tolerance and soil fertility, production of
toxic metabolites, altered microbial community structure and biogeochemical processes. The review dealt with the
influence of different herbicide treatment such as glyphosate, butachlor and 2, 4 D on microbial community dynamics
reflecting their mode of action highlighting the impacts of different herbicides on plants, microbial population and its
influence on overall soil quality. Different soil quality biomarkers have been employed to investigate the microbial
community structure, offering valuable knowledge regarding ecological effects of herbicide application on soil health.
The microbiological and biochemical indicators are recognized as sensitive biomarkers, thar play crucial role in soil
quality assessment and elucidate functional status of herbicide treated agricultural soil. The shift in microbial
community structure has been analyzed applying high-throughput sequencing and metagenomic techniques. The study
emphasizes herbicide driven shift in microbial community structure, highlighting the relative distribution of herbicide
metabolizing microbes that are involved in diverse degradation pathways. Overall, the review sheds light on the
ecological implications of extensive application of herbicides on microbial community dynamics, which provide deeper
understanding for enhancing soil quality for attaining sustainable development.
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INTRODUCTION

Soil is a non-renewable resource, structured, heterogeneous and discontinuous system where perpetual
interactions among available nutrients, microbes in discrete microhabitats and vegetation patterns
govern the biogeochemical cycles and plant productivity in terrestrial ecosystems. Soil represents the
complex microhabitat with diverse microbial populations that differ with time and space catalyzing
biochemical reactions, which prevail under different environmental conditions. Soil quality is correlated
with organic matter decomposition, water retention and release, nutrient mineralization and
immobilization, regulation of microbial mediated soil processes. Soil variables influence the microbial
mediated processes that are intimately related with microbial colonization, which substantiate the
concept of soil quality involving their contributions towards crop productivity. Besides, the soil quality
biomarkers are closely related with soil physico-chemical, biochemical and microbiological indices and
their evaluation is associated with microbial diversity. Hence, the soil quality assessment involves the
selection of sensitive indicators followed by linking these soil variables in time scale, which provides
meaningful insights into vital soil processes and ecosystem functioning. Expanding global population has
necessitated the agricultural intensification resulting sharp rise in usage of herbicides to fulfill food
security and demands. Intention of herbicides treatment is to control weeds and unwanted vegetation
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below acceptable threshold limit based on minimal negative environmental impacts without causing any
significant damage to crops. However, the indiscriminate application of herbicides has negative effects on
microbial communities depending on dosage, frequency of treatment and soil properties, which influence
microbial community structure. Some herbicides are found to be vulnerable to volatilization, leaching and
runoff, which accumulate in soil and water bodies inducing adverse impacts on unintended microbe.
Herbicides applied onto foliage indirectly enter surface water through runoff or leachate leading to
biological impairments. Extensive usage of herbicides promotes development of herbicides resistant
plants either by natural selection or intentional resistance developed in GMO crops. Herbicides applied
with ultimate objective to maximize yield and economy that act potentially at the expense of ecosystem
functions. Moreover, the overutilization of herbicides leads to the gradual deposition in soil, promote
biomagnification in plants and subsequently enter food chain leading to health issues. However, the effect
of chemically unique and structurally distinct herbicide on the microbial community structure is different
due to their differential degree of resilience to adapt the altered environmental conditions along with
their ability for herbicide degradation without losing the ability to support agronomic goals. Further, two
primary processes that govern the fate of herbicide application to the soil: (i) the transfer process
including runoff, percolation, sorption and desorption, flora and fauna uptake; (ii) the degradation
process including photodecomposition, chemical breakdown, microbial decomposition and plant-
mediated detoxification. Keeping in view, the ecotoxicological studies based on the impacts of different
herbicides and its persistence in soil influencing microbial community dynamics is pivotal for the
implementation of effective management strategies. The study represents a holistic approach using
combination of quantitative biomarkers that established connecting links between fluxes driving nutrient
pool, which can be used for periodic assessment soil quality. Besides, the assessment of microbial
community dynamics holds potential as complementary criteria for ecological assessment. The
assessment of microbial mediated processes is prerequisite for the implementation of effective
management strategies. Assuming microbial community dynamics and ecological restoration are linked,
the soil quality and functional status can be evaluated through periodic assessment of microbial
community dynamics and functional biomarkers. Considering the outcome based conceptual frameworks
of microbial community dynamics-ecosystem functioning using the complex statistical and mathematical
predictive models, there is strong recognition of metabolic capabilities exhibited by microbial community
structure, their utilization regardless of the magnitude on soil quality assessment as well as these
differential patterns of responses reflected by soil variables. Soil seems to be characterized by
redundancy of functions and therefore there is need for selection of suitable biomarkers with relatively
higher discriminating potentials.

Herbicides induced impacts on microbial community dynamics

Exposure of microbial community to herbicides induces microbial community dynamics with the
mechanisms for tolerance. The adverse effects of herbicides vary depending on dosage, frequency and soil
properties that in turn influence microbial community structure and enzyme mediated activities.
Herbicides have been applied in different growth stages for effective weed control such as glyphosate
(pre-planting phase) that inhibits amino acid biosynthesis; butachlor (pre-emergence phase): selective
systemic herbicide imposing neurotoxic effect through cholinergic impairment; 2, 4-D (post-emergence
phase) is involved in growth regulation. Indiscriminate use of herbicides leads to gradual soil
accumulation that causes biomagnification in plants and subsequently enters the food chain leading to
different health implications. Despite of recognition of microbial community structure in ecosystem
sustainability, there is little understanding of the fundamental processes that drive, maintain and alter
microbial community structure influencing soil processes. Moreover, the soil variables show differential
pattern of responses to same impact reflecting multidimensional soil quality, which makes it difficult to
infer functional status of soil sub-system influencing ecosystem functioning. Though various soil quality
indicators are selected based on their potency and sensitivity to interpret the differential patterns of
responses with efficiency and reliability are rooted to have complex relationships between different soil
variables. Besides, the emerging paradigm ‘microbial community dynamics-ecosystem function’
supplements the soil quality assessment primarily as the functional diversity underlining active influence
of microbial communities. Although several soil quality indices are applied to determine the variation in
microbial community structure but the ecological significance of microbial community dynamics has not
yet been investigated. Keeping in view, the ecotoxicological studies based on the impacts of herbicides
and its persistence in agro-ecological interface influencing the microbial community dynamics is pre-
requisite to elucidate the soil quality and functionality in terrestrial ecosystems useful for the
implementation of effective soil management strategies.
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Classification of herbicides

Herbicide classification is crucial for comprehending the mechanism of herbicide resistance along with
implementation of sustainable agriculture strategies that work [1,2] This is due to the fact that certain
herbicide-resistant weeds can still be susceptible to few particular herbicides if the dosage and frequency
of application are suitable. Conversely, the overuse of herbicides can either damage the crop or confer
resistance that is intended for control, which substantiate the optimal use of herbicides for maximal
effect. Herbicides have been classified based on (a) mode of action, (b) selectivity, (c) time of application,
(d) chemical structure, (e) site of action, (f) residual action, (g) spectrum of control and (h) formulations
(Figure 1).
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Figure 1. Schematic presentation of herbicides classified on the basis of their (a) mode of action,
(b) selectivity, (c) time of application, (d) chemical structure, (e) site of action, (f) residual action,
(g) spectrum of control and (h) formulations.

Herbicides are classified into contact herbicides and systemic/translocated herbicides based on their
mechanism of action. Contact herbicides (paraquat, sulphuric acid, sodium arsenite, ammate) are mostly
involved in killing or inhibiting plant growth through direct contact, whereas the systemic herbicides
(dalapon, acid arsenical, sodium chloride, glyphosate) are absorbed by plant parts and exert adverse
effects on plant growth and metabolism by moving to untreated areas through xylem and phloem of weed
depending on the nature of herbicides. Besides, several studies have substantiated different mechamism
of action of herbicides through (i) amino acid synthesis inhibitors (glyphosate), (ii) lipid biosynthesis
inhibitors (clodinafop), (iii) photosynthetic inhibitors (atrazine, sencor, hyvar, karmex, buctril), (iv) cell
membrane disrupters (paraquat), (v) seedling growth inhibitors (butachlor), (vi) plant growth regulators
(glufosinate, 2,4-D) and (vii) pigment inhibitors (balance, callisto). Besides, selectivity is the capacity of
herbicide to kill target plant without damaging non-target plant species. Few selective herbicides
(atrazine, butachlor, 2,4-D, pendimethalin) are highly specific that disrupt the metabolic machinery or
biosynthetic pathways of few specific weeds while mostly sparing intended crop. The non-selective
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herbicides (paraquat, glyphosate) are formulated to control weeds and toxic to all vegetation. However,
the selectivity of herbicide depends on the soil topography, soil fertility, environmental conditions, timing
and rate of application [2,3,4,5]. Herbicides are classified into three major categories based upon the time
of application: pre-plant, pre-emergence and post-emergence (Figure 1). The pre-planting herbicides
(paraquat, basalin, trifluralin, fluchloralin, EPTC) are applied before cropping, which are incorporated
into soil to reduce volatility and photo decomposition. The pre-emergence herbicides (simazine, atrazine,
alachlor, butachlor, metribuzine) are most effective, which are applied to soil before emergence of crop
and weeds. Post-emergence herbicides (paraquat, glyphosate, sulfosulfuron, 2,4-D) are sprayed following
the emergence of crop and weeds or herbicides applied after crop emergence but before weeds grow.
Moreover, herbicides are classified by their chemical composition such as inorganic and organic
herbicides. Inorganic herbicides (simezine, isoxaben, arsenic acid, sulphuric acid, borax, copper sulfate,
copper nitrate) contain no carbon actions in their molecules and used initially for weed control before the
introduction of organic herbicides. Organic herbicides include polycyclic oils, acrolein, butachlor, alachlor,
chloramben, paraquat, carabamates, triazines, urea, uracils, 2,4-D, fluchlorine, bromoxylin etc. The plants
exhibit differential patterns of interactions with herbicides, which solely based on their absorption,
translocation, metabolism and mechanism of action (Table 1). Accordingly, herbicides are either applied
to soil during plowing (soil active herbicides) or directly to foliage (foliar applied herbicides). Soil active
herbicides (alachlor, butachlor, trifluralin, ETPC) applied to soil are sufficiently active to kill weeds
through vertical or horizontal translocation movement, which mostly include pre-emergence herbicides.
On the other hand, foliar applied herbicides (paraquat, glyphosate, isoproturon, 2,4-D, sulfosulfuron,
metribuzin) are applied to plant foliage that kill upon contact and does not require translocation, which
mostly includes post-emergence herbicides. Some herbicides exhibit both function (soil active and foliar
applied) such as atrazine and metribuzin. Additionally, the herbicides are classified on the basis of their
residual action in soil either residual herbicides or non-residual herbicides. Residual herbicides
(triazines, phenyl ureas) are resistant to degradation and remain in soil in active form for longer period
allowing longer lasting influence on weed control. In contrast, the non-residual or zero persistence
herbicides (diquat, glyphosate, paraquat) are easily degraded or subjected to microbial mediated
metabolism after application and therefore do not have long lasting effects on weed control. Herbicides
that control particular group of weeds rather than all the weed of particular group are referred to as
narrow spectrum herbicides (2,4-D, mettsulfuron-methyl). The 2,4-D specifically kills broad leaf weeds
and sedges rather than grasses. In contrast, the broad-spectrum herbicides (alschlor, butachor,
imezathyper, atrazine, pendimethalin) control weeds including grasses, broad leaf weeds and sedges.
Herbicides are applied with different formulations that influence their efficacy towards weeds control.
The wettable powder herbicides (2,4-D, diuron, linuron) exhibit low water solubility and hence grounded
into fine powder is used as water suspension. Liquid water-soluble herbicide formulations (2,4-D,
dicamba, diquat, paraquat) are used in the form of soluble liquids. Emulsifiable herbicides (nitrofin,
diallate, alachlor) are active ingredients dissolved in solvent followed by emulsification, which helps in
uniform distribution of toxic chemicals without stirring mostly useful for spraying. Liquid suspension
herbicides (atrazine, cyprazine, nitralin) involve the solubilization of active ingredients in organic
solvents that are not soluble in water for spraying in form of liquid suspension. Soluble powder
herbicides (endothal, dalapan, 2,4-D) include water soluble powders that form homogenous solution in
water for spraying. Granules herbicides (butachlor, 2,4-D) are granules with inert clays, the solution of
toxicant is sprayed on these granules in desired quantity and dried.

Table 1. Mode of action of herbicides along with representatives under different categories [6].
Mode of action Target site and effects Herbicides

Few herbicide classes (phenylpyrazolin
aryloxyfenoxypropionates and cyclohexanediones) that
inhibit the acetyl coenzyme A carboxylase (ACCase),
which cause disruption of lipid synthesis.

Clethodim, cyhalofop,
diclofop, fluazifop,
pinoxaden, sethoxydim

ACCase inhibitors

Herbicide classes (imidazolinones and sulfonylureas) | Bensulfuron, halosulfuron,

ALS inhibitors inhibit acetolactate synthase (ALS) enzyme that disturb | imazamox, imazethapyr,
biosynthesis of branched-chain amino acids. metsulfuron
. . . Herbicides classes such as imidazolinone, sulfonylurea, Glufosinate, glyphosate,
Amm(.) aclld. synthesis sulfonylamino, carbonyltrozolinone that inhibit the chlorosulfuron,
inhibitors biosynthesis of amino acids. imazethpyr, flumetsulam
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Carotenoid synthesis
inhibitors

Herbicides that block enzymes involved in synthesis of
carotenoids and chlorophyll. Carotenoids shield plants
from oxidative energy, whereas lack of carotenoids cause
disruption in protein and membrane.

Amitrole, clomazone,
fluridone, mesotrione,
norflurazon, topramezone

Cell membrane
disrupters

Herbicides classes including diphenylether, imine,  N-
phenylphthalimide, pyrimidinedione, triazolinone and
bipyridylium that not only disrupt cell membrane, but
also inhibit the synthesis of cell membrane to certain
extent.

Bifenox, lactofen,
chlornitrofen, fomesafen,
flumioxazin, butafenacil,

thidiazimin, azafenidin,
sulfentrazone

Cellulose inhibitors

Herbicides represent heterogeneous groups affecting the
assembly and deposition of cellulose, as well as inhibit the
cell wall (cellulose) synthesis.

Dichlobenil, indaziflam,
isoxaben, quinclorac,
flupoxam

Fatty acid and lipid
synthesis inhibitors

Few chemical classes such as the thiocarbamates, inhibit
reactions vital in fatty acid/lipid biosynthesis disturbing
the synthesis of biomembrane, proteins, hormones and

Bensulide, butylate, EPTC,
molinate, triallate,

other cellular components. vernolate
. Phosphonic acid herbicides inhibit enzyme glutamine
Glutamine : : O .
synthetase, which lead to increase of ammonia in plants Glufosinate

synthetase inhibitors

and inhibits PSI and PSII.

