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Preface

The first synthetic herbicide, 2,4-dichlorophenoxyacetic acid (2,4-D), was discovered
in 1942 and its effectiveness and selectivity caused a paradigm shift in weed manage-
ment practices in agriculture worldwide. Since then, the chemical control of weeds
has become the most widely used method in the world because it is efficient, rela-
tively low cost compared to other control methods, easy to use, and professionally
appropriate.

However, most growers have an immediate and economic view of weed control, which
can create environmental problems in the medium and long term. Repeated applica-
tions of herbicides with the same mechanism of action have been common practice in
many parts of the globe. Frequently used chemical weed control coupled with target
site mutation has led to the emergence of many herbicide-resistant weed biotypes
reported worldwide.

This herbicide resistance of weeds is undoubtedly a major concern in modern agricul-
ture, and some mechanisms of action present greater resistance problems than others.
The largest number of cases of resistant biotypes belong to the mechanism of action of
acetolactate synthase (ALS) inhibitors, followed by photosystem II (PSII) inhibitors.
Today, herbicides with new mechanisms of action are necessary to control the evolution
of resistance of these biotypes to existing herbicides.

In addition, it is essential that herbicides are properly applied alone or in the mixture
to preserve the final quality of the harvested products as well as the natural resources
that sustain production, especially soil and water. The correct way to apply these
products aims for maximum biological efficacy and minimum damage to neighboring
crops, the environment, and humans. The more suitable the equipment and techniques
employed, the greater the efficacy. In this sense, herbicide application technology
involves economically depositing the correct amount of the biologically active product
on the target at the right time in the required quantity with minimal environmental
contamination.

In view of this, it is important to study the behavior of herbicides in plants and soil
for weed control. This involves estimating the trends to which herbicides are subject,
as a function of three main processes: retention, transformation, and transport in
the soil. Thus, the mere fact that an herbicide reaches the plant’s leaves or is applied
to the soil where it develops is not enough for it to exert its action; it must penetrate
the plant, translocate, and reach the organelle where it will act. To determine the
correct product to be used in each crop and in each soil, the professional must know
the product’s metabolism characteristics and the plant’s sensitivity to the product
and/or its metabolites, among other factors, such as the most promising form of
application.



New Insights in Herbicide Science discusses these issues in six chapters. It is a useful
resource for undergraduate and graduate students, technicians, professors, farmers,

and all those involved in this area.

Kassio Ferreira Mendes

Professor of Biology and Integrated Management of Weeds,
Department of Agronomy,

Federal University of Vigosa,

Vigosa, MG, Brazil
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Chapter1

Liquid Chromatography

Tandem Mass Spectrometry

after the QUEChERS Method for
Determining 20 Herbicide Residues
in Wheat and Flour

Islam R. Ghoniem

Abstract

Agriculture is the backbone of the economy and social structure, and it plays a
critical part in each country’s overall growth. Because of the significant food gap that
exists in several vital crops, wars, and the continual expansion in the population,
the role of agriculture products has recently become critical. The world is currently
experiencing a severe food shortage, estimated to be over 60% of its strategic food
requirements. As a result, there is a need to increase the area of farmed land in order
to satisfy the growing population and raise food demand by eliminating weeds that
can reduce agricultural output. Weed is an unwanted plant (one that grows in the
incorrect area) that reduces crop output. Herbicides are a type of pesticides that are
used to kill weeds and increase crop output. As a result, herbicide residues on food,
particularly cereals, must be determined. In this study, the QuEChERS approach for
determining herbicides in wheat and corn by direct injection to Exion HPLC coupled
with a SciexQtrap API 6500+ LC-MS/MS system using an electrospray positive
ionization (ESI+) at lower concentrations without utilizing acids or clean-up is
evaluated, optimized, and validated in this work.

Keywords: QUEChERS, LC-MS/MS, agriculture, herbicides, cereals

1. Introduction

As aresult of the continuing expansion in the world’s population, the use of
pesticides in contemporary agriculture has become one of the most critical neces-
sities for meeting society’s food needs, and millions of tons of pesticides are used
annually for this purpose [1]. Pesticides are one of the most commonly utilized
substances on the planet. Despite their usefulness, pesticides are one of the most
dangerous compounds that damage humans, animals, and surface water in particu-
lar [2]. When pesticides are used in large quantities in the environment, they have
the potential to harm the environment, especially human health [3]. Weeds are any
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unwanted plants that grow in a field and threaten crops, animals, or human health.
Herbicides are a type of pesticide that kills weeds to protect plants and boost crop
output [4]. Herbicides are frequently employed in agriculture and turf manage-
ment in the landscape. They account for almost 70% of all agricultural pesticide
use worldwide [5]. Herbicides can cause everything from skin rashes, nausea, and
weariness to headaches, chest pain, and even death in some cases.

Pesticides are used in roughly 2 million tons over the world, with 47.5% being
herbicides, 29.5% being insecticides, 17.5% being fungicides, and 5.5% being other
pesticides [6]. China, the United States, Argentina, Thailand, Brazil, Italy, France,
Canada, Japan, and India are the top ten pesticide-using countries in the world [7].
Furthermore, it is predicted that by 2020, global pesticide usage will have increased to
3.5 million tons [8]. Africa’s economy is heavily reliant on agriculture, with approxi-
mately 59% of the population relying on it for a living [9]. Despite this, the African
continent contributes 2-4% of the global pesticide market share and has the lowest
pesticide usage rate in the world [9]. Food demand is expected to rise rapidly in the
next three decades as a result of the rising population, and demand for pesticides,
herbicides, and fungicides are also expected to rise [10].

The quick, easy, cheap, effective, rugged, and safe (QUuEChERS) approach was
used to detect this chemical and estimate its concentration [11-18]. In terms of
analysis costs and turnaround time, multiresidue methods are the most efficient way
for herbicide analysis. The majorities of the procedures have multiple steps and use
alot of different solvents and reagents. In terms of good recovery, short duration
of analysis, cheap cost, and safety, the QUEChERS approach combined with liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was determined to be the
optimal combination for determining herbicides in some foods. Because of the more
ionized herbicides, LC-MS/MS is now commonly employed [12-14, 19, 20].

Controlling herbicide residues in food items through monitoring and a maximum
residue limit (MRL) setting is critical for consumer safety. The Codex Alimentarius
Commission (CAC) and the European Commission determined MRLs based on resi-
dues in food that must be found at safe levels for consumers [21, 22]. In the European
Union (EU) legislation, the lowest limit of analytical quantitation (LOQ) is specified
as the MRL that equals 0.01 mg/kg if the MRL obtained by different trials is not safe
for consumers [22].

Yingying et al. [23] improved and validated a QuEChERS technique for determin-
ing florasulam and pyroxsulam residues in wheat grain and straw using liquid chro-
matography-tandem mass spectrometry (LC-MS/MS). The approach was tested on
cereals such as oat, millet, corn, and rice. Average recoveries ranged from 76 to 113%,
with RSDs ranging from 2 to 15%. TAO et al. [24] developed an efficient method for
determining various phenoxy acid herbicide residues in grains. The study of phenoxy
acid herbicides in rice, corn, and wheat was optimized using a QUEChERS approach
combined with high-performance liquid chromatography-tandem mass spectrom-
etry (HPLC-MS/MS). Renata Raina et al. [25] developed pesticide residue testing
procedures for a wide range of foods, including cereal-based foods, nutraceuticals
and associated plant products, and infant feeds. Many processed consumer products
are made from these grain, fruit, vegetable, and plant-based components. A modi-
fied QUEChERS approach has been applied for cereal and nutraceuticals, which are
dry sample products, with additional steps to allow wetting of the dry sample matrix
and subsequent cleanup using dispersive or cartridge format SPE to eliminate matrix
effects.
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Wheat is a widely cultivated crop whose seed is a grain that is consumed as a
staple food all over the world. The most important wheat types are common wheat
(Triticum aestivum), durum wheat (Triticum durum), and club wheat (T aestivum)
(T. compactum). Wheat is grown as a commercial crop because it generates a high
yield per unit area, thrives in a temperate climate with a short growing season, and
produces versatile, high-quality flour. Wheat flour is used to produce bread, pasta,
cereal, pastries, cookies, crackers, muffins, tortillas, and pitas, among other things.
Wheat is the second most widely grown cereal grain after maize, and its global trade
volume exceeds that of all other crops combined. The total global wheat production
in 2020 was 760 million tons. China, India, and Russia are the world’s three greatest
individual wheat producers, accounting for over 41% of global wheat production.
Individually, the United States is the world’s fourth-largest wheat producer. If the
European Union were counted as a single entity, it would produce more wheat than
any other country save China [26].

The current study’s technique describes the examination of a mixture of herbicides
in various matrices after extraction using the QUEChERS technology. The QuEChERS
technique is evaluated, optimized, and validated for the determination of 20 herbicides
in wheat and flour by direct injection to LC-MS/MS at lower concentrations without
the use of acids or clean-up in this study. Exion HPLC paired with the SciexQtrap API
6500+ LC-MS/MS System was used to determine these chemicals utilizing electrospray
positive ionization (ESI+).

2. Experimental method
2.1Instrumentation and analysis

1.LC-MS/MS system, ExionLC AC coupled with Qtrap API 6500+ MS/MS system
from AB Sciex, USA.

2. Chromatographic column, Infinity lab Poroshell 120 EC-C18 3.0 x 50 mm, 2.7 pm
particle size (Agilent, USA).

The injection volume was 2 pL and the column temperature was 40°C. The
pesticides are separated using a Gradient mixing program of 10% 50 mM ammo-
nium format in deionized water, which is mostly used for positive ionization mode,
with 0.1% formic acid as eluent A and methanol as eluent B at 300 pL/min flow rate
starting by A bottle 60% for 1 min, changed continuously till 11.5 min to be 10% for
0.5 min, changed progressively till 12 min to be 0% for 2 min and returned to 60%
from A in min 14 for 2 min to be 16 min complete run time for every one of the 20
pesticides. Electrospray ionization in the positive ion mode with multiple reactions
monitoring (MRM) mode was used to complete the MS/MS analysis.

The LC mobile phase stock solution was 50 mM ammonium formate solution
in methanol/water (1:9), and the LC mobile phase was 10 mM ammonium formate
solution in methanol/water (1:9), dilute 200 mL of LC mobile phase stock solution with
800 mL methanol/water (1:9), adjust the pH to about 3.78 + 0.02 with ammonia solu-
tion (33%), and then add 100 mL methanol and LC mobile phase was 10 mM ammo-
nium formate solution in methanol/water (1:9), dilute 200 mL of LC mobile phase stock
solution with 800 mL methanol/water (1:9), the pH should be 4 + 0.1, adjust as needed.
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2.2 Reagents and materials

Atrazine (99%), clodinafop (free acid) (99%), clodinafop-propargyl ester (99%),
cycloxydim (98.8%), diphenamid (99%), fenoxaprop-P-ethyl (R-enantiomer)
(99%), haloxyfop-2-ethoxyethyl ester (99%), haloxyfop (free acid) (99%), imaza-
methabenz-methyl (97.4%), imazethapyr (99%), mesosulfuron-methyl (98%), meto-
lachlor (98.5%), metribuzin (99.5%), metsulfuron-methyl (99.5%), pendimethalin
(98.8%), quizalofop-ethyl (99.3%), quizalofop-P-ethyl (98.4%), simazine (98%), sul-
cotrione (99%), and triclopyr butotyl (99.1%) were purchased from Dr. Ehrenstorfer
(Augsburg, Germany). Methanol (99.9%) HPLC grade was purchased from JT.

Baker (PA, USA). Acetonitrile 99.9% -HPLC grade was purchased from J.T. Baker
(Pennsylvania, USA). Deionized water (<18M_cm resistivity) was performed in the
laboratory using a Millipore (Billerica, MA, USA) MilliQ water purification system.
Ammonia solution (33%) was purchased from Riedel-de Hien (Seelze, Germany).
Formic acid (98-100%) was purchased from Riedel-de Hien. QUEChERS extraction
kits.—5982-5650 was purchased from Agilent {Agilent QuEChERs salts and buffers
are prepackaged in anhydrous packages(4 g MgSO4; 1 g NaCl; 1 g trisodium citrate
dihydrate;0.5 g disodium citrate sesquihydrate)} (Santa Clara, CA, USA).

2.2.1 Standard preparation

Stock solutions (1000 pg/mL) of each pesticide standard were prepared by dis-
solving atrazine in toluene, clodinafop (free acid) in toluene, clodinafop-propargyl
ester in toluene, cycloxydim in toluene, diphenamid in toluene, fenoxaprop-P-ethyl
(R-enantiomer) in toluene, haloxyfop-2-ethoxyethyl ester in toluene, haloxyfop (free
acid) in toluene, imazamethabenz-methyl in toluene, imazethapyr in methanol/
toluene (3:7 v/v), mesosulfuron-methyl in toluene/acetone (7:3 v/v), metolachlor
in toluene, metribuzin in toluene, metsulfuron-methyl in toluene, pendimethalin in
toluene, quizalofop-ethyl in toluene/acetone (8:2 v/v), quizalofop-P-ethyl in toluene,
simazine in acetone, sulcotrione in toluene/acetone (9:1 v/v), and triclopyr butotyl
in toluene/acetone (9:1 v/v). All stock solutions were prepared and kept at —20 + 2°C.
Working mixtures of the examined pesticides (5 g/mL each) and calibration mixtures
of concentration levels 0.01, 0.05, 0.1, and 0.5 g/l were made by diluting suitable
aliquots of the stock solutions with methanol kept at 4 + 2°C.

2.2.2 Spiked samples preparation

The flour and wheat were purchased at the local market. The samples were thor-
oughly ground before being homogenized in an electric mill. In recovery experiments,
wheat and flour samples were spiked with a suitable amount of working mixture
standard solution.

2.3 Extraction procedure

Herbicide residues in wheat and flour were extracted using the QuEChERS
technique for herbicide residue analysis. Initial single-phase extraction of 2 g of
homogenized sample with deionized water in a 50 mL PFTE centrifuge tube, 10 mL
deionized water added, tube closed and shaken vigorously by geno grinder at 500 rpm
for 1 min, and then with acetonitrile in a 50 mL PFTE centrifuge tube, 10 mL acetoni-
trile added, tube closed and shaken vigorously by geno grinder at 500 rpm for 1 min.
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After that, a mixture of Agilent QUEChERs salts and buffers is added to the tube,
which is then closed and rapidly shaken for 1 min at 500 rpm with a geno grinder,
then centrifuged for 5 min at 4000 rpm (3430 rcf). The cleaned extract is filtered
using syringe filters (0.45 m) and transferred to a PP vial after centrifugation. Finally,

the liquid sample was injected into a liquid chromatography-mass spectrometry
(LC-MS/MS) apparatus.

3. Result and discussion

The analysis technique used in this study was created with the goal of detecting
and quantifying as many herbicides as feasible in a single run. When deciding which
herbicides to include, two criteria were used: (1) herbicides registered for crop pro-
tection by local authorities, and (2) searching the literature for commonly studied
compounds. Acidification was used in this method in the form of buffer citrate salt
(trisodium citrate dihydrate and disodium citrate sesquihydrate), which served two
purposes: (1) improving extraction by converting conjugate of some herbicide to neu-
tral form, thereby increasing recovery, and (2) adjusting pH 5-5.5, thereby increasing
herbicide sensitivity. The herbicides were determined using LC-MS/MS with an ESI
source and MRM mode, which offered a highly selective and sensitive technique. All
of the target analytes were ionized to (M + H) * form in the positive mode, according
to the physicochemical parameters of the target. The positive mode was chosen since it
works well for the majority of analytes. Herbicides can be quantified directly using the
LC-MS/MS approach, which does not require any derivatization and requires minimal
cleaning. A QuEChERSs approach was used to design the method for 20 herbicides. The
chromatograms obtained for each compound, as shown in Figure 1, were determined
with sufficient precision and accuracy. The approach was tested on a total of 20 her-
bicides, each with a distinct retention time of 16 min. Although an excellent summary
of the LC-MS/MS methods used for herbicides was offered, it did not cover all herbi-
cides discussed in this study, and only a few studies for determining several classes of
herbicides in wheat and flour in a single multiresidue approach were published.
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Figure 1.
The approach was validated using chromatograms produced by liquid chromatography tandem mass spectrometry
(LC-MS/ MS) with electrospray ionization (ESI) in positive mode and MRM mode for 20 herbicides used in the study.
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3.1 Mass spectrometry study of 20 herbicides

To discover the best precursor, product ions, and operating conditions, 20 herbi-
cides were injected directly into the LC-MS/MS system in 1:1 methanol at a concentra-
tion of 0.1 pg/mL. Table 1 summarizes the precursor and product quantification and
confirmation ion pairs, as well as the declustering potential and collision energies.