Mitosis inhibitors

Chemical families affect various processes involved in cell
division, which mostly include chloroacetemides,
dinitroaniline and pyridine herbicides.

Alachlor, dimethenamid,
metolachlor, oryzalin,
pendimethalin, pronamide

Photosystem I (PSI)
inhibitors

PSI inhibitors disturb electrons during photosynthesis,
generate free radicals that disrupt cell membranes and
lead to cell and tissue desiccation.

Paraquat, diquat

Photosystem II
(PSII) inhibitors

Herbicide classes such as triazines, uracils, amides that
disturb photosynthesis by blocking the electron transport
in PSIIL Protein and lipid oxidation generates free radicals
that causes plant death.

Atrazine, bromacil, diuron,
hexazinone, linuron,
propanil, simazine,
tebuthiuron

Herbicides classes phenoxyacetic acid, benzoic acid and

Plant growth pyridines mostly disrupt the hormone balance and | 2,4-D, dicamba, clopiralid,
regulators protein synthesis thereby inhibit plant growth, but also picloram, triclopyr,
induce various plant growth abnormalities
Seedling growth Herbl(:ld.es Clalsses dinitroaniline, CthI.'OEIf:e.tamlde and Butachlor, trifluralin,
R isoxazoline, thiocarbamate, benzofuran inhibit growth of .
inhibitors alachlor, EPTC, benefin

seedlings of annual and perennial weeds.

Synthetic auxins

Phenoxycarboxylic acids, benzoic acids, pyrachlor and
pyridine carboxylic acids mimic endogenous auxins. At
higher concentration, the growth regulator herbicides
lead to the uncontrolled cell division stimulate ethylene
production and growth.

2,4-D,
aminocyclopyrachlor,
aminopyralid, clopyralid,
dicamba, MCPA,
quinclorag, triclopyr,

The strategic usage of herbicides targeting specific weed need to be controlled, which solely depend on
the time and frequency of application, dosage regimes, mode of action, route of application, rate of
absorption and retention of herbicides based on the formulations [7,8,9]. Herbicides having higher
absorption and retention capacity need less volume and potency in comparison to other herbicides.
Efficacy of herbicides depends upon efficient contact (soil or foliage), degree of absorption, translocation
and degree of toxicity [6,10,11] keeping pace with time of application and mode of action.

Advantages of herbicides treatment

» Application of herbicides as pre-plant and pre-emergence treatment prevents extensive weeds before
they emerge from soil thereby minimizing competition during seedling stage.

» Herbicides usage is effective for crop improvement compared to mechanical methods.

» Selective herbicides not only target specific weed control without damaging crops, but also withhold
weeds for longer period after application.

» Unlike mechanical methods, the translocated herbicides are used to control deep rooted or
vegetatively propagated weeds. However, the combinational approach (chemical and mechanical) is
more efficient in controlling weeds.

Limitations of herbicides treatment

» Excessive use of herbicides makes differentiation between success or failure of weed control
substantiating environmental pollution.

» Herbicide family that belongs to specific group have similar mechanism of action even though
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belonging to different chemical families.
» Long residual effects mediated by certain herbicides limit the choice of crop selectivity.
» Acquisition of herbicides resistance by weeds through natural selection or gene transfer leads to the
long-term devastating economic consequences.
» Genetic drifts mediated by herbicides influence the productivity of neighboring crops
» Cross-resistance is another alarming issue in agriculture as few weeds may acquire resistance to
different herbicides with similar mode of action.
» Rationale of using the herbicide-resistance management strategy compared to passive approach
should be quantified based on cost-effectiveness and crop productivity.
Glyphosate (C3HsNOsP)
Glyphosate [N-(phosphonomethyl)glycine) is broad-spectrum, non-selective systemic herbicide, which is
effective in killing wide varieties of plants, annual broadleaf weeds, grasses and woody plants that
compete with existing crops [12]. Glyphosate is aminophosphonic glycine analogue exists in different
ionic states based on medium pH. Glyphosate is nonvolatile and does not undergo photochemical
degradation. Glyphosate application is relatively safe due to rapid inactivation through adsorption and
microbial mediated degradation [13,14,15]. The phosphonic acid and carboxylic acid moieties undergo
ionization whereas the amine group is protonated therefore exists as chain of zwitterions. Being acid
molecule, glyphosate are developed with isopropylamine, diammonium, monoammonium or potassium
as counterion. Glyphosate is formulated using various surfactants/adjuvants such as polyoxyethylene
amine to improve the uptake followed by translocation of active ingredient by plants [16,17]. Glyphosate
is primarily used before planting of agricultural crops applicable in horticulture, viticulture, silviculture
and garden maintenance specifically used for the eradication of invasive species, habitat restoration and
enhancement of native plant establishment [18,19].
Mechanism of action of glyphosate
Glyphosate is absorbed primarily by foliage of plants whereas minimal through roots, which suggested
that glyphosate is effective on actively growing plants and unable to prevent seeds from germination.
Glyphosate is rapidly translocated to the regions of active growth within plant (systemic activity), which
is necessary for its effectiveness [20,21]. Glyphosate inhibits 5-enol-pyruvyl-shikimate-3-phosphate
synthase [22,23] that catalyzes conversion of shikimate- 3-phosphate and phosphoenolpyruvate to
synthesize 5-enolpyruvyl-shikimate-3-phosphate (Figure 1.2). Hence, the biosynthesis of aromatic amino
acids (such as tyrosine, phenylalanine, tryptophan) synthesized through shikimate pathway is inhibited
[24, 25, 26] that leads to accumulation of shikimate under plant tissues diverting energy and other
resources from metabolic processes lead to plant death. The plants treated with glyphosate and its
derivatives usually die within (1-3) weeks period because of its even distribution in plant.
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Figure 2. Glyphosate inhibits 5-endopyruvylshikimate 3-phosphate synthase (EPSPS) in shikimic
acid pathway inhibiting the biosynthesis of aromatic amino acids (tyrosine, tryptophan,
phenylalanine) [27, 28].

Effects of glyphosate on plants and microorganisms

The sublethal dose of glyphosate soil residues induce underappreciated consequences, which show direct
impacts on target species and also cascading effects on non-target organisms influencing different
physiological processes including plant defense mechanism with their potential indirect effects on biotic
interactions. Glyphosate and its byproduct aminomethyl phosphonic acid inhibit antioxidant enzyme
activities that promote the deposition of ROS influencing physiological dysfunctions and cellular damage
[29]. Glyphosate is reported to increase chlorophyll degradation whereas AMPA alters chlorophyll
biosynthesis resulting in necrosis of plant foliage and plant death [17, 29]. Sub-lethal dose of glyphosate
modulates plant defense-related metabolic pathways including (i) the role of phytohormone
concentration in regulating biosynthetic pathways; (ii) regulating synthesis of different compounds; (iii)
alternations in species-specific plant defense mechanisms; (iv) influencing the plant-associated microbes
involved in defense mechanism; (v) plant-microbial community dynamics; and (vi) emission of volatile
compounds mediating impacts on plant defense responses. Synthesis of phenylpropanoids involved in
plant defense responses, its interactions with abiotic and biotic factors is influenced by chorismate, which
is inhibited by glyphosate [30, 31]. Majority of the plant derived secondary metabolites synthesized
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through phenylpropanoid pathway reveal decline production following exposure with glyphosate doses
[32]. Synthesis of salicylic acid that mediates plant defense responses to pathogens, insects is influenced
by chorismate synthesized through shikimate pathway [33, 34]. Besides, glyphosate represses FAD:
mediated enzymatic conversion of oleic acid to linolenic acid through lipoxygenase pathway, which
decline the linolenic acid responsible for enzyme metabolization of polyunsaturated fatty acids (Jasmonic
acid, oxylipins) essential for defense mechanism [35]. Glyphosate decline the synthesis of phenolic-based
volatile compounds (indole, phenethyl acetate) that are essential signalling components involved in
indirect plant defense responses [36]. Indole derived from tryptophan plays significant role in volatile
emission and indirect plant defense responses decline with sublethal exposure of glyphosate [31].
Sublethal glyphosate dose decline plant growth is correlated with lower level of IAA leading to their faster
breakdown [37, 38]. Sublethal glyphosate dose induces higher synthesis of phytohormones (ethylene,
abscisic acid) that are directly linked to plant induced defense mechanism and correlated well with
increased susceptibility to plant attackers [39]. Adverse impacts of glyphosate-based herbicide led to
alternations in soil and aquatic microbial communities influencing their activities through biogeochemical
cycling and nutrient turnover [40, 41, 42]. Glyphosate is considered as an antimicrobial agent [43] that
targets EPSPS enzyme inhibiting shikimate pathway [44, 45]. Some microbes use glyphosate as the major
carbon, nitrogen and phosphorous source for their development [46, 47]. Besides, glyphosate undergoes
degradation through two metabolic processes mediated by the glyphosate degrading bacteria such as (a)
glyphosate oxidoreductase degrades carboxymethylene N-bond of glyphosate to form AMPA and
glyoxylate; (b) the C-P lyases including phosphoenolpyruvate hydrolase, phosphonoacetate hydrolase,
phosphonoacetaldehyde hydrolase cleave C-P bond of AMPA leads to the synthesis of inorganic
phosphate and sarcosine [47, 48, 49].

Butachlor (C17H26CINO2)

Butachlor [N-(butoxymethyl)-2-chloro-N-(2,6-diethylphenyl) acetamide] is chloroacetanilide class of
herbicide, which is used as pre-emergence, selective and systemic herbicide [50, 51]. Besides, it is a non-
ionic herbicide mainly used for the pre-emergent control of annual grasses and broadleaf weeds
particularly in paddy fields both seeded and transplanted [52]. Butachlor is absorbed majorly by
germinating shoot and by root, translocated throughout the plant with relatively greater accumulation in
vegetative parts with half-life period (1.65- 2.48) days in field water and about (2.67 - 5.33) days in soil
[53]. Because of short half-life period and biodegradability of butachlor substantiates its usage in rice
cultivation [54, 55]. Butachlor is degraded by photochemically formed hydroxyl radicals and removed at
particulate-phase by wet deposition. Butachlor has no mobility with minimal volatilization in moist soils
and hence it is absorbed to soil sediment [56, 57].

Mechanism of action of butachlor

Butachlor has gained worldwide recognitions as highly selective and effective acetamide herbicide with
efficient weed management strategies. Mode of action mediated by butachlor includes its influence on
lipid metabolism, seed germination, gibberelic acid biosynthesis, cell division, cell permeability, amino
acids incorporation during protein synthesis, mineral uptake due to alternation in selective absorption
[58, 59, 60]. Butachlor alters cell division and cellular metabolism in due to the inhibition in elongase
enzyme responsible for long chain fatty acids biosynthesis [61, 62, 63]. Chloroacetanilide herbicides
including butachlor also inhibit the gibberellins biosynthesis [64], secondary metabolites [63] as well as
enzymes involved in geranylgeranyl pyrophosphate cyclization [50, 65]. The negative impact of butachlor
including, growth, chlorophyll fluorescence and photosynthesis of aquatic plants with toxic impacts
increasing with concentration have been reported by several workers [63, 66, 67].

Effects of butachlor on plants and microorganisms

Butachlor has gained recognition as selective acetamide herbicide specifically used for rice cultivation
targeting weeds with minimal adverse effects [63]. Efficacy of butachlor in controlling weeds varies with
plant species, exposure concentration, phonological period, frequency and duration of treatment [50, 52].
Exposure of butachlor not only targets weeds but also plants upon exposure with significant phytotoxicity
causing death of non-target plants. Plant species exhibited differential patterns of responses to butachlor
ie. some species are susceptible inhibiting the plant growth whereas the detrimental impacts on some
species even at lower concentration. The dose dependent response of butachlor exhibits concomitant link
with inhibition of somatic cell division in plant [52, 68]. Butachlor absorb by plants exert herbicidal
effects belowground and induce toxicity upon root tip spindle formation [69] and reduction in shoot
length [70] led to its pervasive effect on different plant species. Besides, the variations in total chlorophyll
under varying butachlor concentration indicated the dose dependent decline in photosynthetic efficiency
of aquatic plant species [63]. Butachlor enhance antioxidant effect by enabling them to prevent oxidative
stress within the plant cells [71]. The morbidity caused by butachlor is mutagenic and genotoxic, their
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mode of action is unspecific to non-target microbes influencing microbial community dynamics [72].
Being the persistent pollutant in agricultural soil, butachlor influence microbial community structure and
enzyme activities [73]. Butachlor negatively impacts the growth and metabolism of beneficial microbes in
agricultural soils [74]. Microbial mediated transformation is considered as the efficient route for
butachlor degradation in soil [75, 76, 77]. Bacillus altitudinis use butachlor as the sole carbon source and
involved in butachlor degradation [78]. Besides, the Sphingobium sp. and Mycobacterium sp. isolated from
paddy soil were reported to be involved in butachlor degradation [79]. Several microorganisms have the
ability to degrade butachlor [80] including different microorganisms such as Paracoccus sp. [81],
Catellibacterium caeni sp. [82], Rhodococcus sp. [83], Sphingomonas chloroacetimidivorans sp. [84]. The
process of microbial mediated butachlor degradation mostly occurs by hydrolysis via two pathways (a)
deacylation and (b) dealkylation (Figure 3). Butachlor was initially deacylated leading to the loss of acetyl
group to form N-(butoxymethyl)-N-(2-chloroethyl)-2,6-diethylaniline. Enzymatic formation of N-
(butoxymethyl)-2,6-diethyl-N-propylaniline and N-(butoxymethyl)-2-ethylaniline due to hydrolysis of
chlorine atoms and dealkylation of nitrogenous alkyl chains. Dechlorination form (2,6-diethylphenyl)
(ethoxymethyl) carbamic acid before diacylation [80]. Secondly, the dealkylation leads to the formation of
most common degradation productssuch as 2-chloro-N-(2,6-diethylphenyl) acetamide and
butoxymethanol, then subsequently hydrolyzed followed by dealkylation of butachlor catalyzed by
different enzymes so as to form catechol and muconic acid, which were eventually converted into H20 and
C02[80].
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Figure 3. Microbial mediated pathway involved in butachlor degradation through (a) deacylation
and (b) dealkylation [80].

2,4-Dichlorophenoxyacetic acid (CsHesCl203)

The (2,4-dichlorophenoxy) acetic acid (2,4-D) is a post-emergence systemic widely applied herbicide due
to selectivity, broad spectrum efficacy in controlling the broadleaf weeds and unwanted vegetation by
causing the uncontrolled growth but not applicable for grasses [85, 86, 87, 88]. Basically, 2,4-D is used to
inhibit the spread of invasive and non-native annual or perennial weeds thereby minimizing the crowding
of native species. Widespread occurrence of the esters and amines of 2,4-D in aqueous ecosystem is due
to the presence carboxyl group in soil subsystem [89].