3.2 Method validation

The developed method was validated in compliance with the document’s method
validation standards SANTE/2020/12830 document [27].

3.2.1 Linearity of calibvation curves

Plotting the detector response area ratio vs. the concentration of the analytical
solutions at various concentration levels ranging from 0.001 to 0.1 pg/mL established
the linearity of the calibration curve of 20 herbicides. The calibration curves were
prepared using sex levels of calibration standards in the concentration ranges of
0.001, 0.002, 0.005, 0.01, 0.05, and 0.10 pg/mL. Plotting the peak area vs. concen-
tration yielded a calibration curve. According to European guidelines, the analytes
showed linear behavior in the studied concentration levels with a correlation

No. Acidic herbicides Q1 DP Q3 EP CE CXP
1. Atrazine 216.1 82 104 10 37 10
2. Clodinafop (free acid) 312 41 2379 10 33 4
3. Clodinafop-propargyl ester 350 115 266 10 24 10
4. Cycloxydim 3263 61 280 10 19 16
5. Diphenamid 240.1 31 1341 10 25 4
6. Fenoxaprop-P-ethyl ( R- enantiomer ) 3621 71 288.1 10 23

7 Haloxyfop-2-ethoxyethyl ester 434 92 288 10 49 10
8. Haloxyfop (free acid) 362 81 316 10 25 18
9. Imazamethabenz-methyl 289 117 161 10 37 10
10. Imazamethpyr 290 81 177 10 41 18
11. Mesosulfuron-Methyl 504 76 182 10 33 10
12. Metolachlor 284.2 76 252.2 10 21

13. Metribuzin 2151 81 187.2 10 21

14. Metsulfuron-methyl 382 76 167 10 21

15. Pendimethalin 282 88 194 10 25 14
16. Quizalofop-ethyl 373 120 299 10 20 10
17. Quizalofop-P-ethyl 3731 71 2989 10 25 15
18. Simazine 202.2 77 1319 10 27 8
19. Sulcotrione 329 86 111 10 39 10
20. Triclopyr butotyl 356.2 122 2377 10 15 14

Q1: Precursor ion, Q3: Product ion, DP = Decluster Potential [V], EP = Entrance Potential [V], CE = Collision Energy
[V] and CXP = Collision Cell Exit Potential [V].

Table 1.
List of herbicides and MRM parameters in LC-MSMS-ESI positive mode.
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Herbicide R?

Atrazine 0.9961
Clodinafop (free acid) 0.9982
Clodinafop-propargyl ester 0.9963
Cycloxydim 0.9997
Fenoxaprop-P-ethyl ( R- enantiomer ) 0.9986
Haloxyfop-2-ethoxyethyl ester 0.9992
Haloxyfop (free acid) 0.9991
Imazamethabenz-methyl 0.9976
Imazamethpyr 0.9966
Mesosulfuron-Methyl 0.9977
Metolachlor 0.9969
Metribuzin 0.9991
Metsulfuron-methyl 0.9999
Pendimethalin 0.9998
Quizalofop-ethyl 0.9987
Quizalofop-P-ethyl 0.9965
Simazine 0.9995
Sulcotrione 0.9978
Triclopyr butotyl 0.9999

Table 2.

R? values for the 20 herbicides.

coefficient (12) greater than 0.99 as shown in Table 2, indicating that all analytes
were within the acceptable range and the coefficient of variation (CV percent) for
each calibration point was less than 20% [28].

3.2.2 Matrix effect

A matrix effect research was carried out on blank wheat and flour samples using
a conventional herbicide mixture of 20 herbicides. To correct for matrix-induced
suppression in LC-MS/MS, matrix-matched standard calculations were performed at
0.01, 0.05, and 0.1 mg/kg.

The following formula was used to make the calculations:

Matrix effect % = ((peak area STD in matrix/peak area STD in solvent) —1/100).

To compensate for the matrix effect suppression on the results, 450 pL of blank
sample was fortified with 50 pL of 0.5 p g/mL standard solutions to achieve
0.05 pg/mL concentration levels [29].

3.2.3 Quantification limit (LOQ )

The quantitation limit of all of the substances investigated was determined to be
0.01 mg/kg for all of them. The validity of this level has been established in accor-
dance with the SANTE guidelines [28] and EU 396/2005 regulation [22].
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3.2.4 Accuracy and precision

Six replicate spiked wheat and flour samples were analyzed at three distinct levels
(0.01, 0.05, and 0.1 mg/kg) to acquire accuracy and precision. The percentage of the
money recovered ranged from 71-105%. The precision was based on the correspond-
ing relative standard deviations, and the trueness was based on the mean recoveries
(RSD). Table 3 shows the recoveries, means, and RSD percent. Reproducibility
(interday accuracy and precision) was tested over a two-month period at a fortifica-
tion level of 0.05 mg/kg and found to be less than 12%.

4. Conclusion

The current study developed a multiresidue technique of testing for 20 herbicides
with a limit of determination of 0.01 mg/kg, which meets the EU MRLs for wheat and
flour farm goods. Two MRM:s for quantification and conformation were chosen based
on the optimal declustering potential and collision energy, and the mass spectrometric
parameters were tuned to give the best sensitivity. In terms of approved recovery, short
duration of analysis, cheap cost, and safety, the QUEChERS method followed by Exion
HPLC and a SciexQtrap API 6500+ LC-MS/MS system using an electrospray positive
ionization (ESI+) technology was shown to be the optimal combination for determining
the 20 herbicides. Herbicides can be quantified directly using the LC-MS/ MS method,
which does not require any derivatization and requires minimum cleanup with a total
runtime of 16 min. The majority of the chemicals tested had recovery rates ranging
from 71-105%, with relative standard deviations of less than 12%, indicating adequate
precision. Recovery trials on six replicates of spiked blank wheat and flour samples at
0.01, 0.05, and 0.1 mg/kg were used to determine the method’s precision and accuracy.
The developed assay was linear over a concentration range of 0.01-0.5 pg/mL, with a
correlation coefficient of more than 0.99 at the 0.01 pg/mL limit of quantification.
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Chapter?2
Modes of Herbicide Action

Suman Bagale

Abstract

Weed Management is one of the most important crop intervention practice to
counter crop loss. Different physical, mechanical, biological, and chemical methods
are employed for the successful management of weeds. Among these chemical weed
management practices focus on managing weeds using several chemical formula-
tions which are commonly known as herbicides. Herbicides control the weed species
through interference, mitigation, and disruption of the biochemical and physical pro-
cesses of a cell. When herbicides are applied to a plant, it gets absorbed through plant
surfaces and gets translocated to the specific site of action where it produces toxicity
in the physiological and biochemical processes and ultimately check the growth
and development of plant species. The sequential process from the introduction of
herbicides to till it kills a plant is known as herbicides modes of action. The herbicides
modes of action can be studied on nine different headings where the chemical group
present in each herbicide acts on specific sites and interferes with the normal func-
tioning of such sites ultimately checking the growth and development of a plant. This
chapter is aimed at decoding the specific herbicide action in relation to its chemical
family, translocation, action mechanism, and injury produced in the weed species.

Keywords: chemicals, glyphosate, herbicides, herbicide resistance, novel modes

1. Introduction

The global demand for food crops is rapidly increasing with the increase in the
world’s population, on other hand production of crops is constrained by several
factors such as weeds pest, insects, and diseases, among these all weeds are one of the
major factors that can cause loss of productivity of field crops. Weeds are any plants
that are grown in undesirable places and compete with crops plants for nutrients, sun-
light, moisture, and other growth factors. Anything that grows in unintended places
are generally referred to as weeds. According to Gharde [1], weeds are notorious yield
reducer than pests, disease, and insects, which are thought to cause an estimated loss
of 11billion USD in 10 major crops, which causes 31.4% loss in soybean, 30.8% in
green grams, 25.3% in maize, 21.4% in mustard, 18.6% in wheat and 21.4% in direct-
seeded rice. Reduction of crop yield in crops is due to competition between crops and
weeds for space and other growth factors. Yield loss of crops due to weeds depends
on several factors such as weed emergence time, weed density, types of weeds,
competition ability of crops, and if left uncontrolled, they can cause 100% loss in
crop production [2]. The successful and strategic management of weeds can decrease
the yield loss significantly, which can ensure more grain harvest. The management
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of weeds has become one of the most researched aspects in the field of crop science.
In small farm size, it can be managed through hand weeding or mechanical weeding
machines like cono-weeder and weed-roller whereas its management in the large
farms has become a problematic issue. Mostly in the case of commercial cultivation
weeds species are mostly managed by using different pre-emergence and post-emer-
gence herbicides. With the increase in the weed resistance towards these herbicides,
there is a need for weed science research focusing on herbicide resistance and herbi-
cide mode of action. In a study carried out by Heap [2], it was observed a total of 511
unique cases of herbicide resistance belonging to 266 weed species (153 dicot and 133
monocots) have been reported globally out of which major herbicide-resistance weed
species were reported in wheat followed by maize, rice, soybean, spring barley, and
cotton. Herbicide-resistant weed populations are rapidly evolving as the process of
natural selection and development of traits by weeds to escape the action of herbi-
cides. The graphs show that, herbicide resistance has been steeply increasing from

7 cases in 1975 to 509 cases at the end of 2020. The major herbicide resistant traits
were observed in the weed family belonging to Poaceae or grass. The five major weed
families Poaceae, Asteraceae, Brassicaceae, Amaranthaceae, and Chenopodiaceae
account for 70% of total herbicide resistance cases though they only include 50% of
total principal weeds [3]. More weed species are resistant to ALS inhibitors, with the
reported 160 species, which is followed by Photosystem II inhibitors. Glyphosate one
of the most common post-emergence herbicide used as broad broad-spectrum control
of weeds has become less effective due to intensive use of herbicide leading to the
quick emergence of glyphosate-resistant biotypes [4]. Mitigating herbicide resistance
has become one of the most important things to consider during crop production. The
herbicide resistance in plants can be somehow coped with by introducing different
herbicides of the varied mode of action, crop rotation, and using integrated weed
management practices in crops. The successful management of herbicide resistance in
input-intensive agriculture can be combated by diversifying the herbicide products,
cultivating crops with combined herbicide resistance, increasing reliance on pre-
emergence herbicides than post-emergence herbicide, breeding weed-competitive
crop cultivars, and advances in site-specific and precision weed management [5].

The advancement in the field of genetics, plant physiology, chemistry, and plant
science has made open to many researchers to understand the basis and mechanism
of herbicide resistance. Herbicide resistance mechanisms can be target site resistance,
non-target site resistance, cross-resistance, and multiple resistance [6]. The target site
herbicide resistance is due to the mutation in genes encoding herbicide enzymes, non-
target herbicide resistance is due to the reduced amount of herbicide active ingredi-
ents through reduced absorption or translocation. The cross-resistance is due to the
use of several herbicides with the same mode of action and multiple resistance is due
to two or more herbicide resistance mechanisms in response to a sequential selection
of herbicides with a different mode of action. The herbicide mode of action explains
how the active ingredients present in commercial herbicide formulation act on plants.
The mode of action of herbicide is variable based on the chemical composition of
their active ingredients and the weeds species in which they act on. Some herbicides
act on plants through the root system, some act on photosynthesis and photosystem,
and some herbicides are found to act on the cell membrane and enzymatic pathways.
Understanding the mode of action of herbicides is important for the management,
classification, organization, and hierarchy of the herbicides as it also provides an
insight into herbicide resistance, which has become a problem in sustainable agricul-
tural management [7].
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Herbicide enters into a plant system through several different mechanisms. These
acting mechanism differs in between the herbicide in relation to the chemical nature
that is present in the active ingredients of the herbicide. The herbicide mode of action
discusses on the sequence of events from the introduction of herbicide in the environ-
ment till its kills the plant through toxicity produced by the chemicals presents in
the active ingredients of the herbicide, whereas the herbicide mechanism of action
discusses on physiological and biochemical changes caused by the herbicide within
plant system. Understanding the mode of herbicide action helps to relate the chemis-
try of herbicide and the physiology that exists within a plant. The knowledge of act-
ing mechanisms helps to cope with the problem of herbicide resistance and helps to
maximize the efficacy of herbicide during weed management. The study incorporates
the parts of how herbicide gets absorbed in the plant surface and how they act on the
physiology of weed plant and injure them to eliminate them from the competition
with crop species. The knowledge on general chemistry, plant physiology, genetics,
and plant science can help to decipher the roles that lie beyond the herbicide mode
of action. In general herbicides are classified as pre-emergence and post-emergence
herbicides. In pre-emergent herbicide the mode of action is principally through
absorption from root zones, whereas in the case of post-emergent herbicide the mode
of action is mainly through absorption from foliar parts. In general, to acts as an
herbicide on a plant, it must pass through certain sequential stages of contact, absorp-
tion, movement, toxicity, and death of weed species and the mode of herbicide action
to produce injury includes inhibition, disruption, interruption, and mitigation of
regular growth of weed species [8]. The exploration of the mode of herbicide action
is dynamic and new modes of action of herbicide has been constantly adding, which
is helping for the discovery of new herbicide. Based on the site of action of herbicide
and mode of action altogether 22 types of herbicide action have been developed.
Therefore, understanding the mode of herbicide action can substantially help in
understanding the mechanism of herbicide resistance and exploring new strategies to
cope with herbicide resistance. So, the chapter focuses on different herbicide mode of
action in relation to their chemical family, mechanism of action, translocation, and
toxicity. In recent years, a perennial weed of Roegneria genus commonly known as
wild rye, which is widely distributed in China has shown tolerance to ACCase inhibi-
tor herbicides like fenoxaprop, clodinafop and pinoxaden [9]. It was observed that the
ACCase activity were increased by 1.46 and 1.34-fold in wild rye and wheat plant after
72 hours of fenoxaprop treatment than at 0 hrs of treatment as shown in Figure 1. It
was suggested that the enhanced activity of ACCase is due to enhanced metabolism of
herbicide, leading to herbicide tolerance.

2. Lipids synthesis inhibitors

These kinds of herbicides are those which cause disruption in lipid synthesis

and check the growth of plants through rupture of the cell wall and cell oozing. The
herbicide having group 1 site of action falls under these categories, where herbicide
inhibits Acetyl CoA Carboxylase (ACCase) enzyme which is required for fatty acids
synthesis that forms a part of phospholipid bilayer in the cell membrane of plant cells.
The inhibition of (ACCase) enzymes restricts the formation of cell wall in meriste-
matic regions and ultimately kills the plant cell. The (ACCase) inhibitors herbicides
are used for the selective control of weed species, which are found to have resistance
with glyphosate herbicide [10]. The mechanism begins when the herbicide comes in
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Figure 1.
Increase in the enzymatic activity of ACCase with increase in treatment time in wild oat and wheat plant

depicting tolerance to fenoxaprop [9].

contact with plant species and it gets translocated in the meristematic region through
phloem where it inhibits the meristematic activity producing necrotic symptoms in
the growing tissues after one week of application [10, 11]. The chemical family of
this herbicide includes aryloxyphenoxylpropinate, cyclohexanedione, and phenyl-
pyrazole which are applied as post-emergence herbicides to control grassy weeds in
broadleaf crops [11]. The common herbicides include fenoxaprop, fluazifop, diclofop,
quizalofop, clethodim, sethoxydim, and Pinoxaden. These groups of herbicides are
applied through foliar spay and translocated through phloem in meristematic regions.
The major injury includes plants turn brown, chlorotic symptoms can been seen in
the leaves, and vein browning and purpling can be seen after 3-4 days of herbicide
application. (ACCase) inhibitor herbicides are short-lived in soil, relatively low solu-
bility in soil, and used relatively in low rates. They have low leaching potential and
are found to be less hazardous to the environment. (ACCase) inhibitors herbicides are
found to have resistance against 43 grass weeds species [12].