Besides, the commercial formulations of 2,4-D are water soluble that makes herbicide more effective due
to its rapid penetration through leaves and roots of plant species [90, 91]. However, efficacy of phenoxy
herbicide (2,4-D) is influenced not only by the dynamic interplay between physical, chemical and
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biological processes, but also based on their chemical formulations, soil properties, microbial community
structure, soil dissipation, bioleaching and its availability to plant species [92, 93, 94].

Mechanism of action of 2,4-D

The 2,4-D is an auxin analogue that suppress growth of weeds based on uncontrolled and lethal growth of
target plants [95, 96]. Mode of action of 2,4-D is mediated through activation of auxin receptor system
inducing variation in actin cytoskeleton and by up-regulation of auxin responses [ 97] and produce higher
concentration of reactive oxygen species, which mediates cell wall dismantling and leaky membrane
leading to cell necrosis [98, 99]. The 2,4-D induce expression of auxin genes leading to abscisic acid and
ethylene biosynthesis and (Figure 4), which inhibit cell division and plant growth, stimulate the leaf
senescence leading to plant death [100, 101, 102]. At low concentration, the 2,4-D mimics auxin to
promote cell division and elongation whereas controls the broadleaf growth at relatively higher
concentration [95]. Different formulations of 2,4-D show diverse effects such as the dimethylamine salts
(2,4-D DMA) are polar non-volatile compounds that are absorbed through roots whereas the butylester
salts (2,4-D BE) being volatile are absorbed by leaves [96, 102].
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Figure 4. Mode of action of 2,4-dichlorophenoxyacetic acid mediated by up-regulation of ACC
synthase, biosynthesis of abscisic acid and ethylene production, which prevent cell division,
promote leaf senescence and oxidative damage due to higher level of ROS leading to cell death
[96].

Effects of 2,4-D on plants and microorganisms

The 2,4-D is a moderate persistent herbicide having half-life (20 - 30) days with low adsorption
coefficients and high-water solubility [103, 104]. Several factors including plant age, species and soil
quality influence the development and maturity of cuticle influencing the herbicide uptake and
translocation. The differential pattern of responses induced by 2,4-D showed significant decline in
photosynthetic rate, stomatal conductance and transpiration in plants compared to plants without the
herbicide exposure [105]. Besides, the reduction in stomatal conductance stimulates ethylene production
and abscisic synthesis, which accumulates in leaves and subsequently translocated in plants leading to
the stomatal closure thereby limiting the CO2 assimilation and reducing plant yield [106]. Besides, 2,4-
D imposes higher risk of drift and causes higher phytotoxicity even with lower dose in non-target crops
affecting photosynthesis and plant growth [107]. Plant mediated degradation of 2,4-D herbicide takes
place majorly by the direct conjugation, ring hydroxylation followed by side-chain cleavage to smaller
extent [108]. The degradation of 2,4-D in an attenuation process influenced by closer interactions of
microbial community structure with abiotic and biological processes [109, 110]. Efficacy of 2,4-D
biodegradation varies with the relative distribution of microbial community structure, their nature of
interactions and catabolic activities (Table 2).
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Table 2. Microbial degradation of 2,4-dichloropehnoxyacetic acid with their degradative

potentials [87, 96].

Bacterial strains Isolation habitat Degradative potential References
Delftia acidovorans Polluted river in Buenos Aires, 200 gL-1of 2,4-D 111
Argentina within 24 hrs
Burkholderia, Dyella, Agricultural lands in Guanajuato, 27.7 mg L-1in 150 days 112
Mycobacterium, México
Achromobacter sp. QXH Mixture of soil and activated 144 mg L-1in 18 days 113
sludge
Burkholderia cepacia, 2,4-D contaminated soil, Poland 34.72 mg L-1,36.76 mg 114
Pseudomonas sp. DS-2, L-1,
S. paucimobilis DS-3 27 mg L-1in 10 days
respectively
Cupriavidus campinensis B]71 Wheat fields, Beijing, China 200 mg L-1 2,4-D in 3 days 115
Cupriavidus necator N-1 Agricultural soil, Buenos Aires, 250 mg L-1in 3 days 116
Argentina
Pseudomonas sp., Wheat fields in Beijing, China 185 mg L-1 of 2,4-D during 115
Stenotrophomonas sp. 7 days
Achromobacter anxifer LZ35 2,4-D-contaminated soil 200 mg L-1 2,4-D within 117
in Suzhou, China 2 days
Corynebacterium humireducens Wastewater contaminated with 9 umol L-1 of 2,4-D in 118
MFC-5 2,4-D 5 days
Novosphingobium sp. DY4 Paddy field site in Jiangsu 200 mg L-1 2,4-D within 119,120
province, China 5 days
Rhodococcus ruber Wastewater treatment plant, 0.071 mgL-12,4-D 121
Ciudad Real, Spain per day
Bradyrhizobium elkanii USDA94 Soybean root-nodulating 20 mg L-1 2,4-D within 122
10 day
Burkholderia cepacia 2, 4-D-contaminated soil, Suzhou, 60 mg L-1 2,4-D within 123
China 3 days
Cupriavidus gilardii 2, 4-D-contaminated soil, 10 mg L-1 2,4-D per day 124
Shandong, China
Achromobacter anxifer LZ35 2, 4-D-contaminated soil, Suzhou, 50 mg L-1 2,4-D within 117
China 12 day
Cupriavidus sp. CY1 Pristine forest soil, 500 mg L-1 2,4-D within 119
Muroran, Japan 3 day
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Figure 5. Biochemical pathways involved in degradation of 2,4-D herbicide mediated by (a)
Cupriavidus necator JMP 134 (b) Azotobacter chroococcum [87].

The 2,4-D degrading bacteria are categorized into: (a) Group-I includes y- and B-proteobacteria for
predominance of a-ketoglutarate (a-KG) dioxygenase (TfdA) gene catalyzing the initial process in 2,4-D
degradation [125, 126, 127], which is sub-divided into three sub-groups (class I-III) based on the tfdA
sequences similarities; (b) Group II includes a-proteobacteria have tfdAa gene; (c) Group III includes
microbes that are phylogenetically similar to the genus Sphingomonas harbouring the tfdAa/cadAB gene
[115, 128]. Microbial degradation involves the degradation of 2,4-D by breakdown of ether bond to
synthesize 2,4-dichlorophenol or 4-chloro-2-methylphenol by a-ketoglutarate dependent 2,4-D
dioxygenase encoded by tfdA gene (Figure 5). Next step includes hydroxylation of phenol compounds to
form catechol catalyzed by 2,4-DCP hydroxylase encoded by tfdB gene. Catechol is catalyzed by 3,5-
dichloro-catechol dioxygenase encoded by tfdC to form 2,4-dichloro-cis, cis-muconate, which is catalyzed
by dichloromuconate cycloisomerase encoded by tfdD into cis 2-dichlorodienelactone. Dienelactone
hydrolase encoded by tfdE gene catalyzes conversion of chlorodienelactone to chloromaleylacetate
involved in 2,4-D degradation by Cupriavidus necator JMP134 [129]. The maleylacetate reductase
encoded by tfdF yields 3-oxoadipate that enters intermediary metabolism (Figure 5a). Alternative
pathways of 2,4-D degradation (Figure 5b) involving Azotobacter chroococcum leading to dehalogenation
and formation of 4-chlorophenol instead of 3,5-chlorocatechol through the pJP4 pathway [130].

Soil quality biomarkers

Soil represents the structured, heterogeneous and discontinuous complex microhabitat that governs
ecosystem functioning based on (a) the shift in physico-chemical, microbiological properties, (b)
differential patterns of metabolism and herbicides biodegradation, (c) efficiency of biotransformation,
and (iv) microbial community structure [131, 132, 133, 134]. Being difficulties in inferring ecosystem
functioning directly due to differential pattern of responses revealed by soil variables to same impact,
sensitive biomarkers should be selected to determine the variation in herbicides treated soil over time
with equal efficiency and reliability. The concept of pedodiversity has emerged as the functional
determinants of ecosystem functioning. The criteria for quality assessment of herbicides treated soil
focuses on microbial community dynamics including their interactions with plant-soil system [135, 136,
137] as the patterns observed aboveground is regulated by microbial community structure associated soil
processes. Ecological assessment of herbicides treated soil reflect holistic approach involving periodic
assessment using reliable soil quality indicators [138, 139]. Such recognition emphasizes the need of
sensitive soil quality biomarkers elucidating their intimate relationships with soil physico-chemical and
microbiological indices and hence the periodic assessment is necessary to explore their contribution in
time scale influencing the dynamic changes in microbial community structure [140]. Besides, the
quantitative assessment involves the selection sensitive soil quality biomarkers reflecting the sign of
improvement in soil genesis, microbial mediated herbicide degradation through periodic monitoring of
the changes in soil nutrients and microbial activities [141, 142]. Effective monitoring requires the
sensitive biomarkers sufficiently simple, robust for periodic assessment that provide information about
the state of soil [143]. Further, the use of sensitive ecological biomarkers is pre-requisite to explore the
site-specific ecology mediated by the adverse impacts of herbicides using sensitive ecological biomarkers
at ecological interface for agro-ecosystem sustainability.
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Soil organic matter

The soil quality assessment of herbicide treated soil from the ecological standpoints encompass physico-
chemical characterization including organic C, total N and extractable P as the sensitive indicators
reflecting dynamic changes in microbial community structure [144, 145, 146]. SOM promotes aggregate
stability and increase hydrological regimes, which acts as the source of nutrients and energy to support
vegetation. Soil represents largest organic carbon sink influencing carbon mobilization on the basis of size
and breakdown of soil organic matter that promotes nutrient flow through mineralization [147, 148].
Besides, nitrogen is an important soil nutrient mostly derived from organic matter, which prevents
growth of vegetation and shift in microbial community structure [149, 150]. Implications towards
improving soil quality, the extractable phosphorous is essential to plants as macronutrient, is extracted in
organic and inorganic forms through mineralization [150, 151]. Soil carbon C, total N and extractable P
are major soil quality indicators that limit soil functioning [152, 153] and shift in microbial community
structure [154, 155].

Microbial biomass pool

Microbial biomass is defined as the viable component that comprises of living organisms, small standing
stock of nutrients reflecting quantity and quality of SOM [145]. Microbial biomass pool is involved in
biotransformation, nutrient turnover and structural stability in herbicides treated soil, which led
microbial ecologists to use it as sensitive indicators for soil quality assessment and keystone biological
driver for ecosystem functions [156, 157]. Pool size of microbial biomass in herbicides treated soil is the
functional index of accessing the soil quality [158, 159], biological marker of soil health [160] and labile
pool of the plant available nutrients, which determines microbial community structure involved in
nutrient conserving mechanisms through immobilization and mineralization [160, 161]. Higher microbial
biomass pool size supplements the greater functional diversity among microbial communities in
herbicides treated soil [145, 162] and hence considered as the valuable designator useful for soil quality
assessment in terrestrial ecosystems. Microbial biomass carbon is referred as viable components of
organic carbon through decomposition of organic matter and control nutrient dynamics influencing
primary productivity in soil [145, 163, 164]. MB-C is considered as the sensitive index of changes in
organic C and hence responds quickly to environmental changes compared to soil organic matter because
of its high turnover rate [165, 166, 167]. Microbial biomass nitrogen acts as reservoir of significant part of
the potentially mineralizable nitrogen and serves both as transformation matrix and source-sink of
nitrogen in herbicides treated soil [168,169]. Hence, the importance of quantifying nitrogen dynamics
based on the MB-N assessment reflects nitrogen availability and overall nitrogen cycling in herbicides
treated soil [170, 171]. Rapid turnover of microbial biomass P accounts for 2-10% of total phosphorous,
which represents the structural stability influenced by microbial mediated phosphorus cycling and
availability for plant uptake in herbicides treated soil [168; 169, 172). Immobilization of inorganic P
mediated by soil microbes prevent the available P from physico-chemical fixation [173, 174].

Microbial basal soil respiration

Basal soil respiration is defined as consistent rate of soil microbial respiration originate through organic
matter mineralization and considered as sensitive indicator of biological activity [165, 175], which is
estimated based on (a) autotrophic respiration involving CO2 release from plants, and (b) heterotrophic
respiration mediated CO: release due to microbial mediated organic matter decomposition [176, 177].
BSR is influenced by the dynamic interplay between plant root-microbe-soil interactions, available soil
nutrients, microbial community structure, microbial biomass and activity [178, 179, 180]. Moreover, the
microbial respiration per unit of microbial biomass carbon is defined as ‘microbial metabolic quotient’
(qCO2), which reflects the eco-physiological status of soil quality [181], as well as microbial activity in
herbicides treated soil [157, 182, 183, 184, 185].

Enzyme activities

The catalytic efficacy of microbial enzymes involved not only in decomposition of SOM, nutrient cycling
and nutrient turnover but also degradation of xenobiotic compounds [186], which quickly respond to
anthropogenic activities and hence used as sensitive biomarkers for soil quality assessment [187, 188].
Biochemical reactions are responsive to changes in microbial mediated soil processes influenced by the
microbial community structure in herbicides treated soil [189, 190, 191] and hence the microbial
community dynamics is likely to be reflected based on the functional integrity of soil [192, 193]. Enzyme
catalyzed reaction either intracellular or extracellular reflect nutrient availability in herbicides treated
soil due to their rapid response based on soil quality [153, 194, 195]. Nevertheless, the co-existence of
differential vegetation patterns with the complexity of microbial community dynamics lead to the
increasing heterogeneity in enzyme mediated catalysis in herbicides treated soil [196, 197]. Amylases are
involved by hydrolyzing glycogen, starch and polysaccharides to produce oligosaccharides that are
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involved in microbial mediated cellular metabolism [198, 199]. Invertase enzyme hydrolyzes sucrose into
glucose and fructose useful for soil quality assessment [145, 200]. Proteases degrade proteins and release
NH4-N vital for maintenance of N-mediated soil processes including mineralization that regulates plant
available N promoting plant growth [196, 201, 202]. Ureases are extracellular enzymes involved in
hydrolysis urea to form NHs regulating nitrogen cycle [155, 194, 203]. Dehydrogenases is used as
sensitive biomarker reflecting overall estimate of microbial activity and oxidative index in soil [204, 205].
Being intracellular, dehydrogenase activity provides potential indications governing cellular and
biochemical processes essential not only for the assessment of soil quality, but also exhibits closer
relationships with microbial community dynamics in different herbicides treated soil profiles [195, 205,
206].

Microbial community structure

Being sensitive to environmental and human activities, the contribution microbial community structure
in metabolic processes including SOM decomposition, nitrogen fixation, nutrient turnover,
biogeochemical cycling and plant growth gain considerable recognition as the sensitive biomarker for soil
quality assessment. Soil microbiome varies according to the physiological and nutritional status of
herbicides treated soil that directly or indirectly respond to changes in soil system determining functional
integrity through changes in taxonomic richness and microbial community dynamics prerequisite in
governing ecosystem functioning. Besides, the chronosequence assessment of herbicides treated soil over
multiple time scale provides an opportunity to explore microbial community dynamics useful for
monitoring soil quality.