3. Amino-acid synthesis inhibitors

These kinds of herbicide are found to have two sites of action. They belong to
group 2 Acetolactate Synthetases (ALS) that catalases the synthesis of branched-chain
amino acids, such as leucine, isoleucine, and valine. The inhibition of these enzymes
restricts the biosynthesis of these amino acids, which are the essential part of protein
necessary for cell membrane formation. The ALS inhibitors are found to have effect
on the reproduction of some plant species such as inducing male sterility and their
potency, which can act extremely at low concentrations, and the rapid evolution of
resistance to these herbicides in some plants [13, 14]. They are the largest group of
herbicides that are post-emergence selective in nature. The chemical ingredients are
of these herbicides are absorbed through roots and foliage and translocated through
both xylem and phloem. The major injury of ALS inhibiting herbicide includes inter-
veinal chlorosis, purpling and root pruning. The major chemical family includes sul-
phonyl urea, Imidazolinone, Sulfonylurea, and Triazolopyrimidine [15]. The common

18



Modes of Herbicide Action
DOI: http://dx.doi.org/10.5772/intechopen.105356

120

80 4 96.81

Y= 447+ ————rz; R2=0.99, P <0.0001

0.06

40

20

P. aegyptiaca callus biomass (% of control)
2

0 0.01 0.1 1 10

Imazapic concentration (uM)

Figure 2.
The control of callus biomass is more effect in lower concentration than in higher concentration of amino acid
inhibitor herbicide imazapic [16].

herbicides include imazamox, imazapic, imazaquin, imazethapyr, nicosulfuron,
metsulfuron, triasulfuron, chlorsulfuron, rimsulfuron, prosulfuron, pyroxsulam,
diclosulam, and flumetsulam. In a study conducted by Dor [16], the tissue culture
of broomrape was found to be more sensitive to imazapic in which a concentration
of 0.05puM significantly decreased the biomass and a concentration of 10pM caused
blackening of died callus, which suggests that free amino acid content increased with
the increased in the concentration of imazapic as shown in Figure 2.

The second group of herbicides that causes amino-acid synthesis inhibition
are group 9 herbicides, which causes blockade in the production of enzymes from
5- enoylpuruvyl Shikimate-3-phosphate (EPSP) pathway. The enzymes in EPSP
pathway catalyze the biosynthesis of aromatic amino acids like phenylalanine,
tyrosine, and tryptophan. These amino are essential for protein synthesis and the
absence of them causes cell membrane disintegration. The broad-spectrum herbicide
glyphosate belongs to the chemical family which checks the EPSP pathway [17].
Herbicides having this mode of action is non-selective and absorbed through phloem
tissues. They produce major injury in foliage, causing foliage discolorations stunting
and killing the plant ultimately. The growth and development of the plant is check
right after the herbicide application; the major symptoms appear only after a few
days of application.

4. Growth regulators

Growth regular mode of mechanisms of herbicide checks the growth of plant
by modulating the balances of growth hormones and regulators within the plant
system. The herbicide having this mode of action belongs to two different group of
the site of action. Which consists of group 4 herbicides which are generally synthetic
auxins such as 2,4-D. The synthetic auxins imbalance the Indole Acetic Acid level
and causes growth abnormalities in plants and leading plants to ultimate death. The
major chemical family includes Phenoxy, benzoic acids, and carboxylic acids. The
common herbicides in use are 2,4-D, 2,4-DB, Dichlorprop, MCPA, MCPB, Dicamba,
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Distribution of Synthetic Auxin Research from 2011 to 2013. Adapted from Todd [19].

Clopyralid, and Picloram. These herbicides are commonly used to control broadleaf
weeds in plant species, having narrow leaves as post-emergence herbicides [18]. The
action of herbicide is controlled by multiple factors rather than a single factor, which
disturb the nucleic acid metabolism and cell wall integrity. During recent years, the
herbicide efficacy and use of synthetic auxin herbicides has been decreased due to
the problem of herbicide resistance and the evolution of other herbicides. Figure 3
depicts the research status on synthetic auxin herbicides from 2011 to 2019 published
by WSSA [19].

The group of herbicides belonging to the growth regulators mode of action are
chemicals that check the transport of auxin in the meristematic regions. Through
the mode of action of these herbicides remain elusive, the majority of these classes
of herbicide are found to check the bi-directional flow of auxin by inhibiting vesicle
trafficking in plants [20]. The major chemical family of this herbicide are semicar-
bazone which checks the growth of broadleaf weed in grass crops. The herbicide is
absorbed through roots and foliage and they translocate through xylem and phloem.
The application of these herbicide during pre-post emergence gives better control of
broad leaf weeds. They produce injuries in growth and reproduction abnormalities,
leaf malformation, cupping of leaves, abnormal outgrowths of tissues, brittleness in
stem, and stalk.

5. Photosynthesis inhibitors

Photosynthesis inhibitors disturbs the process of photosynthesis by binding with
the specific binding sites in photosystem II present in the chloroplast of plant cells.
Inhibition of photosynthesis could result in slow starvation of the plant and cessation
of starch translocation; however rapid death occurs perhaps from the production
of secondary toxic substances. Herbicides of photosystem II belong to the following
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chemical classes: s-triazines, triazinone, uracil, urea, phenyl carbamates, anilide,
cyanophenols, dinitrophenol, which are classified into three different groups 5, 6,
and 7 on the basis of site of action [21]. The commonly used herbicides having this
mode of action are atrazine, simazine, metribuzin, hexazinone, terbacil, bromoxynil,
bromacil, pyrazone, bentazon, diuron, and linuron. The group 5 herbicides inhibit
photosynthesis by binding within serine in PSII and are absorbed through roots and
shoots and translocated through xylem and phloem, group 6 herbicide inhibits pho-
tosynthesis by binding with histidine, these herbicide acts as post-emergence contact
herbicide, so through spraying of herbicide is recommended. The group 7 herbicides
bind with protein complex present in the thylakoid membrane, which checks the
transport of electron in the Electron transport Chain. The blocking of electron causes
reduced carbon dioxide fixation and production of ATP and NADPH2, which are
known as energy packets of respirations. These herbicide controls both narrow and
broadleaf weeds. The action of these herbicides is greater during the daytime when
there is full sunlight as the herbicide gets activated in presence of light. The herbicides
show symptoms of chlorosis and necrosis of leaf margins which progresses towards
the base of the leaves after a few hours of application.

6. Nitrogen metabolism inhibitors

This mode of mechanism belongs to herbicide of group 10 having site of action
at glutamate synthesis pathway. These herbicide inhibits the production of gluta-
mate syntheses enzymes, which is essential for the conversion of ammonia to other
nitrogenous compounds [22]. The blocking causes the accumulation of ammonia
ions in the plant leading to increase in PH of the surrounding tissues. This causes
protein disintegration, breakage of fatty acids, rupturing of cells, and overall imbal-
ance of ion within cell sap. The major chemical family of herbicides having this mode
of action are Phosphorylated Amino Acids commonly traded in the chemical name
of glufosinate. These are the broad-spectrum, postemergence herbicide having lim-
ited translocation within plant systems so that through spraying of this herbicide is
recommended for maximum efficiency. The major injury produced by this herbicide
is foliar injury in the plant. The injury symptoms are more prevalent in the younger
leaves, in contrast to the deficiency symptoms and plant stress symptoms.

7. Pigment inhibitors

Pigment inhibitors are those herbicides that cause blocking in pigment formation
such as anthocyanins, carotene, retinol, and chlorophyll. These herbicides belong
to group 12 site of action which blocks the enzymatic activity of 4-hydrooxy phenyl
Pyruvate dehydrogenase (HPPD), which plays a role in the synthesis of pigments like
chlorophyll, anthocyanin, and carotene. The another group comprises of herbicides
from group 13, which causes inhibition of determine synthesis that causes inhibition
of synthesis of retinol and degradation of phytin pigments [23]. The major chemical
family of these herbicides includes Pyrazole, Pyrazolone, and Pyridazinone. The com-
monly used herbicides are amitrole, clomazone, isoxaflutole, and mesotrione. The level
of pigments is highly reduced leading presence of unbound lipid radicles which causes
lipid oxidation, make some protein dysfunctional, and ruptures of the cell membrane.
The injury produced by these herbicides is prominent as they show white or bleaching
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coloration right after the application. In prolonged symptoms expression of translucent
leaves, and rapid wilting of weeds species can be seen in the applied area.

8. Cell membrane disrupter

These herbicides interfere with the cell membrane activity, causing them to dis-
tort in their structure and functions. The site of action of these herbicides comprises
of herbicides belonging to group 14, which causes inhibition of Protoporphyrinogen
Oxidase (PPO) enzymes which catalyzes the conversion of ProtoporphyrinogenIX
(PPGIX) to Protoprophyrin (PPX). The accumulation of PPGIX causes interbonding
to form triplet PPGIX which in the presence of light can disrupt the hydrogen bond,
break the bond between fatty acids, and degradation of protein structures. Likewise,
triplet PPGIX can obstruct the biosynthesis of chlorophyll and haeme pigments [24].
The chemical family under this group of herbicides are Diphenyl Ether, Thiadiazole,
Triazolinone, and Trifluro Methyl Uracil, which includes commonly used herbicides
like lactofen, oxyfluorfen, acifluorfen, fomesafen, flumiclorac, and sulfentrazone.

The other group of herbicides, which acts as cell membrane disrupters are chemi-
cal belonging to Group 22, which causes inhibition of Photosystem I during photo-
synthesis. The major chemical family of this group are bipyridylium, which comprises
of commercialized herbicides such as diquat and paraquat. These chemical causes the
diversion of the electron from the PSI and generate herbicide radicals, which on react-
ing with oxygen form hydrogen peroxide and hydroxyls radical that causes the break-
ing of unsaturated fatty acids, chlorophyll, lipids, and proteins in the cell membrane
[25]. These herbicides are post-emergence herbicides that get activated under bright
light and have a contact mode of action. These herbicides are found to control weeds
well under the maturity period too. The major injury system appears in the plant after
1-2 hours of application with evident water-soaked foliage, browning, and necrosis.

9. Seedling root growth inhibitors

These group of herbicides belong to group 3 of the site of action which inhibits the
root development in young seedlings by interfering with the cell wall microtubules.
Due to this mode of action of herbicides they are commonly called microtubules
inhibitors. These chemicals inhibit cell division and cause the blocking of root growth
and extension due to the assembly of herbicide-tubulin complex inside microtubules.
The complex inhibits the polymerization of microtubules disturbing root cell wall
formation [26]. These herbicides are used as pre-emergence herbicides their applica-
tion through direct soil incorporation gives the best result. The chemical family of
these herbicides is dinitroaniline, which is commercialized in the chemical form of
pendimethalin. Other commonly used herbicides include trifluralin, ethafluralin,
cycloate, and butylate. The major injury of this herbicide is swollen coleoptile, swol-
len hypocotyl, callus formation, brittle stem, and formation of short secondary roots.

10. Seedling shoot growth inhibitors

Seedling shoot growth inhibitors are the herbicides belonging to group 8 site
of action, which interfere with the activity of lipid synthesis through chemical
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thiocarbamate. These chemical inhibits the biosynthesis of protein, fatty acids, flavo-
noids, and gibberellins. The other group of herbicides acting as seedling shoot growth
inhibitors is long chain fatty acids inhibitors. These herbicide conjugates with Acetyl
CoA to form thiocaramate sulfoxide which inhibits long-chain fatty acids during
seedling seed growth [27]. The chemical family chloroacetamide, which comprises of
chemical herbicides like alachlor, butachlor, and metolachlor are herbicides belonging
to this mode of action. They are used as pre-emergence herbicides, soil incorpora-
tion of these herbicides give better efficiency. These herbicides are volatile in nature,
which are absorbed through roots and emerging shoots and only translocated through
xylem vessels in plants. The major injury produced by these groups of chemicals are
stunting and enlarged cotyledons.

11. Some novel modes of herbicide action

The problem of herbicide resistance has led the researcher to explore on new
modes of herbicide action. Exploring herbicides with a new mode of action can
potentially be effective for those weed species which are resistant to conventional
herbicides. Several methods are being employed to explore herbicide that acts on
new site of action. Major focus has been put on the exploration of phytotoxic pri-
mary and secondary metabolites such as protoporphyrin IX and sphingoid bases.

The next approach commonly used for the study is identifying the potential site

of action with very low-level enzyme level [28]. The herbicide with the target site,
Dihydrodipiconitae Sythetase (DHDPS), which catalase the first and rate-limiting
step in lysine synthesis is found to be effective in Arabidopsis thaliana conformed by
using high throughout the chemical screen. The class of inhibitors are found to bind
with the novel and unexplored packets within DHDPS, which produces the symptoms
of retarded growth and germination [29]. Another novel herbicide with the chemical
form tetflupyrolimet belonging to Weed Science Society of America (WSSA) group
28 is found to be effective against the control of long-season grass weeds in rice fields.
The herbicide acts on homogentiosata solanesyltransferase (HST) and dihydroorotate
dehydrogenase (DHODH) inhibition [30]. The use of tetflupyrolimet has been under
research on several other crops like sugarcane, wheat, soybean, and corn. The herbi-
cide is expected to launch commercial in the year 2023, especially recommended for
transplanted and direct-seeded rice.

12. Conclusion

Herbicides have become one of the indispensable parts of commercial agriculture
to control the weed species efficiently. The continuous and excessive use of herbi-
cides has evolved the problem of herbicide resistance in many weed species. The
new exploration of herbicide mode of action has provided new insights on the target
action of herbicides and their acting mechanism along with providing solutions for
herbicide resistance. A sound knowledge on the mode of herbicide action help farmer
to select the herbicide based on degree of weed infestation, a suitable method for
herbicide application, and understand the action mechanism involved to check the
growth of weeds in field crops. The study of the mode of action interrelates with the
study of the site of action, active chemical involved, and injury produced by such
chemicals in the growth and development of weed crops which is equally useful for
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herbicide formulation. Hence, from the discussions in this chapter, it is evident that
different herbicides have their own mode of action to kill the field weeds. Knowing
the herbicide mode of action can help for the tactical management of weed species
and cope with the resistance trait that lies within plant species.
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Chapter 3

New Insight in Herbicides Science:
Non-Target Site Resistance
and Its Mechanisms

Ermias Misganaw Amare

Abstract

Managing weeds in crop production, whether in the field, or greenhouse, can
be troublesome; however, it is essential to successful production. Weeds compete
with the crop for nutrients, space, sunlight and also host plant pathogens and insect
pests. The economic impacts of weeds include both monetary and non-monetary. In
Australia, the overall cost of weeds to grain growers is estimated at AUD 3.3 billion
annually. In India, weeds cost over USD 11 billion each year. In the USA, weeds cost
USD 33 billion in lost crop production annually. Herbicide use is indispensable in
agriculture as it offers tool for weed management; however, repeated applications
of herbicides with the same mode of action resulted in the selection of herbicide-
resistant weed populations. Herbicide resistance is a rapidly growing worldwide
problem that causes significant crop yield losses as well as increases in production
costs. Non-target-site resistance to herbicides in weeds can be conferred as a result
of the alteration of one or more physiological processes such as reduced herbicide
translocation, increased herbicide metabolism, decreased rate of herbicide activation.
Non-Target Site Resistance mechanisms are generally more complex and can impart
cross-resistance to herbicides with different modes of action. To date, approximately
252 species have evolved resistance to 23 of the 26 known herbicide modes of action.

Keywords: non-target site resistance, absorption, translocation, metabolism

1. Introduction

Weed is one of the main biotic factors that brings about a significant crop yield
loss since the beginning of agriculture about 10,000 years ago. Weed will cause the
highest potential yield loss to crops. In addition, weeds harbor insects pests, and
pathogens, which attack crop plants. Weeds compete with crops for sunlight, water,
nutrients, and space. Moreover, weeds infest and destroy native habitats, threaten-
ing native plants and grazing lands. Crop yield losses as a result of weeds depend on
several factors including weed emergence time, weed density, type of weeds, type
of crops, soil fertility, etc. Left uncontrolled, weeds can result in 100% yield loss. In
Australia, the overall cost of weeds to grain growers is estimated at AUD 3.3 billion
annually. In terms of yield losses, weed loss amounted to 2.7 million tons of grain ata
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national level [1]. In India, weeds cost over USD 11 billion each year [2]. In India, the
yield losses because of weeds were estimated at 36% in peanut, 31% in soybean, 25%
in maize, and 19% in wheat. In the USA, weeds cost USD 33 billion in lost crop pro-
duction annually [2]. Hence, weed management is one of the most important compo-
nents of cropping systems, which results in significant yield loss as well as increased
cost of production. In the early 1950s, synthetic herbicides revolutionized agriculture
and have been at the foundation of both weed science research and the intensification
and expansion of industrialized agriculture [3].