Strategies used to explore microbial community structure

Due to difficulties in microbial culturing, the culture-independent technique is applied to determine
microbial community dynamics using phospholipid fatty acid profiling that reveal not only viable
microbial biomass but also physiological soil status [207, 208, 209]. PLFAs confined to microbial
membrane are used to unravel microbial community composition reflecting as ‘microbial community
fingerprint’ [210, 211, 212]. PLFA profiling discriminate microbial communities by providing set of
molecular markers specific for different microbial taxa, which is used as biomarkers to elucidate
microbial community dynamics in soil profiles from diverse origin and land management practices [213,
214]. Besides, the adaptive variations in microbial community structure in various soil profiles were
analyzed by community level physiological profiling (CLPP) applying ‘BIOLOG system’ [214, 215, 216].
Being metabolically heterogeneous with varying metabolic pathways and microbial soil processes, it is
imperative to elucidate metabolic profiling of different herbicides treated soil on different days after
treatment to analyze functional diversity among microbial communities through community level
physiological profiling [217, 218, 219]. Moreover, the shift in average well colour development based on
metabolic catabolism of substrate utilization reflects overall changes in microbial community structure
that can be correlated with soil quality assessment [214, 220].

High throughput screening of microbial community structure

The high throughput sequencing provides platform to elucidate microbial community composition and
diversity owing to multiplexing and the meta-data analysis at higher scale [221, 222, 223, 224]. High-
throughput sequencing has revolutionized microbial ecology studies due to accurate identification of taxa
without culture-dependent approaches [225]. Metagenomic approach provides complete picture of
microbial diversity, taxonomic structure and interactions between microbes to reveal their relationships
with ecological factors and functional diversity among microbes [226, 227, 228, 229]. High-throughput
sequencing is potent technique used to explore the taxonomic profiling, which provides unbiased insights
and facilitates the comprehensive metagenomic studies on microbial community dynamics [230, 231,
232, 233]. High-throughput sequencing based impact assessment of glyphosate treated soil was explored
by 16 rRNA gene profiles of soil microbiomes [234, 235, 236, 237]. Impacts of butachlor induced shift in
microbial communities were analyzed using 16S rDNA sequencing [238]. Microbial community dynamics
associated with 2,4-D treated soil using the high throughput 16S rRNA amplicon sequencing was
substantiated by several workers [239, 240, 241].

Microbial community dynamics in herbicides treated soil

Microbial community dynamics reflects the ecologically significant endpoint used to evaluate the soil
quality in relation to the herbicide treatment, which is reflected through the microbial communities at
multiple spatial scales influenced by environmental heterogeneity. The shift in microbial community
composition occurs even when the size of the microbial community as a whole remains constant that
indicates their role as sensitive biomarker of soil quality compared to either their overall microbial
community size or metabolic processes. Difference in microbial community structure is correlated with
soil organic matter and long-lasting land use practices that influence in shaping microbial community
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structure. The functional outcomes of microbial mediated interactions, triggered by the short-term or
long-term herbicides applications through competitive and cooperative mechanisms, play significant role
in supporting the ecosystem functioning [241, 242]. The shift in microbial community structure upon the
long-term glyphosate exposure followed by stimulation of microbial respiration was suggested by several
workers [163, 237, 243, 244]. Glyphosate mediated stimulation in microbial activity and functional
diversity of cultivable heterotrophs involved in glyphosate biodegradation was reported [245, 246, 247].
The distribution of glyphosate and its byproduct aminomethyl phosphonic acid not only induce oxidative
stress influencing microbial community dynamics, but also alter nutrient cycling [248, 249, 250, 251]. The
sorption and desorption dynamics of glyphosate with soil matrix and physico-chemical properties
determine its bioavailability thereby influencing microbial community structure [252, 253]. Repeated use
of butachlor followed by its soil persistence inducing functional diversity, microbial metabolic activities,
enzyme activities and microbial respiration because of the shift in microbial community structure [254,
255, 256], which poses potential impacts to agro-ecology and health issues through food chain [257, 258].
Being pre-emergence herbicide, butachlor influences nitrogen fixing abilities of soil microbes altering
microbial community structure [259]. Higher exposure of butachlor alters soil enzyme activities,
microbial respiration [260, 261, 262], which were proved to be powerful ecotoxicological tool for soil
quality assessment. The dose dependent response with elevated level of butachlor towards the shift in
microbial metabolic quotients and microbial community structure has been suggested [262]. The dose-
dependent response of 2,4-D influencing microbial community dynamics was substantiated by several
workers [96, 263, 264, 265]. The frequent use of 2,4-D triggers the degradation pathways with existing
microbes leading to structural and functional shifts in overall microbial community structure in soil [266,
267, 268]. Exploration of the multidimensional applications of 2,4-D as prominent herbicide, it is crucial
to explore microbial mediated degradation and subsequent elimination of 2,4-D through complex
processes involving metabolism, conjugation and efflux pump transport mechanism lead to variation in
microbial community structure [269, 270, 271].

CONCLUSION

The heterogeneity in soil variables within landscape in different days after herbicide application influence
microbial community dynamics across the sites. Such variations may be attributed by gradual shift in
microbial community composition, which highlights the approach prerequisite for investigating soil
quality status at agroecological interface over time. Microbial community structure responds to herbicide
persistence associated with toxicity, which induced decline in available soil nutrients and soil functional
changes through the alternations in microbial biomass pool, basal soil respiration and enzyme activities.
Due to inherent difficulties in soil quality assessment, the real-time ecological assessment necessitated
the selection of the potential soil quality biomarkers to determine adverse impacts of different herbicides
influencing soil functional status over time. The review emphasized the integrative measure of microbial
community dynamics influenced by indiscriminate use of herbicides. Being sensitive to the persistence of
herbicides mediated toxicity, the exploration of microbial community dynamics through catabolic
profiling on the basis of available nutrients and enzyme activities is essential, which is considered as
effective approach to elucidate functional diversity influencing soil quality.

REFERENCES

1. Duke, S.0., (1990). Overview of herbicide mechanisms of action. Environ. Health Perspect., 87: 263-271.

2. Sherwani, S.I, Arif, I.A. & Khan, H.A. (2015). Modes of action of different classes of herbicides. Herbicides,
Physiology of Action and Safety., 10: 61779.

3. Forouzesh, A, Zand, E., Soufizadeh, S. & Samadi Foroushani, S. (2015). Classification of herbicides according to
chemical family for weed resistance management strategies—an update. Weed Res., 55(4): 334-358.

4. Varanasi, A, Prasad, P.V. & Jugulam, M. (2016). Impact of climate change factors on weeds and herbicide
efficacy. Adv. Agron,, 135: 107-146.

5. Rose, M.T., Cavagnaro, T.R, Scanlan, C.A, Rose, T.]J., Vancov, T., Kimber, S. & Van Zwieten, L. (2016). Impact of
herbicides on soil biology and function. Adv. Agron., 136: 133-220.

6. Hanson, B.D., Wright, S.D., Sosnoskie, L.M., Fischer, A. Jasieniuk, M., Roncoroni, J.A. & Al-Khatib, K. (2014).
Herbicide-resistant weeds challenge some signature cropping systems. Calif. Agric., 68(4).

7. Kudsk, P,, Streibig, J.C. (2003). Herbicides-a two-edged sword. Weed Res., 43(2): 90-102.

8. Ghanizadeh, H., Harrington, K.C. (2017). Non-target site mechanisms of resistance to herbicides. Crit. Rev. Plant
Sci,, 36(1): 24-34.

9. Kakade, S.U., Deshmukh, ].P., Thakare, S.S. & Solanke, M.S. (2020). Efficacy of pre-and post-emergence herbicides
in maize. Indian ]. Weed Sci., 52(2): 143-146.

10. Suria, A.J., Juraimi, A.S., Rahman, M., Man, A.B. & Selamat, A. (2011). Efficacy and economics of different herbicides
in aerobic rice system. African J. Biotechnol., 10(41): 8007-8022.

ABR Vol 16 [4] July 2025 336|Page © 2025 Author



11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23

24.

25.
26.

27.

28.

29.

30.

31

32
33.

34.

35.

36.

37.

38.

39.

40.

Hess, F.D. (2018). Herbicide absorption and translocation and their relationship to plant tolerances and
susceptibility. In Weed physiology, CRC Press pp. 191-214

Benbrook, C.M. (2016). Trends in glyphosate herbicide use in the United States and globally. Environ. Sci. Eur., 28:
1-15.

Shushkova, T., Ermakova, [. & Leontievsky, A. (2010). Glyphosate bioavailability in soil. Biodegrad., 21: 403-410.
Hanke, I, Wittmer, 1., Bischofberger, S., Stamm, C. & Singer, H. (2010). Relevance of urban glyphosate use for
surface water quality. Chemosphere 81(3): 422-429.

Mamy, L. Barriuso, E. & Gabrielle, B. (2016). Glyphosate fate in soils when arriving in plant
residues. Chemosphere 154: 425-433.

Li, J., Smeda, R, Sellers, B.A. & Johnson, W.G. (2005). Influence of formulation and glyphosate salt on absorption
and translocation in three annual weeds. Weed Sci., 53(2): 153-159.

Van Bruggen, A.-H., He, M.M,, Shin, K, Mai, V. & Jeong, K.C., Finckh, M.R,, Morris Jr, ].G. (2018). Environmental and
health effects of the herbicide glyphosate. Sci. Total Environ., 616: 255-268.

Dogan, M.N,, Unay, A,, Boz, 0. & Ogiit, D. (2009). Effect of pre-sowing and pre-emergence glyphosate applications
on weeds in stale seedbed cotton. Crop Prot., 28(6): 503-507.

Wynn, S. C, Cook, S. K. & Clarke, ]. H. (2014). Glyphosate use on combinable crops in Europe: implications for
agriculture and the environment. Outlooks on Pest Management 25(5): 327-331.

Haney, R.L., Senseman, S.A., Hons, F.M. & Zuberer, D.A. (2000). Effect of glyphosate on soil microbial activity and
biomass. Weed Sci. 48(1): 89-93.

Duke, S.0., Powles, S.B. (2008). Glyphosate: A once-in-a-century herbicide. Pest Manage. Sci.: formerly Pesticide
Science 64(4): 319-325.

Forlani, G., Mangiagalli, A., Nielsen, E. & Suardi, C.M. (1999). Degradation of the phosphonate herbicide glyphosate
in soil: Evidence for a possible involvement of unculturable microorganisms. Soil Biol. Biochem., 31(7): 991-997.

. Schonbrunn, E., Eschenburg, S., Shuttleworth, W.A., Schloss, ].V., Amrhein, N., Evans, ].N. & Kabsch, W. (2001).

Interaction of the herbicide glyphosate with its target enzyme 5-enolpyruvylshikimate 3-phosphate synthase in
atomic detail. Proceedings of the National Academy of Sciences 98(4): 1376-1380.

Amrhein, N., Deus, B., Gehrke, P. & Steinriicken, H.C. (1980). The site of the inhibition of the shikimate pathway by
glyphosate: II. Interference of glyphosate with chorismate formation in vivo and in vitro. Plant Physiol,, 66(5):
830-834.

Tzin, V., Galili, G. & Aharoni, A. (2012). Shikimate pathway and aromatic amino acid biosynthesis. eLS., 8: 32.
Hollander, H., Amrhein, N. (1980). The site of the inhibition of the shikimate pathway by glyphosate: I. Inhibition
by glyphosate of phenylpropanoid synthesis in buckwheat (Fagopyrum esculentum Moench).Plant
Physiol,, 66(5): 823-829.

Fernandez-Escalada, M., Zulet-Gonzalez, A., Gil-Monreal, M., Zabalza, A., Ravet, K., Gaines, T. & Royuela, M. (2017).
Effects of EPSPS copy number variation (CNV) and glyphosate application on the aromatic and branched chain
amino acid synthesis pathways in Amaranthus palmeri. Front. Plant Sci., 8: 1970.

Mesnage, R., Teixeira, M., Mandrioli, D., Falcioni, L., Ducarmon, Q.R., Zwittink, R.D. & Antoniou, M.N. (2021): Use of
shotgun metagenomics and metabolomics to evaluate the impact of glyphosate or Roundup MON 52276 on the
gut microbiota and serum metabolome of Sprague-Dawley rats. Environ. Health Perspect.,, 129(1): 017005.
Gomes, M.P., Le Manac'h, S.G., Maccario, S., Labrecque, M., Lucotte, M. & Juneau, P. (2016). Differential effects of
glyphosate and aminomethylphosphonic acid (AMPA) on photosynthesis and chlorophyll metabolism in willow
plants. Pesticide Biochem. Physiol., 130: 65-70.

Sharma, A, Kumar, V., Thukral, AK. & Bhardwaj, RJ.P.D. (2019). Responses of plants to pesticide toxicity: An
overview. Adv. Plant Sci., 37: €019184291.

Fuchs, B., Saikkonen, K. & Helander, M. (2021). Glyphosate-modulated biosynthesis driving plant defense and
species interactions. Trends Plant Sci., 26(4): 312-323.

. Vogt, T. (2010). Phenylpropanoid biosynthesis. Mol. Plant 3(1): 2-20.

Rekhter, D., Lidke, D., Ding, Y., Feussner, K,, Zienkiewicz, K., Lipka, V. & Feussner, L. (2019). Isochorismate-derived
biosynthesis of the plant stress hormone salicylic acid. Sci., 365(6452): 498-502.

Wildermuth, M.C,, Dewdney, ]J., Wy, G. & Ausubel, F.M. (2001). Isochorismate synthase is required to synthesize
salicylic acid for plant defense. Nature 414(6863): 562-565.

Ballaré, C.L. (2009). Illuminated behaviour: Phytochrome as a key regulator of light foraging and plant
anti-herbivore defence. Plant Cell Environ., 32(6): 713-725.

Dudareva, N., Klempien, A., Muhlemann, ].K. & Kaplan, I. (2013). Biosynthesis, function and metabolic engineering
of plant volatile organic compounds. New Phytologist 198(1): 16-32.

Lee, T.T. (1982). Mode of action of glyphosate in relation to metabolism of indole-3-acetic acid. Physiol. Plant.,
54(3): 289-294.

Hsiao, Y.C,, Johnson, G., Yang, Y., Liu, C. W,, Feng, ]., Zhao, H. & Lu, K. (2024). Evaluation of neurological behavior
alterations and metabolic changes in mice under chronic glyphosate exposure. Arch. Toxicol., 98(1): 277-288.
Robert-Seilaniantz, A., Grant, M. & Jones, ]. D. (2011). Hormone crosstalk in plant disease and defense: more than
just jasmonate-salicylate antagonism. Annu. Rev. Phytopathol., 49(1): 317-343.

Wardle, D.A.,, Parkinson, D. (1992). The influence of herbicide glyphosate on interspecific interactions between
four soil fungal species. Mycol. Res., 96(3): 180-186.

ABR Vol 16 [4] July 2025 337|Page © 2025 Author



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60

62.
63.

64.
65.

66.

67.

68.

69.

70.

Lu, T, Xu, N,, Zhang, Q., Zhang, Z., Debognies, A., Zhou, Z. & Qian, H. (2020). Understanding the influence of
glyphosate on the structure and function of freshwater microbial community in a microcosm. Environ.
Pollut,, 260: 114012.

Chavez-Ortiz, P., Tapia-Torres, Y., Larsen, ]. & Garcia-Oliva, F. (2022). Glyphosate-based herbicides alter soil
carbon and phosphorus dynamics and microbial activity. Appl. Soil Ecol.,, 169: 104256.

Bote, K, Poppe, J., Merle, R, Makarova, O. & Roesler, U. (2019). Minimum inhibitory concentration of glyphosate
and of a glyphosate-containing herbicide formulation for Escherichia coli isolates-differences between pathogenic
and non-pathogenic isolates and between host species. Front. Microbiol., 10: 932.

Sgrensen, M.T., Poulsen, H.D., Katholm, C.L. & Hgjberg, O. (2021). Feed residues of glyphosate-potential
consequences for livestock health and productivity. Animal 15(1): 100026.

y Garcia, C.A.S., Vera, M.S,, Vinocur, A., Graziano, M., Miranda, C. & Pizarro, H.N. (2022). Rethinking the term
“glyphosate effect” through the evaluation of different glyphosate-based herbicide effects over aquatic microbial
communities. Environ. Pollut., 292: 118382.

Zhan, H., Feng, Y., Fan, X. & Chen, S. (2018). Recent advances in glyphosate biodegradation. Appl. Microbiol.
Biotechnol., 102: 5033-5043.

Singh, S., Kumar, V., Gill, ].P.K,, Datta, S, Singh, S., Dhaka, V. & Singh, ]. (2020). Herbicide glyphosate: Toxicity and
microbial degradation. Int. ]. Environ. Res. Public Health 17(20): 7519.

Selvapandiyan, A., Bhatnagar, R.K. (1994). Isolation of a glyphosate-metabolising Pseudomonas: Detection, partial
purification and localization of carbon-phosphorus lyase. Appl. Microbiol. Biotechnol., 40: 876-882.

Shushkova, T.V., Ermakova, I.T., Sviridov, A.V. & Leontievsky, A.A. (2012). Biodegradation of glyphosate by soil
bacteria: Optimization of cultivation and the method for active biomass storage. Microbiol.,, 81; 44-50.

Abigail, M.E.A,, Samuel, S.M. & Ramalingam, C. (2015). Addressing the environmental impacts of butachlor and the
available remediation strategies: A systematic review. Int. ]. Environ. Sci. Technol,, 12: 4025-4036.

. Armanpour, S., Bing, L. (2015). Adsorption of herbicide butachlor in cultivated soils of golestan province, Iran. ].

Geosci. Environ. Prot,, 3(3): 15-24.

Wang, S., Li, H. & Lin, C. (2013). Physiological, biochemical and growth responses of Italian ryegrass to butachlor
exposure. Pesticide Biochem. Physiol., 106(1-2): 21-27.

Guo, H,, Yin, L., Zhang, S. & Feng, W. (2010). The toxic mechanism of high lethality of herbicide butachlor in marine
flatfish flounder, Paralichthys olivaceus. ]. Ocean University China 9: 257-264.

Mohanty, S.R.,, Nayak, D.R,, Babu, Y.J. & Adhya, T.K. (2004). Butachlor inhibits production and oxidation of
methane in tropical rice soils under flooded condition. Microbiol. Res., 159(3): 193-201.

Dwivedi, S., Saquib, Q., Al-Khedhairy, A. A. & Musarrat, J. (2012). Butachlor induced dissipation of mitochondrial
membrane potential, oxidative DNA damage and necrosis in human peripheral blood mononuclear
cells. Toxicol., 302(1): 77-87.

Meylan, W.M., Howard, P.H. (1993). Computer estimation of the atmospheric gas-phase reaction rate of organic
compounds with hydroxyl radicals and ozone. Chemosphere 26(12): 2293-2299.

Liu, W.Y.,, Wang, C.Y., Wang, T S., Fellers, G.M,, Lai, B.C. & Kam, Y.C. (2011). Impacts of the herbicide butachlor on
the larvae of a paddy field breeding frog (Fejervarya limnocharis) in subtropical Taiwan. Ecotoxicol., 20: 377-384.
Nemat Alla, M.M., Badawi, A.H.M., Hassan, N.M., El-Bastawisy, Z.M. & Badran, E.G. (2008). Herbicide tolerance in
maize is related to increased levels of glutathione and glutathione-associated enzymes. Acta Physiol. Plant,, 30:
371-379.

Jiang, H., Chen, X. & Dai, Y. (2023). The carrier effect mechanism of butachlor in water by three typical
microplastics. Environ. Sci. Pollut. Res., 30(44): 99232-99246.

. Cobb, A. H,, Reade, ]J. P. (2011). Herbicides and plant physiology. John Wiley and Sons.
61.

Mohr, S., Berghahn, R, Feibicke, M., Meinecke, S., Ottenstroer, T., Schmiedling, I. & Schmidt, R. (2007). Effects of
the herbicide metazachlor on macrophytes and ecosystem function in freshwater pond and stream
mesocosms. Aquat. Toxicol, 82(2): 73-84.

Kucharski, M., Sadowski, J. (2014). Herbicide residues in sugar beet roots . Prog. Plant Prot., 54(1): 5-8.

Huang, Y., Zhao, S., Xian, L., Li, W,, Zhou, C. & Sun, ]. (2024). Negative effects of butachlor on the growth and
physiology of four aquatic plants. Plants 13(2): 304.

Watson, P.A. (2020). Herbicide safening in maize (Zea mays) (Doctoral dissertation, Newcastle University).

Gotz, T., Boger, P. (2004). The very-long-chain fatty acid synthase is inhibited by chloroacetamides. Zeitschrift fiir
Naturforschung C 59(7-8): 549-553.

Chen, C, Wang, Y., Zhao, X, Qian, Y. & Wang, Q. (2014). Combined toxicity of butachlor, atrazine and A-cyhalothrin
on the earthworm Eisenia fetida by combination index (CI)-isobologram method. Chemosphere 112: 393-401.
Jiang, J., Sun, Q., Chen, L. & Zou, ]. (2014). Effects of the herbicides butachlor and bensulfuron-methyl on N 2 O
emissions from a dry-seeded rice field. Nutr. Cycl. Agroecosys., 100: 345-356.

Kumar, N. H,, Jagannath, S. (2015). Cytological effects of herbicide butachlor 50 EC on somatic cells of Triticum
aestivum L.]. Appl. Biol. Biotechnol,, 3: 30-34.

Ateeq, B., Farah, M.A,, Ali, M.N. & Ahmad, W. (2002). Clastogenicity of pentachlorophenol, 2, 4-D and butachlor
evaluated by Allium root tip test. Mutat. Res./Genet. Toxicol. Environ. Mutagen., 514(1-2): 105-113.

Awan, T.H., Safdar, M.E., Manzoor, Z. & Ashraf, M.M. (2006). Screening of herbicides as post-emergence application
for effective weed control without affecting growth and yield of direct seeded rice plant. ]. Animal Plant Sci., 16(1-
2): 60-65.

ABR Vol 16 [4] July 2025 338|Page © 2025 Author



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Caverzan, A., Piasecki, C., Chavarria, G., Stewart Jr, C.N & Vargas, L. (2019). Defenses against ROS in crops and
weeds: The effects of interference and herbicides. Int. J. Mol. Sci., 20(5): 1086.

Wang, ], Lu, Y. & Chen, Y. (2008). Comparative proteome analysis of butachlor-degrading bacteria. Environ.
Geol, 53: 1339-1344.

Debnath, A, Das, A.C. & Mukherjee, D. (2002). Persistence and effect of butachlor and basalin on the activities of
phosphate solubilizing microorganisms in wetland rice soil. Bull. Environ. Contam. Toxicol., 68(5).

Kole, S.C., Dey, BK. (1989). Effect of aromatic amine herbicides on microbial population and phosphate
solubilizing power of the rhizosphere soil of groundnut.

Spokas, KA., Koskinen, W.C., Baker, ].M. & Reicosky, D.C. (2009). Impacts of woodchip biochar additions on
greenhouse gas production and sorption/degradation of two herbicides in a Minnesota soil. Chemosphere 77(4):
574-581.

Chai, L.K,, Wong, M.H., Mohd-Tahir, N. & Hansen, H.C.B. (2010). Degradation and mineralization kinetics of
acephate in humid tropic soils of Malaysia. Chemosphere 79(4): 434-440.

Yang, Q., Wehtje, G., Gilliam, C.H., McElroy, ].S. & Sibley, ].L. (2013). English Ivy (Hedera helix) control with
postemergence-applied herbicides. Invasive Plant Sci. Manag., 6(3): 411-415.

Kaur, R, Goyal, D. (2020). Biodegradation of Butachlor by Bacillus altitudinis and identification of
metabolites. Curr. Microbiol. 77: 2602-2612.

Kim, N.H.,, Kim, D.U., Kim, 1. & Ka, J.0. (2013). Syntrophic biodegradation of butachlor by Mycobacterium sp. J7A
and Sphingobium sp. ] 7B isolated from rice paddy soil. FEMS Microbiol. Lett., 344(2): 114-120.

Lin, Z, Pang, S., Zhou, Z, Wuy, X,, Bhatt, P. & Chen, S. (2021). Current insights into the microbial degradation for
butachlor: strains, metabolic pathways, and molecular mechanisms. Appl. Microbiol. Biotechnol,, 105(11): 4369-
4381.

Zhang, ]., Zheng, J.W,, Liang, B.,, Wang, C.H,, Cai, S., Ni, Y.Y. & Li, S.P. (2011). Biodegradation of chloroacetamide
herbicides by Paracoccus sp. FLY-8 in vitro. ]. Agri. Food Chem., 59(9): 4614-4621.

Zheng, ], Li, R, Zhu, ], Zhang, |, He, ], Li, S. & Jiang, ]. (2012). Degradation of the chloroacetamide herbicide
butachlor by Catellibacterium caeni sp. DCA-1T. Int. Biodeterior. Biodegradation 73: 16-22.

Liu, H.M,, Cao, L., Lu, P, Ni, H,, Li, Y.X, Yan, X. & Li, S.P. (2012). Biodegradation of butachlor by Rhodococcus sp.
strain B1 and purification of its hydrolase (ChlH) responsible for N-dealkylation of chloroacetamide herbicides. J.
Agri. Food Chem., 60(50): 12238-12244.

Chen, K., Chen, Q., Wang, G.X,, Ni, H.Y,, He, ], Yan, X. & Li, S.P. (2015). Sphingomonas chloroacetimidivorans sp. nov.,
a chloroacetamide herbicide-degrading bacterium isolated from activated sludge. Antonie Van Leeuwenhoek 108:
703-710.

Butova, V.V, Bauer, T.V,, Polyakov, V.A,, Rajput, V.D. & Minkina, T.M. (2024). Analyzing the benefits and limitations
of advanced 2, 4-D herbicide delivery systems. Crop Prot., 106865.

Aquino, AJ.A., Tunega, D. Haberhauer, G. Gerzabek, M.H. & Lischka, H. (2007). Interaction of the 2,
4-dichlorophenoxyacetic acid herbicide with soil organic matter moieties: A theoretical study.Eur. ]J. Soil
Sci,, 58(4): 889-899.

Islam, F,, Xie, Y., Farooq, M.A., Wang, ], Yang, C, Gill, RA. & Zhou, W. (2018). Salinity reduces 2, 4-D efficacy in
Echinochloa crusgalli by affecting redox balance, nutrient acquisition, and hormonal regulation. Protoplasma 255:
785-802.

Sachu, M., Kynshi, B.L. & Syiem, M.B. (2022). A biochemical, physiological and molecular evaluation of how the
herbicide 2, 4-dichlorophenoxyacetic acid intercedes photosynthesis and diazotrophy in the cyanobacterium
Nostoc muscorum Meg 1. Environ. Sci. Pollut. Res., 29(24): 36684-36698.

Freydier, L., Lundgren, J.G. (2016). Unintended effects of the herbicides 2, 4-D and dicamba on lady
beetles. Ecotoxicol,, 25: 1270-1277.

Garabrant, D.H., Philbert, M.A. (2002). Review of 2, 4-dichlorophenoxyacetic acid (2, 4-D) epidemiology and
toxicology. Crit. Rev. Toxicol., 32(4): 233-257.

Burns, CJ., Swaen, G.M. (2012). Review of 2, 4-dichlorophenoxyacetic acid (2, 4-D) biomonitoring and
epidemiology. Crit. Rev. Toxicol.,, 42(9): 768-786.

Werner, D., Garratt, J.A. & Pigott, G. (2013). Sorption of 2, 4-D and other phenoxy herbicides to soil, organic
matter, and minerals. J. Soils Sediments 13: 129-139.

Peterson, M.A,, McMaster, S.A., Riechers, D.E., Skelton, J. & Stahlman, P.W. (2016). 2, 4-D past, present, and future:
A review. Weed Technol., 30(2): 303-345.

Cornish, C.M.,, Sweetman, ].N. (2023): A perspective on how glyphosate and 2, 4-D in wetlands may impact climate
change. Front. Environ. Sci., 11: 1282821.

Song, Y. (2014). Insight into the mode of action of 2, 4-dichlorophenoxyacetic acid (2, 4-D) as an herbicide. J.
Integr. Plant Biol,, 56(2): 106-113.

Magnoli, K., Carranza, C.S., Aluffi, M.E., Magnoli, C.E. & Barberis, C.L. (2020). Herbicides based on 2, 4-D: Its
behavior in agricultural environments and microbial biodegradation aspects. A review. Environ. Sci. Pollut.
Res., 27:38501-38512.

Kelley, K.B., Riechers, D.E. (2007). Recent developments in auxin biology and new opportunities for auxinic
herbicide research. Pesticide Biochem. Physiol., 89(1): 1-11.

Goggin, D.E, Cawthray, G.R. & Powles, S.B. (2016). 2, 4-D resistance in wild radish: Reduced herbicide
translocation via inhibition of cellular transport. J. Exp. Bot,, 67(11): 3223-3235.

ABR Vol 16 [4] July 2025 339|Page © 2025 Author



99. Schulz, B., Segobye, K. (2016). 2, 4-D transport and herbicide resistance in weeds. ]. Exp. Bot., 67(11): 3177-3179.

100.Grossmann, K. (2010). Auxin herbicides: Current status of mechanism and mode of action. Pest Manag. Sci:
Formerly Pesticide Sci., 66(2): 113-120.

101.Pazmifio, D.M., Romero-Puertas, M.C. & Sandalio, L.M. (2012). Insights into the toxicity mechanism of and cell
response to the herbicide 2, 4-D in plants. Plant Signal. Behav., 7(3): 425-427.