In developing countries, where farm size is small, weeds management is carried
out by hand removal however as a result of rising labor costs and it is being replaced
by herbicide use. In most developed countries, herbicides are already widely used
to control weeds. However, repeated application of herbicides with similar modes
of action has resulted in the development of herbicide-resistant weeds. Currently,
more than 500 unique cases of herbicide-resistant weeds have been documented
across the globe [4]. The majority of herbicide-resistance weed cases were reported
from the USA (more than 160) followed by Australia (over 90 cases) and the remain-
ing cases are reported from Canada, China, and Brazil. The maximum number of
herbicide-resistant weed species was reported in different crops, including wheat,
maize, rice, soybean spring barley, canola, and cotton [4]. These crops are the most
widely produced food crops as well as the important industrial crops. Glyphosate is
the most traded herbicide across the globe and used for non-selective post-emergence
control of both annual and perennial weeds [3]. This herbicide disrupts the activity of
enzymes including 5-enolypyruvyshikimate-3-phospahate synthase [5, 6].

2. Weed management methods

Managing weeds in crop production, whether in the field, greenhouses, or outdoor
containers, can be troublesome; however, it is essential to successful production.
Weeds not only compete with the crop for plant nutrients, space, and sunlight but
also serve as an alternative host to virulent plant pathogens and notorious insect
pests. The economic impacts of weeds include both monetary and non-monetary. For
example, blackberries restrict human and animal access, harbor pests, reduce pasture
production, impede establishment of plants, and reduce naturalness and biodiversity
[7]. Some of the common weed management practices are explained below. Weed
management activities include preventive/ quarantine, use of cover crops, mowing,
flaming, mulching, solarization, and herbicide application.

2.1 Herbicides

In modern agriculture, herbicide spray are very common and rapid weed manage-
ment method in many crop production areas across the globe. By using herbicides
before weeds emerge, weed competition with the crop can be reduced or eliminated,
resulting in higher yield and fewer labor costs despite ecological disturbance and
health hazards. Herbicides are generally classified according to time of application
to the crops and weed growth stage. Preplant herbicides are applied before planting.
These herbicides are used before the desirable plants are present because some can
control both germinating seedlings and established plants. Pre-emergence herbicides
kill weeds at the seed germination stage. These herbicides are applied before weeds
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emerge. Post-emergence herbicides are applied after the weeds have emerged. Pre-
emergence and post-emergence herbicides may be applied before or after the crop is
planted depending on the crop and the herbicide selected. However, their extensive
utilization across the globe imposes strong selection pressure on resistant weed popu-
lations, threatening our ability to successfully manage weed populations. Herbicide
resistance is a rapidly growing worldwide problem that causes significant crop yield
and quality losses as well as increases production costs. To date, approximately 252
species have evolved resistance to 23 of the 26 known herbicide modes of action,
representing over 161 different herbicides [8].

3. Herbicide resistance

The acquired inheritable trait of plants to survive and reproduce under herbicide
exposure is defined as resistance. The Weed Science Society of America defines
herbicide resistance as the inherited ability of a plant to survive and reproduce
following exposure to a dose of herbicide normally lethal to the wild type. Under
continuous selection pressure, that is, the repeated use of herbicides with the same
mode of action, the resistant weed plants increase in frequency over time, resulting
in the domination by individuals resistant to a particular herbicide. Biological and
genetic factors of weed species, properties of herbicides, and agronomic practices
play a significant role in the evolution and spread of herbicide resistance [8].
Biological characteristics of troublesome weeds, including prolific seed production,
high germination percentage, seed dispersal, and longevity, help to maintain a high
frequency of resistant individuals in the population. Genetic factors, such as natural
mutations conferring herbicide resistance, inheritance of herbicide-resistant genes
in the weed population, and fitness of resistance genes in the presence or absence of
the herbicide, also play an important role in the evolution and spread of herbicide
resistance [8].

Mechanisms of herbicide resistance in weeds can be broadly classified into two
categories [8, 9] (i) modifications in the herbicide target enzyme (target-site resis-
tance; TSR) and (ii) mechanisms not involving the target enzyme (non-target-site
resistance; NTSR). TSR is typically conferred by single major-effect alleles, whereas
NTSR is believed to be conferred by multiple small-effect alleles [9]. The TSR mecha-
nisms largely involve mutation(s) in the target site of action of herbicide, resulting
in an insensitive or less-sensitive target protein of the herbicide. In such cases, TSR
is primarily determined by monogenic traits. Additionally, TSR can also evolve asa
result of the over-expression or amplification of the target gene. TSR mechanisms
alter the amino acid sequence and/or expression level of the target enzyme, reducing
the herbicide’s ability to inhibit the enzyme or requiring a greater herbicide con-
centration to achieve adequate inhibition [10]. TSR to acetolactate synthase (ALS)
inhibitors and acetyl-CoA carboxylase (ACCase) inhibitors, two large classes of
herbicides used to control grass weeds, is the most widely documented mechanism
of resistance [4]. On the other hand, NTSR mechanisms include all mechanisms that
reduce the concentration of active herbicide remaining available to interact with the
target site protein, as well as mechanisms that allow the plant to cope with inhibition
of the target site [10]. NTSR mechanisms include reduced herbicide uptake/transloca-
tion, increased herbicide metabolism, decreased rate of herbicide activation, and/or
sequestration [10, 11] (Figure1).
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Figure 1.
Weeds can evolve vesistance to a herbicide by veducing its absorption, altering translocation and/or sequestration,
or developing rapid necrosis of the foliage via degradation of the active ingredient. Source: [12].

3.1 Non-target site resistance (NTSR) mechanisms in weed species

Mechanisms that can contribute to NTSR are complex and involve several dif-
ferent gene types and families. This molecular and genetic complexity makes the
identification of particular genes involved in NTSR difficult. Recent advances in
this area have identified putative NTSR genes contributing to enhanced herbicide
metabolism [13].

3.1.1 Metabolism-based NTSR

Plants contain large numbers of genes encoding enzymes that perform biochemi-
cal reactions for the synthesis of secondary metabolites and for detoxifying xenobi-
otic compounds (e.g., herbicides) [14]. Herbicide metabolism is the degradation of
herbicide molecules by endogenous plant enzymes. Metabolism-based NTSR involves
increased the activities of enzyme complexes including esterases, cytochrome P450s
(CYP450s), glutathione S-transferases (GSTs), and/or Uridine 5'-diphospho (UDP)-
glucosyl transferasesm [8]. NTSR, if it involves herbicide detoxification by these
enzymes, is usually governed by multiple genes (polygenic) and may confer resis-
tance to herbicides with completely different modes of action [15]. Enhanced rates of
herbicide metabolism in NTSR are, in general, have a three-phase process [12, 16].

Phase I reactions increase the polarity of the herbicide and involve oxidation,
reduction, or hydrolysis, which form free amino, hydroxyl, or carboxylic acid groups
The most common phase I reactions are oxidation reactions carried out by cyto-
chrome P450 monooxygenases (P450s). P450s are a large superfamily of enzymes and
catalyze oxygen- and NADPH-dependent monooxygenase reactions [8, 12, 16].

Phase II reactions are commonly catalyzed by the glutathione S-transferase
(GST) superfamily that is large and diverse. Higher plants have at least 10 different
GST classes, of which the predominant phi and tau classes have broad substrate
specificities and are primarily responsible for herbicide detoxification. GSTs conju-
gate glutathione to oxidized xenobiotics and individual GSTs of several classes are
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key players in NTSR to herbicides. The best-characterized role of GSTs in NTSR is
for the “Peldon” MHR Alopecurus myosuroides populations that are resistant to the
photosystem II inhibitor chlorotoluron and several ACCase-inhibiting herbicides.
The glycosyltransferase enzyme family is also involved in phase II of herbicide
metabolism. Specifically, glycosyltransferases conjugate herbicides directly or
conjugate a sugar molecule to a variety of lipophilic molecules including xenobiot-
ics. Glycosyl transferases have been shown to metabolize many herbicides and have
important roles in conferring tolerance to other abiotic stresses such as salt, cold,
and drought, by modifying anthocyanin accumulation [12, 16].

The third phase of herbicide metabolism involves compartmentalization and
transportation of the conjugated herbicide into the vacuole or extracellular space [17].
The most common transporters in phase III are ABC transporters. ABC transporters
have been shown to transport herbicide metabolites of primisulfuron, glutathione-
conjugated herbicide metachlor, and have potential roles in conferring NTSR to
glyphosate in Conyza canadensis (Figure 2).