102.Ju, Z., Liy, S.S,, Xu, Y.Q. & Li, K. (2019). Combined toxicity of 2, 4-dichlorophenoxyacetic acid and its metabolites 2,
4-dichlorophenol (2, 4-DCP) on two nontarget organisms. ACS Omega 4(1): 1669-1677.

103.Mountassif, D., Kabine, M., Mounchid, K., Mounaji, K. & Latruffe, N. (2008): Biochemical and histological
alterations of cellular metabolism from jerboa (Jaculus orientalis) by 2, 4-Dichlorophenoxyacetic acid: Effects on
D-3-hydroxybutyrate dehydrogenase. Pesticide Biochem. and Physiol., 90(2): 87-96.

104.Kearns, J.P., Wellborn, L.S., Summers, RS. & Knappe, D.R.U. (2014). 2, 4-D adsorption to biochars: Effect of
preparation conditions on equilibrium adsorption capacity and comparison with commercial activated carbon
literature data. Water Res., 62: 20-28.

105. Agostinetto, D., Perboni, L.T., Langaro, A.C., Gomes, ]., Fraga, D.S. & Franco, ].J. (2016). Changes in photosynthesis
and oxidative stress in wheat plants submitted to herbicides application. Adv in Weed Sci., 34(1): 01-09.

106.Ismail, B. S., Prayitno, S. & Tayeb, M. A. (2015): Contamination of rice field water with sulfonylurea and phenoxy
herbicides in the Muda Irrigation Scheme, Kedah, Malaysia. Environ. Monit. Assess., 187: 1-13.

107.Avila, L.A.D., Jugulam, M., Rubin, B. & Torra, ]. (2023). Herbicide physiology. Front. Agron., 5: 1172317.

108.Peterson, M.A,, McMaster, S.A., Riechers, D.E,, Skelton, J. & Stahlman, P.W. (2016). 2, 4-D past, present, and future:
A review. Weed Technol., 30(2): 303-345.

109.Boivin, A., Amellal, S., Schiavon, M. & Van Genuchten, M.T. (2005). 2, 4-Dichlorophenoxyacetic acid (2, 4-D)
sorption and degradation dynamics in three agricultural soils. Environ. Pollut., 138(1): 92-99.

110.Luzzi, J.I,, Aparicio, V.C., De Geronimo, E., Ledda, A., Sauer, V. M. & Costa, ]. L. (2024). Degradation of atrazine,
glyphosate, and 2, 4-D in soils collected from two contrasting crop rotations in Southwest Chaco, Argentina. J.
Environ. Sci. Health Part B 59(3): 98-111.

111.Gonzalez, A. ]., Gallego, A., Gemini, V.L., Papalia, M., Radice, M., Gutkind, G. & Korol, S.E. (2012). Degradation and
detoxification of the herbicide 2, 4-dichlorophenoxyacetic acid (2, 4-D) by an indigenous Delftia sp. strain in
batch and continuous systems. Int. Biodeter. Biodegrad., 66(1): 8-13.

112.Gonzalez-Cuna, S., Galindez-Mayer, ]., Ruiz-Ordaz, N., Murugesan, S., Pifia-Escobedo, A., Garcia-Mena, ]. & Santoyo-
Tepole, F. (2016). Aerobic biofilm reactor for treating a commercial formulation of the herbicides 2, 4-D and
dicamba: Biodegradation kinetics and biofilm bacterial diversity. Int. Biodeter. Biodegrad., 107: 123-131.

113.Quan, X, Ma, J., Xiong, W. & Wang, X. (2015). Bioaugmentation of half-matured granular sludge with special
microbial culture promoted establishment of 2, 4-dichlorophenoxyacetic acid degrading aerobic
granules. Bioprocess Biosyst. Eng., 38: 1081-1090.

114.Cycon, M., Zmijowska, A. & Piotrowska-Seget, Z. (2011). Biodegradation kinetics of 2, 4-D by bacterial strains
isolated from soil. Cent. Eur. J. Biol., 6: 188-198.

115.Han, L, Zhao, D. & Li, C. (2015): Isolation and 2, 4-D-degrading characteristics of Cupriavidus campinensis
BJ71. Braz. ]. Microbiol, 46(2): 433-441.

116.Zabaloy, M.C., Gémez, M.A. (2014). Isolation and characterization of indigenous 2, 4-D herbicide degrading
bacteria from an agricultural soil in proximity of Sauce Grande River, Argentina. Ann. Microbiol., 64(3): 969-974.

117.Xia, Z. Y., Zhang, L., Zhao, Y,, Yan, X, Li, S. P., Gu, T. & Jiang, ]J. D. (2017). Biodegradation of the herbicide 2, 4-
dichlorophenoxyacetic acid by a new isolated strain of Achromobacter sp. LZ35. Curr. Microbiol., 74: 193-202.

118.Wu, C.Y., Zhuang, L., Zhouy, S. G., Yuan, Y., Yuan, T. & Li, F. B. (2013). Humic substance-mediated reduction of iron
(IlI) oxides and degradation of 2, 4-D by an alkaliphilic bacterium, Corynebacterium humireducens
MFC-5. Microbial Biotechnol,, 6(2): 141-149.

119.Chang, Y. C,, Reddy, M. V., Umemoto, H., Sato, Y., Kang, M. H., Yajima, Y. & Kikuchi, S. (2015). Bio-augmentation of
Cupriavidus sp. CY-1 into 2, 4-D contaminated soil: Microbial community analysis by culture dependent and
independent techniques. PLoS One 10(12): e0145057.

120.Dai, Y, Li, N, Zhao, Q. & Xie, S. (2015). Bioremediation using Novosphingobium strain DY4 for 2, 4-
dichlorophenoxyacetic acid-contaminated soil and impact on microbial community structure. Biodegrad., 26:
161-170.

121.Carboneras, B, Villasefior, |. & Fernandez-Morales, F. ]. (2017). Modelling aerobic biodegradation of atrazine and
2, 4-dichlorophenoxy acetic acid by mixed-cultures. Bioresour. Technol., 243: 1044-1050.

122.Hayashi, S., Sano, T, Suyama, K. & Itoh, K. (2016). 2, 4-Dichlorophenoxyacetic acid (2, 4-D)-and 2, 4, 5-
trichlorophenoxyacetic acid (2, 4, 5-T)-degrading gene cluster in the soybean root-nodulating bacterium
Bradyrhizobium elkanii USDA94. Microbiolog. Res., 188: 62-71.

123.Huong, N. L., Itoh, K. & Suyama, K. (2007). Diversity of 2, 4-dichlorophenoxyacetic acid (2, 4-D) and 2, 4, 5-
trichlorophenoxyacetic acid (2, 4, 5-T)-degrading bacteria in Vietnamese soils. Microbes Environ., 22(3): 243-
256.

124.Wuy, X, Wang, W,, Liuy, J., Pan, D., Tu, X, Lv, P. & Hua, R. (2017). Rapid biodegradation of the herbicide 2, 4-
dichlorophenoxyacetic acid by Cupriavidus gilardii T-1.]. Agri. Food Chem., 65(18): 3711-3720.

125. Amy, P.S,, Schulke, ].W., Frazier, L.M. & Seidler, R.J. (1985). Characterization of aquatic bacteria and cloning of
genes specifying partial degradation of 2, 4-dichlorophenoxyacetic acid. Appl. Environ. Microbiol., 49(5): 1237-
1245.

ABR Vol 16 [4] July 2025 340|Page © 2025 Author



126.Dejonghe, W., Goris, ]., El Fantroussi, S., Hofte, M., De Vos, P., Verstraete, W. & Top, E. M. (2000): Effect of
dissemination of 2, 4-dichlorophenoxyacetic acid (2, 4-D) degradation plasmids on 2, 4-D degradation and on
bacterial community structure in two different soil horizons. Appl. Environ Microbiol., 66(8): 3297-3304.

127.Nielsen, T.K, Xu, Z., Gozdereliler, E., Aamand, ], Hansen, L.H. & Sgrensen, S.R. (2013). Novel insight into the
genetic context of the cadAB genes from a 4-chloro-2-methylphenoxyacetic acid-degrading Sphingomonas. PLoS
One 8(12): e83346.

128.1toh, K, Kanda, R., Sumita, Y., Kim, H., Kamagata, Y., Suyama, K, Tiedje, ].M. (2002). tfdA-like genes in 2, 4-
dichlorophenoxyacetic acid-degrading bacteria belonging to the Bradyrhizobium-Agromonas-Nitrobacter-Afipia
cluster in a-Proteobacteria. Appl. Environ. Microbiol., 68(7): 3449-3454.

129.Kumar, A., Trefault, N. & Olaniran, A.O. (2016). Microbial degradation of 2, 4-dichlorophenoxyacetic acid: Insight
into the enzymes and catabolic genes involved, their regulation and biotechnological implications. Crit. Rev.
Microbiol., 42(2): 194-208.

130.Chinalia, F.A., Regali-Seleghin, M.H., Correa, E.M. (2007). 2, 4-D toxicity: Cause, effect and control. Terres. Aqua.
Environ. Toxicol., 1(2): 24-33.

131. Antizar-Ladislao, B. (2010). Bioremediation: Working with bacteria. Elements 6(6): 389-394.

132.Pileggi, M., Pileggi, S.A. & Sadowsky, M.J. (2020). Herbicide bioremediation: From strains to bacterial
communities. Heliyon 6(12).

133.Kilonzi, ].M., Otieno, S. (2024). Degradation kinetics and physiological studies of organophosphates degrading
microorganisms for soil bioremediation. Stress Biol., 4(1): 11.

134.Doran, J.W,, Safley, M. (1997). Defining and assessing soil health and sustainable productivity. ISBN (Hardback):
978-0-85199-158-0

135.Zhao, B., Poh, C.L. (2008). Insights into environmental bioremediation by microorganisms through functional
genomics and proteomics. Proteomics 8(4): 874-881.

136.Masotti, F., Garavaglia, B.S., Gottig, N. & Ottado, ]. (2023). Bioremediation of the herbicide glyphosate in polluted
soils by plant-associated microbes. Curr. Opinion Microbiol,, 73: 102290.

137.Ramakrishnan, B., Maddela, N.R, Venkateswarlu, K. & Megharaj, M. (2023). Potential of microalgae and
cyanobacteria to improve soil health and agricultural productivity: A critical view. Environ. Sci. Adv., 2(4): 586-
611.

138.Semple, K.T., Doick, K.J.,, Wick, L.Y. & Harms, H. (2007). Microbial interactions with organic contaminants in soil:
Definitions, processes and measurement. Environ Pollut., 150(1): 166-176.

139.Magnoli, C.E., Barberis, C.L., Carranza, C.S., Aluffi, M.E., del Pilar Monge, M. & Magnoli, K. (2024). Microbe-assisted
remediation: A sustainable solution to herbicide contamination. In Microbiome-based decontamination of
environmental pollutants. Academic Press pp. 357-380.

140.Singh, B., Singh, K. (2016): Microbial degradation of herbicides. Crit. Rev. Microbiol,, 42(2): 245-261.

141.Villaverde, ], Rubio-Bellido, M., Lara-Moreno, A., Merchan, F. & Morillo, E. (2018). Combined use of microbial
consortia isolated from different agricultural soils and cyclodextrin as a bioremediation technique for herbicide
contaminated soils. Chemosphere 193: 118-125.

142.Raffa, C. M. Chiampo, F. (2021). Bioremediation of agricultural soils polluted with pesticides: A
review. Bioengineering 8(7): 92.

143.Sachan, K., Saxena, A., Kumar, S., Mishra, A, Verma, A, Tiwari, D.D. & Kumar, A. (2024). Urban soil health check
and strategies for monitoring and improvement. J. Divers. Stud.

144.Seghers, D, Top, E.M,, Reheul, D., Bulcke, R., Boeckx, P., Verstraete, W. & Siciliano, S. D. (2003). Long-term effects
of mineral versus organic fertilizers on activity and structure of the methanotrophic community in agricultural
soils. Environ. Microbiol, 5(10): 867-877.

145.Baboo, M,, Pasayat, M., Samal, A, Kujur, M., Maharana, ].K. & Patel, A.K. (2013). Effect of four herbicides on soil
organic carbon, microbial biomass-C, enzyme activity and microbial populations in agricultural soil. Int. ]. Res.
Environ. Sci. Technol,, 3: 100-112.

146.Cycon, M., Markowicz, A., Borymski, S., Wdjcik, M. & Piotrowska-Seget, Z. (2013). Imidacloprid induces changes
in the structure, genetic diversity and catabolic activity of soil microbial communities. ]. Environ. Manag., 131:
55-65.

147.Ratcliff, A W., Busse, M.D. & Shestak, C.J. (2006). Changes in microbial community structure following herbicide
(glyphosate) additions to forest soils. Appl. Soil Ecol., 34(2-3): 114-124.

148.Crouzet, O., Batisson, I, Besse-Hoggan, P., Bonnemoy, F., Bardot, C., Poly, F & Mallet, C. (2010). Response of soil
microbial communities to the herbicide mesotrione: A dose-effect microcosm approach. Soil Biol.
Biochem., 42(2): 193-202.

149.Lo, C.C. (2010). Effect of pesticides on soil microbial community. ]. Environ. Sci. Health Part B 45(5): 348-359.

150.Crouzet, O., Poly, F., Bonnemoy, F., Bru, D., Batisson, 1., Bohatier, ]. & Mallet, C. (2016). Functional and structural
responses of soil N-cycling microbial communities to the herbicide mesotrione: A dose-effect microcosm
approach. Environ. Sci. Pollut. Res., 23: 4207-4217.

151.Zhang, L., Jing, Y., Xiang, Y., Zhang, R. & Lu, H. (2018). Responses of soil microbial community structure changes
and activities to biochar addition: A meta-analysis. Sci. Total Environ., 643: 926-935.

152.Garcia-Orenes, F., Morugan-Coronado, A., Zornoza, R. & Scow, K. (2013). Changes in soil microbial community
structure influenced by agricultural management practices in a Mediterranean agro-ecosystem. PloS one 8(11):
€80522.

ABR Vol 16 [4] July 2025 341|Page © 2025 Author



153.Bhardwaj, L., Reddy, B., Nath, AJ. & Dubey, S.K. (2024a). Influence of herbicide on rhizospheric microbial
communities and soil properties in irrigated tropical rice field. Ecol. Indic., 158: 111534.

154.Sharma, S.K., Ramesh, A., Sharma, M.P,, Joshi, O.P., Govaerts, B, Steenwerth, K.L. & Karlen, D.L. (2010). Microbial
community structure and diversity as indicators for evaluating soil quality. In Biodiversity, biofuels, agroforestry
and conservation agriculture. Dordrecht: Springer Netherlands pp. 317-358

155.Chen, L., Fang, K,, Wei, B, Qin, S., Feng, X., Hy, T. & Yang, Y. (2021a). Soil carbon persistence governed by plant
input and mineral protection at regional and global scales. Ecol. Lett., 24(5): 1018-1028.

156.Perucci, P., Dumontet, S, Bufo, S.A., Mazzatura, A. & Casucci, C. (2000). Effects of organic amendment and
herbicide treatment on soil microbial biomass. Biol. Fertil. Soils 32: 17-23.

157.Sofo, A, Scopa, A, Dumontet, S, Mazzatura, A. & Pasquale, V. (2012). Toxic effects of four sulphonylureas
herbicides on soil microbial biomass. ]. Environ. Sci. Health Part B 47(7): 653-659.

158.Pertile, G., Lamorski, K., Bieganowski, A., Boguta, P., Brzezinska, M., Polakowski, C. & Frac, M. (2021). Immediate
effects of the application of various fungal strains with urea fertiliser on microbiome structure and functions and
their relationships with the physicochemical parameters of two different soil types. Appl. Soil Ecol., 163: 103972.

159.Banks, M.L,, Kennedy, A.C.,, Kremer, RJ. & Eivazi, F. (2014). Soil microbial community response to surfactants and
herbicides in two soils. Appl. Soil Ecol,, 74: 12-20.

160.Insam, H., Domsch, K. H. (1988). Relationship between soil organic carbon and microbial biomass on
chronosequences of reclamation sites. Microbial Ecol., 15: 177-188.

161.Fraterrigo, J. M,, Balser, T. C. & Turner, M. G. (2006). Microbial community variation and its relationship with
nitrogen mineralization in historically altered forests. Ecol. 87(3): 570-579.

162.Siedt, M., Schiffer, A.,, Smith, K. E., Nabel, M., Rof3-Nickoll, M. & Van Dongen, J.T. (2021). Comparing straw,
compost, and biochar regarding their suitability as agricultural soil amendments to affect soil structure, nutrient
leaching, microbial communities, and the fate of pesticides. Sci. Total Environ., 751: 141607.

163.Wardle, D.A. Parkinson, D. (1990). Influence of the herbicide glyphosate on soil microbial community
structure. Plant Soil 122: 29-37.

164.Lupwayi, N.Z.,, Harker, K.N,, Clayton, G.W., Turkington, T.K,, Rice, W.A. & O’donovan, J.T. (2004). Soil microbial
biomass and diversity after herbicide application. Can. ]. Plant Sci., 84(2): 677-685.

165.Subhani, A., El-ghamry, A.M., Changyong, H. & Jianming, X. (2000). Effects of pesticides (herbicides) on soil
microbial biomass-A review. Pak. J. Biol. Sci., 3(5): 705-709.

166.Abbas, Z., Akmal, M. & Khan, K.S. (2014). Effect of buctril super (Bromoxynil) herbicide on soil microbial biomass
and bacterial population. Braz. Arch. Biol. Technol,, 57: 9-14

167.Lone, A.H., Raverkar, KP. & Pareek, N.AV.N.EE.T. (2014). In-vitro effects of herbicides on soil microbial
communities. The Bioscan 9(1): 11-16.

168.Das, A. C,, Das, S.]. & Dey, S. (2012). Effect of herbicides on microbial biomass in relation to availability of plant
nutrients in soil. ]. Crop Weed 8(1): 129-132.

169.Singh, ].S., Gupta, V.K. (2018). Soil microbial biomass: A key soil driver in management of ecosystem
functioning. Sci. Total Environ., 634: 497-500.

170.El-Ghamry, A.M., Huang, C.Y. & Xu, ].M. (2001). Combined effects of two sulfonylurea herbicides on soil microbial
biomass and N-mineralization. ]. Environ. Sci., 13(3): 311-317.

171.Ju, C, Xu, ], Wy, X, Dong, F., Liu, X. & Zheng, Y. (2016). Effects of myclobutanil on soil microbial biomass,
respiration, and soil nitrogen transformations. Environ. Pollut., 208: 811-820.

172.Peng, Y., Duan, Y., Huo, W,, Xu, M,, Yang, X, Wang, X. & Feng, G. (2021). Soil microbial biomass phosphorus can
serve as an index to reflect soil phosphorus fertility. Biol. Fertil. Soil 57: 657-669.

173.Jones, D. L., Oburger, E. (2010). Solubilization of phosphorus by soil microorganisms. In Phosphorus in action:
Biological processes in soil phosphorus cycling. Berlin, Heidelberg: Springer Berlin Heidelberg pp. 169-198

174.Chavez-Ortiz, P, Larsen, ], Olmedo-Alvarez, G. & Garcia-Oliva, F. (2024). Control of inorganic and organic
phosphorus molecules on microbial activity, and the stoichiometry of nutrient cycling in soils in an arid,
agricultural ecosystem. Peer] 12: e18140.

175.Kelarlou, T.R., Golchin, A. & Toolarood, A.A.S. (2023). Evaluation of the impacts of clopyralid and butisanstar
herbicides on selected soil microbial indicators. Water Air Soil Pollut., 234(9): 572.

176.Mukherjee, S., Tripathi, S, Mukherjee, A.K, Bhattacharyya, A. & Chakrabarti, K. (2016). Persistence of the
herbicides florasulam and halauxifen-methyl in alluvial and saline alluvial soils, and their effects on microbial
indicators of soil quality. Eur. ]. Soil Biol,, 73: 93-99.

177.Tao, K, Tian, H., Wang, Z., Shang, X, Fan, ], Megharaj, M. & He, W. (2023). Ecotoxicity of parathion during its
dissipation mirrored by soil enzyme activity, microbial biomass and basal respiration. Chemosphere 311:
137116.

178.Jones, W.]., Ananyeva, N.D. (2001). Correlations between pesticide transformation rate and microbial respiration
activity in soil of different ecosystems. Biol. Fertil. Soils 33: 477-483.

179.Zabaloy, M.C,, Gomez, M.A. (2008). Microbial respiration in soils of the argentine pampas after metsulfuron
methyl, 2, 4-D, and glyphosate treatments. Commun. Soil Sci. Plant Anal., 39(3-4): 370-385.

180.Adejoro, S.A. (2016): Interaction effects of glyphosate and cypermethrin on soil basal respiration and carbon
mineralization quotient. Appl. Trop. Agri., 21(1): 7-14.

181.Anderson, T. H, Domsch, K. H. (2010). Soil microbial biomass: The eco-physiological approach. Soil Biol.
Biochem., 42(12): 2039-2043.

ABR Vol 16 [4] July 2025 342|Page © 2025 Author



182.Gomez, E., Ferreras, L., Lovotti, L. & Fernandez, E. (2009). Impact of glyphosate application on microbial biomass
and metabolic activity in a Vertic Argiudoll from Argentina. Eur.]. Soil Biol., 45(2): 163-167.

183.Zaidan, U.R,, Costa, M.D., Santos, R.H.S., da Conceicdo de Matos, C. & De Freitas, F.C. L. (2023). Soil microbiological
indicators in Coffea arabica crops under different weed management strategies. Phytoparasitica 51(5): 1147-
1159.

184.Kelarlou, T.R., Golchin, A. & Toolarood, A.A.S. (2023). Evaluation of the impacts of clopyralid and butisanstar
herbicides on selected soil microbial indicators. Water Air Soil Pollut., 234(9): 572.

185.Tao, K, Tian, H., Wang, Z., Shang, X, Fan, ]J., Megharaj, M. & He, W. (2023). Ecotoxicity of parathion during its
dissipation mirrored by soil enzyme activity, microbial biomass and basal respiration. Chemosphere 311:
137116.

186.Gianfreda, L., Rao, M.A. (2010). The influence of pesticides on soil enzymes. In Soil enzymology. Berlin,
Heidelberg: Springer Berlin Heidelberg pp. 293-312

187.Pascual, J.A,, Garcia, C., Hernandez, T., Moreno, ].L. & Ros, M. (2000). Soil microbial activity as a biomarker of
degradation and remediation processes. Soil Biol. Biochem., 32(13): 1877-1883.

188.Paz-Ferreiro, |., Fu, S. (2016). Biological indices for soil quality evaluation: Perspectives and limitations. Land
Degrad. Develop., 27(1): 14-25.

189.Jiang, Y., Lin, D., Guan, X., Wang, ], Cao, G., Zhu, D. & Peng, C. (2017). Effect of herbicide used with years (8+1) on
soil enzymic activity and microbial population diversity. . Soils Sed., 17: 2490-2499.

190.Du, Z., Zhu, Y., Zhu, L., Zhang, ], Li, B.,, Wang, ]., Cheng, C. (2018). Effects of the herbicide mesotrione on soil
enzyme activity and microbial communities. Ecotoxicol. Environ. Saf., 164: 571-578.

191.Zhang, Y., Hy, Y., An, N,, Jiang, D., Cao, B,, Jiang, Z. & Han, W. (2023). Short-term response of soil enzyme activities
and bacterial communities in black soil to a herbicide mixture: Atrazine and Acetochlor. Appl. Soil Ecol, 181:
104652.

192.Wang, H, Ren, W,, Xu, Y., Wang, X, Ma, ], Sun, Y. & Teng, Y. (2024). Long-term herbicide residues affect soil
multifunctionality and the soil microbial community. Ecotoxicol. Environ. Saf,, 283: 116783.

193.Douibi, M., Carpio, M.]., Rodriguez-Cruz, M.S., Sanchez-Martin, M.]. & Marin-Benito, ]. M. (2024). Changes in soil
microbial parameters after herbicide application in soils under conventional tillage and non-
tillage. Processes 12(4): 827.

194.Singh, A., Ghoshal, N. (2013). Impact of herbicide and various soil amendments on soil enzymes activities in a
tropical rainfed agroecosystem. Eur. ]. Soil Biol., 54: 56-62.

195.]Jeyaseelan, A., Murugesan, K., Thayanithi, S. & Palanisamy, S.B. (2024). A review of the impact of herbicides and
insecticides on the microbial communities. Environ. Res., 245: 118020.

196.Rasool, N, Reshi, Z.A. & Shah, M.A. (2014). Effect of butachlor (G) on soil enzyme activity. Eur. ]. Soil Biol,, 61: 94-
100.

197.Panda, N., Raha, P. & Kumar, A. (2018). Microbial activity and plant nutrients transformation as influenced by
herbicides application in soil. ORYZA-An Int. J. Rice 55(3): 452-458.

198.Srinivasuluy, M., Maddela, N.R.,, Chandra, M.S., Shankar, P.C,, Rangaswamy, V. & Prasad, R. (2024). Microbe-
pesticide interactions: Soil enzyme analysis and bacterial degradation of chlorpyrifos. Environ. Chem. Ecotoxicol.,
6180-191.

199.Daunoras, J., Kacergius, A. & Gudiukaité, R. (2024). Role of soil microbiota enzymes in soil health and activity
changes depending on climate change and the type of soil ecosystem. Biol., 13(2): 85.

200.Khan, Z, Shah, T., Haider, G., Adnan, F., Sheikh, Z., El-Sheikh, M. A. & Ahmad, P. (2024). Mycorrhizosphere bacteria
inhibit greenhouse gas emissions from microplastics contaminated soil by regulating soil enzyme activities and
microbial community structure. ]. Environ. Manag., 356: 120673.

201.Filimon, M.N., Roman, D.L., Caraba, LV. & Isvoran, A. (2021). Assessment of the effect of application of the
herbicide S-metolachlor on the activity of some enzymes found in soil. Agri., 2021 11: 469.

202.Zhang, L., Jing, Y., Chen, C, Xiang, Y., Rezaei Rashti, M., Li, Y. & Zhang, R. (2021). Effects of biochar application on
soil nitrogen transformation, microbial functional genes, enzyme activity, and plant nitrogen uptake: A
meta-analysis of field studies. Gcb Bioenergy 13(12): 1859-1873.

203.Vandana, L], Rao, P.C. & Padmaja, G. (2012). Effect of herbicides and nutrient management on soil enzyme
activity. J. Rice Res., 5(1-2): 55-59.

204.Cycon, M., Piotrowska-Seget, Z. & Kozdroj, J. (2010). Dehydrogenase activity as an indicator of different microbial
responses to pesticide-treated soils. Chem. Ecol,, 26(4): 243-250.

205.Bhardwaj, G., Chauhan, A., Walia, A. & Brar, P. S. (2024b). Microbial enzymes for soil health. In Advancements in
microbial biotechnology for soil health. Singapore: Springer Nature Singapore pp. 97-117

206.Ma, Y., Woolf, D., Fan, M,, Qiao, L., Li, R. & Lehmann, ]. (2023). Global crop production increase by soil organic
carbon. Nature Geosci., 16(12): 1159-1165.

207.Dawson, L.A, Grayston, S.J., Murray, P.]., Cook, R., Gange, A.C, Ross, ].M. & Treonis, A. (2003). Influence of pasture
management (nitrogen and lime addition and insecticide treatment) on soil organisms and pasture root system
dynamics in the field. In Roots: The Dynamic Interface between Plants and the Earth: The 6th Symposium of the
International Society of Root Research, 11-15 November 2001, Nagoya, Japan. Springer Netherlands pp. 121-130

208.Stanley, J., Preetha, G., Stanley, ]. & Preetha, G. (2016). Pesticide toxicity to microorganisms: exposure, toxicity
and risk assessment methodologies. Springer Netherlands pp. 351-410

ABR Vol 16 [4] July 2025 343|Page © 2025 Author



209.Talve, T., Talgre, L., Toom, M., Edesi, L., Karron, E., Koll, B. & Borjesson, G. (2022): Composition of the microbial
community in long-term organic and conventional farming systems. Zemdirbyste-Agri., 109(2).

210.Zelles, L. (1999). Fatty acid patterns of phospholipids and lipopolysaccharides in the characterisation of
microbial communities in soil: A review. Biol. Fertil. Soil 29: 111-129.

211.Maharana, J.K, Patel, AK. (2014). Microbial community PLFA responses to ecosystem restoration in a
chronosequence coal mine overburden spoil and implications of soil quality.

212.Tunlid, A., White, D.C. (2021). Biochemical analysis of biomass, community structure, nutritional status, and
metabolic activity of microbial communities in soil. In Soil biochemistry. CRC Press pp. 229-262

213.Pasayat, M., Patel, A.K. (2017). PLFA Profiling of Microbial Community Structure Influencing Ecosystem
Restoration in Chronosequence Iron Mine Overburden Spoil. Int. ]. Innov. Eng. Technol,, 8: 81-96.

214.Agrawal, P, Maharana, ].K. & Patel, A.K. (2022). PLFA Profiling of Coal Mine Spoil: An integrated approach for the
assessment of ecological restoration. ]. Ecophysiol. Occup. Health 77-87.

215.Frac, M,, Oszust, K. & Lipiec, ]J. (2012): Community level physiological profiles (CLPP), characterization and
microbial activity of soil amended with dairy sewage sludge. Sensors 12(3): 3253-3268.

216.Rutgers, M., Wouterse, M., Drost, S.M., Breure, A.M., Mulder, C., Stone, D. &, Bloem, ]. (2016). Monitoring soil
bacteria with community-level physiological profiles using Biolog™ ECO-plates in the Netherlands and
Europe. Appl. Soil Ecol., 97: 23-35.

217.Wee, J., Son, |, Lee, Y.S,, Kim, Y., Hyun, S. & Cho, K. (2024). Changes in soil microbial community structure by
Allonychiurus kimi (Collembola) and their interactive effects on glyphosate degradation. Appl. Soil Ecol.,, 193:
105112.

218.Raj, A, Malla, M.A, Kumar, A, Khare, P.K. & Kumari, S. (2024). Foliar spraying of chlorpyrifos induces
morphometric changes in Glycine max (L.) and shifts native soil microbiome. Emerg. Contam., 10(3): 100307.

219.Gatazka, A., Furtak, K. (2024). Functional Microbial Diversity in study of soils of various ecosystems. In Microbial
Diversity in the Genomic Era. Academic Press pp. 355-370

220.Urbaniak, M., Mierzejewska-Sinner, E., Bednarek, A., Krauze, K. & Wtodarczyk-Marciniak, R. (2024): Microbial
response to Nature-based solutions in urban soils: A comprehensive analysis using Biolog® EcoPlates™. Sci.
Total Environ., 928: 172360.

221.Wei, H., Wang, L., Hassan, M. & Xie, B. (2018). Succession of the functional microbial communities and the
metabolic functions in maize straw composting process. Biores. Technol., 256: 333-341.

222.Straub, T.J.,, Shaw, W.R,, Marcenac, P., Sawadogo, S.P., Dabiré, RK., Diabaté, A., Neafsey, D.E. (2020). The Anopheles
coluzzii microbiome and its interaction with the intracellular parasite Wolbachia. Scientific Reports 10(1):
13847.

223.Lahlali, R, Ibrahim, D.S,, Belabess, Z., Roni, M.Z.K,, Radouane, N., Vicente, C.S. & Peng, G. (2021). High-throughput
molecular technologies for unraveling the mystery of soil microbial community: Challenges and future
prospects. Heliyon 7(10).

224.Kumaishi, K., Usui, E., Suzuki, K., Kobori, S., Sato, T., Toda, Y. & Ichihashi, Y. (2022). High throughput method of
16S rRNA gene sequencing library preparation for plant root microbial community profiling. Sci. Rep., 12(1):
192809.

225.Sogin, M.L,, Morrison, H.G., Huber, ].A,, Welch, D.M., Huse, S.M., Neal, P.R. & Hernd], G.]. (2006). Microbial diversity
in the deep sea and the underexplored “rare biosphere”. Proceedings of the National Academy of
Sciences 103(32): 12115-12120.

226.Keegan, K.P., Glass, EM. & Meyer, F. (2016). MG-RAST, a metagenomics service for analysis of microbial
community structure and function. Microbial Environ. Genomics (MEG) 207-233.

227.Dubey, RK, Tripathi, V., Prabha, R., Chaurasia, R, Singh, D.P., Rao, C.S. & Abhilash, P. C. (2020). Unravelling the
soil microbiome: Perspectives for environmental sustainability. Cham, Switzerland: Springer International
Publishing

228.Garg, D, Patel, N., Rawat, A. & Rosado, A.S. (2024). Cutting edge tools in the field of soil microbiology. Curr. Res.
Microb. Sci., 100226.

229.Semenov, M.V., Zhelezova, A.D., Ksenofontova, N.A., Ivanova, E.A. Nikitin, D.A. & Semenov, V.M. (2025).
Microbiological indicators for assessing the effects of agricultural practices on soil health: A
Review. Agronomy 15(2): 335.

230.Chen, H, Ma, K, Huang, Y., Yao, Z. & Chu, C. (2021b). Stable soil microbial functional structure responding to
biodiversity loss based on metagenomic evidences. Front. Microbiol,, 12: 716764.

231.Medo, ], Makova, J., Medova, ]., Lipkova, N., Cinkocki, R., Omelka, R. & Javorekova, S. (2021). Changes in soil
microbial community and activity caused by application of dimethachlor and linuron. Sci. Rep., 11(1): 12786.

232.Pertile, M., Sousa, R.M.S,, Mendes, L.W., Antunes, J.E.L,, de Souza Oliveira, L.M., de Araujo, F.F. & Araujo, AS.F.
(2021). Response of soil bacterial communities to the application of the herbicides imazethapyr and
flumyzin. Eur. J. Soil Biol., 102: 103252.

233.Wang, H., Wang, H., Crowther, T.W,, Isobe, K., Reich, P. B., Tateno, R. & Shi, W. (2024): Metagenomic insights into
inhibition of soil microbial carbon metabolism by phosphorus limitation during vegetation succession. ISME
Commun,, 4(1): ycae128.

234.Newman, M.M,, Lorenz, N., Hoilett, N., Lee, N.R,, Dick, R.P,, Liles, M.R. & Kloepper, ]. W. (2016). Changes in
rhizosphere bacterial gene expression following glyphosate treatment. Sci. Total Environ., 553: 32-41.

ABR Vol 16 [4] July 2025 344|Page © 2025 Author



235.Lu, G.H, Hua, X.M,, Liang L. Wen, Z.L, Du, M.H,, Meng, F.F. & Yang, Y.H. (2018). Identification of major
rhizobacterial taxa affected by a glyphosate-tolerant soybean line via shotgun metagenomic approach.
Genes 9(4): 214.

236.Kepler, R.M., Epp Schmidt, D.J,, Yarwood, S.A., Cavigelli, M.A., Reddy, K.N., Duke, S. 0. & Maul, J.E. (2020). Soil
microbial communities in diverse agroecosystems exposed to the herbicide glyphosate. Appl. Environ. Microbiol,,
86(5): e01744-19.

237.Wang, S., Han, Y, Wu, X. & Sun, H. (2023). Metagenomics reveals the effects of glyphosate on soil microbial
communities and functional profiles of C and P cycling in the competitive vegetation control process of Chinese
fir plantation. Environ. Res., 238: 117162.

238.Torabi, E., Wiegert, C., Guyot, B., Vuilleumier, S. & Imfeld, G. (2020). Dissipation of S-metolachlor and butachlor in
agricultural soils and responses of bacterial communities: Insights from compound-specific isotope and
biomolecular analyses. ]. Environ. Sci. 92: 163-175.

239.Kremer, R. J. (2021). Disruption of the soil microbiota by agricultural pesticides. In Synthetic Pesticide Use in
Africa. CRC Press pp. 147-164

240.Brucha, G. Aldas-Vargas, A. Ross, Z., Peng, P, Atashgahi, S., Smidt, H. & Sutton, N.B. (2021). 2, 4-
Dichlorophenoxyacetic acid degradation in methanogenic mixed cultures from Brazilian Amazonian soil
samples. Biodegrad., 32: 419-433.

241.Nguyen, T.L.A., Dao, A.T.N,, Dang, H.T.C,, Koekkoek, J., Brouwer, A., de Boer, T.E. & van Spanning, RJ. (2022).
Degradation of 2, 4-dichlorophenoxyacetic acid (2, 4-D) and 2, 4, 5-trichlorophenoxyacetic acid (2, 4, 5-T) by
fungi originating from Vietnam. Biodegrad., 33(3): 301-316.

242.Guijarro, K-H., Aparicio, V., De Gerénimo, E., Castellote, M., Figuerola, E.L., Costa, ]J. L. & Erijman, L. (2018). Soil
microbial communities and glyphosate decay in soils with different herbicide application history. Sci. Total
Environ., 634: 974-982.

243.Ratcliff, A.W., Busse, M.D., Shestak, CJ. (2006). Changes in microbial community structure following herbicide
(glyphosate) additions to forest soils. Appl. Soil Ecol., 34(2-3): 114-124.

244.7abaloy, M.C,, Gémez, E., Garland, ].L. & Gomez, M.A. (2012). Assessment of microbial community function and
structure in soil microcosms exposed to glyphosate. Appl. Soil Ecol., 61: 333-339.

245.Mijangos, L., Becerril, ].M., Albizu, I, Epelde, L. & Garbisu, C. (2009). Effects of glyphosate on rhizosphere soil
microbial communities under two different plant compositions by cultivation-dependent and-independent
methodologies. Soil Biol. Biochem., 41(3): 505-513.

246.Lane, M., Lorenz, N., Saxena, ]., Ramsier, C. & Dick, R.P. (2012). The effect of glyphosate on soil microbial activity,
microbial community structure, and soil potassium. Pedobiologia 55(6): 335-342.

247.He, X, Wu, C,, Tan, H., Deng, X. & Li, Y. (2023). Impact of combined exposure to glyphosate and diquat on
microbial community structure and diversity in lateritic paddy soil. Sustain., 15(11): 8497.

248.Singh, S., Kumar, V., Datta, S.,, Wani, A.B,, Dhanjal, D.S., Romero, R. & Singh, J. (2020). Glyphosate uptake,
translocation, resistance emergence in crops, analytical monitoring, toxicity and degradation: A review. Environ.
Chem. Lett., 18(3): 663-702.

249.Wydro, U., Wotejko, E., Lozowicka, B. & Jabtonska-Trypu¢, A. (2021). Microbial diversity and p content changes
after the application of sewage sludge and glyphosate to soil. Minerals 11(12): 1423.

250.Martins-Gomes, C., Silva, T.L., Andreani, T. & Silva, AM. (2022). Glyphosate vs. glyphosate-based herbicides
exposure: A review on their toxicity. J. Xenobiot., 12(1): 21-40.

251.Qu, M,, Cheng, X, Xu, Q., Hy, Y., Liu, X. & Mei, Y. (2024). How do glyphosate and AMPA alter the microbial
community structure and phosphorus cycle in rice-crayfish systems. Environ. Res., 260: 119679.

252.Nguyen, D.B., Rose, M.T., Rose, T.J. & Van Zwieten, L. (2018). Effect of glyphosate and a commercial formulation
on soil functionality assessed by substrate induced respiration and enzyme activity. Eur. J. Soil Biol,, 85: 64-72.

253.Wimmer, B., Langarica-Fuentes, A., Schwarz, E., Kleindienst, S., Huhn, C. & Pagel, H. (2023). Mechanistic modeling
indicates rapid glyphosate dissipation and sorption-driven persistence of its metabolite AMPA in soil 52(2): 393-
405.

254.Min, H,, Ye, Y.F., Chen, Z.Y., Wu, WX. & Yufeng, D. (2001). Effects of butachlor on microbial populations and
enzyme activities in paddy soil. ]. Environ. Sci. Health Part B 36(5): 581-595.

255.Fang, H,, Yy, Y.L, Wang, X.G., Chuy, X.Q. & Yang, X.E. (2009). Persistence of the herbicide butachlor in soil after
repeated applications and its effects on soil microbial functional diversity. J. Environ. Sci. Health Part B 44(2):
123-129.

256.Wang, J., Lu, Y. & Shen, G. (2007). Combined effects of cadmium and butachlor on soil enzyme activities and
microbial community structure. Environ. Geol,, 51: 1221-1228.

257.Wilson, A.G., Takei, A.S. (2000). Summary of toxicology studies with butachlor. ]. Pesticide Sci., 25(1):75-83.

258.Yuy, Y.L, Chen, Y.X, Luo, Y.M,, Pan, X.D., He, Y.F. & Wong, M.H. (2003). Rapid degradation of butachlor in wheat
rhizosphere soil. Chemosphere 50(6): 771-774.

259.Saha, S, Dutta, D, Karmakar, R. & Ray, D.P. (2012). Structure-toxicity relationship of chloroacetanilide
herbicides: Relative impact on soil microorganisms. Environ. Toxicol. Pharmacol,, 34(2): 307-314.

260.Min, H,, Ye, Y.F, Chen, Z.Y,, Wu, WX. & Dy, Y.F. (2002). Effects of butachlor on microbial enzyme activities in
paddy soil. J. Environ. Sci., 14(3): 413-417.

261.Wang, S,, Li, H. & Lin, C. (2013). Physiological, biochemical and growth responses of Italian ryegrass to butachlor
exposure. Pesticide Biochem. Physiol., 106(1-2): 21-27.

ABR Vol 16 [4] July 2025 345|Page © 2025 Author



262.Hussain, S, Siddique, T., Saleem, M. Arshad, M. & Khalid, A. (2009). Impact of pesticides on soil microbial
diversity, enzymes and biochemical reactions. Adv. Agronomy 102: 159-200.

263.Gonod, L.V, Martin-Laurent, F. & Chenu, C. (2006). 2, 4-D impact on bacterial communities, and the activity and
genetic potential of 2, 4-D degrading communities in soil. FEMS Microbiol. Ecol., 58(3): 529-537

264.Zabaloy, M.C,, Garland, J.L. & Gomez, M.A. (2010). Assessment of the impact of 2, 4-dichlorophenoxyacetic acid (2,
4-D) on indigenous herbicide-degrading bacteria and microbial community function in an agricultural soil. Appl.
Soil Ecol,, 46(2): 240-246.

265.Boughattas, I, Vaccari, F., Zhang, L., Bandini, F., Miras-Moreno, B., Missawi, 0. & Banni, M. (2024). Co-exposure to
environmental microplastic and the pesticide 2, 4-dichlorophenoxyacetic acid (2, 4-D) induce distinctive
alterations in the metabolome and microbial community structure in the gut of the earthworm Eisenia
andrei. Environ. Pollut,, 344: 123213.

266.Macur, R.E., Wheeler, ].T., Burr, M.D. & Inskeep, W.P. (2007). Impacts of 2, 4-D application on soil microbial
community structure and on populations associated with 2, 4-D degradation. Microbiol. Res., 162(1): 37-45.

267.Lerch, T.Z, Dignac, M.F., Nunan, N., Bardoux, G., Barriuso, E. & Mariotti, A. (2009). Dynamics of soil microbial
populations involved in 2, 4-D biodegradation revealed by FAME-based stable isotope probing.Soil Biol
Biochem., 41(1): 77-85.

268.Branco, R.H., Meulepas, R.J., Kadlecovj, K., Cardoso, M.F., Rijnaarts, H.H. & Sutton, N. B. (2024): Effect of dissolved
organic carbon on micropollutant biodegradation by aquifer and soil microbial communities. Chemosphere 347:
140644.

269.Vanitha, T.K, Suresh, G. Bhandi, M.M, Mudiam, M.K.R. & Mohan, S.V. (2023). Microbial degradation of
organochlorine pesticide: 2, 4-Dichlorophenoxyacetic acid by axenic and mixed consortium. Biores. Technol,,
382:129031.

270.Wilms, W., Wozniak-Karczewska, M., Niemczak, M., Parus, A., Frankowski, R., Wolko, t.. & Chrzanowski, L. (2023).
2, 4-D versus 2, 4-D based ionic liquids: Effect of cation on herbicide biodegradation, tfdA genes abundance and
microbiome changes during soil bioaugmentation. ]. Hazard. Mater., 452: 131209.

271.Butova, V.V., Bauer, T.V, Polyakov, V.A, Rajput, V.D. & Minkina, T.M. (2024). Analyzing the benefits and
limitations of advanced 2, 4-D herbicide delivery systems. Crop Prot., 106865.

Copyright: © 2025 Author. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

ABR Vol 16 [4] July 2025 346|Page © 2025 Author