3.1.1.1 Acetyl CoA carboxylase (ACCase)-inhibitors

Acetyl CoA carboxylase is a very crucial enzyme, which involves in the formation
of malonyl CoA via the carboxylation of acetyl CoA [8]. Malonyl CoA is needed for de
novo fatty acid biosynthesis, which is essential for plant survival. ACCase-inhibitors
impair malonyl CoA formation in some grass species and ultimately lead to plant
death [8]. Research results found metabolic resistance to ACCase-inhibiting herbi-
cides has occurred on many weed plants including Asia minor bluegrass, barnyard
grass, blackgrass, Italian ryegrass, Japanese foxtail, rigid ryegrass, and wild oat.

In the majority of these cases, enhanced metabolism mediated by CYP450s was
reported. For instance, rapid degradation of diclofop-methyl was observed in rigid
ryegrass populations from Australia. Interestingly, exposure to low doses of diclofop-
methyl acid application is rapidly selected for metabolic resistance in rigid ryegrass.
Moreover, the metabolites produced in these resistant plants were found to be similar
to those in wheat formed via ring hydroxylation and sugar conjugation. This result
suggests that in resistant grasses, the metabolism of ACCase-inhibitors occurs
through a wheat-like detoxification pathway mediated by CYP450s [8].

3.1.1.2 Acetolactate synthase (ALS)-inhibitors

Enhanced metabolism conferring resistance to ALS inhibitors has been docu-
mented in some grass and broadleaf weeds, such as barnyard grass, common water-
hemp, Palmer amaranth, rice barnyard grass, rigid brome, short awn foxtail, and
water chickweed [8]. Numerous studies have also elucidated the molecular basis of
metabolic resistance to ALS inhibitors. Most of the studies have predominantly iden-
tified multiple CYP450 genes that are either constitutively expressed or upregulated.
For example, the mechanism of mesosulfuron-methyl resistance in short-awn foxtail
was studied and two CYP450 genes (CYP94A1 and CYP71A4) were overexpressed
in the resistant plants. In a similar, two CYP450 genes, (CYP81A12 and CYP81A21)
were identified as candidate genes conferring resistance to bensulfuron-methyl and
penoxsulam in rice barnyard grass. Several CYP450 genes mediating NTSR to ALS
inhibitors have been identified in water chickweed, ryegrass, flaxseed, and black-
grass. In addition to CYP450s, involvement of GSTs, GTs, and ATP-binding cassette
(ABC) transporters has also been reported. For instance, in ALS-inhibitor-resistant
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Herbicide metabolized in three phases. (a) Initially, herbicide is subjected to a redox veaction to increase its
hydrophilicity (phase I). This metabolized herbicide is further processed into phase II. Metabolism may be
concluded with the stovage of metabolized compounds (phase III). Sources: [15].

water chickweed, four genes including three CYP450s and an ABC transporter were
highly expressed in all resistant plants [8].

Recently, a new resistance mechanism in weeds has been identified. Glyphosate
resistance is possible through aldo-ketoreductase (AKR)-based metabolism [18],
upregulation of an ABC membrane transporter pumping out glyphosate outside the
cell [19], and programmed cell death causing rapid necrosis [20]. Similarly, 2,4-D
resistance due to either CYP-450-based metabolism [21], a double point mutation [22]
or 9-codon deletion in an auxin transcriptional repressor [23], or rapid necrosis [24]
has also been reported. These recent findings depicted that herbicide selection for
many survival mechanisms will occur and increase the chances for plants to harbor
multiple resistance mechanisms.

3.1.1.3 Photosystem II (PSII) inhibitors

The PSII complex is located within the thylakoid membranes of chloroplasts and
contains two proteins, D2 and D1 [25]. PS-II inhibitors act by competitively bind-
ing to the plastoquinone binding site (QB) on the D1 protein in the PS-II complex
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of the chloroplast. Once a PSII-inhibiting herbicide binds, it blocks the transfer of
electrons from plastoquinone QA in D2 to plastoquinone QB in D1, which prevents
CO2 fixation and production of ATP and NADPH. Blocking electron transport leads
to the production of reactive oxygen species (ROS), which destroys cell integrity [15,
25]. Some herbicide chemical groups such as triazines, triazinones, and ureas inhibit
Photosystem II [15]. Till now, 74 weed species have been reported to develop resis-
tance to PS-II inhibitors across the globe, through both TSR and NTSR mechanisms
[25]. NTSR to PS-II inhibitors have been reported in many weed species including
bluegrass, common ragweed, common water hemp, Palmer amaranth, and wild
radish. The metabolism of PS-II inhibitors was catalyzed by increased activity of GST
enzymes and/or CYP450 enzymes [25].

3.1.2 Reduced herbicide absorption

To be effective, herbicides must be absorbed into cells of plants through the roots,
in the case of soil-applied herbicides, or from the leaves in the case of foliar-applied
herbicides. During herbicide application, herbicide droplets must land on the leaf
surfaces and overcome a number of barriers before cellular uptake. This passive
process largely depends on leaf surface characteristics, herbicide chemical properties,
and their interactions. Herbicide absorption from cellular uptake, where absorption
is the process of overcoming the physical barrier of leaves (i.e., cuticle) before the
herbicide reaches the apoplast, and uptake is the movement of herbicide from the
apoplast into plant cells. Herbicide-resistant weed populations exhibit reduced herbi-
cide absorption, characterized by a reduction in the penetration via the cuticle before
reaching the epidermis, whereas cell walls do not pose a significant resistance to
cellular uptake. Reduced absorption is not a common NTSR mechanism; however, it
has occurred in both dicots and monocots to some herbicide groups such as synthetic
auxins and 5-enolpyruvylshikimate-3-phosphate synthase inhibitors [15].

Differences in root absorption of herbicides between species have been associated
to root morphology differences. There are no cases of evolved resistance to soil-applied
herbicides due to reduced root absorption [26]. Differences in foliar absorption of
herbicides between weed plants have been highly associated with leaf anatomical
structure than biochemical differences [10]. Differential foliar absorption of herbi-
cides between species was directly linked to differences in cuticle thickness and/or
composition; however, the number and/or structures of leaf features such as trichomes
and hairs have also been involved. For instance, Hirsute leaves are covered with hairy
trichomes that can retain spray droplets better than smooth, hairless, or glandless
cuticles, hence facilitating absorption. Other leaves have lysigenous glands involved in
the production and storage of oily secondary metabolites that can compartmentalize
lipophilic herbicides, preventing them from reaching their site of action [26].

Decreased absorption is uncommon NTSR mechanism; however, it has been
reported with the resistance of common sunflower to imazethapyr and chlorimuron,
prickly lettuce to 2,4-D, annual bluegrass to atrazine, and L. multiflorum to glypho-
sate. No differences were found in cuticular wax amount per unit area of leaf surface
between two biotypes of L. multiflorum with a threefold difference in glyphosate
susceptibility and reduced absorption in the less sensitive biotype. When reduced
absorption is implicated, it is most often only one contributing factor to the overall
resistance mechanism. For example, resistance to glyphosate in A. tuberculatus
biotypes was due to both reduced absorption and a herbicide resistance allele of the
glyphosate enzyme target EPSPS [12].
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3.1.3 Reduced translocation and sequestration

Many foliar-applied systemic herbicides rely on translocation through the phloem.
These herbicides must overcome the cuticle barrier and enter the cells of mature
source leaves (symplast). This transport can involve active and/or passive diffusion
processes [12]. Once inside the symplast, systemic herbicides translocate from source
leaves to younger sink leaves via the phloem [16]. Herbicide resistance due to reduced
translocation occurs when the herbicide is contained in source leaves and prevented
from translocating to young leaves. Mechanisms that trap the herbicide in source
leaves (e.g., through sequestration within vacuoles of leaf trichomes) or prevent its
normal movement to the growing points across membrane barriers (through altered
activity of active membrane transporters) will reduce the total amount of herbicide
translocated, thus conferring resistance [12]. Therefore, alterations of translocation
patterns can lower herbicide efficacy. Herbicide resistance as a result of reduced
translocation has been observed in grass weed species, such as Lolium spp. [15].
Reduced translocation of glyphosate is the most common type of NTSR mechanism
[27]. In these plants, the amount of glyphosate delivered to the meristems is lower
than what is essential to be toxic to the weed plant. Reduced glyphosate translocation
was first recorded in glyphosate-resistant Lolium rigidum, less glyphosate translocated
to the meristems, relative to glyphosate-susceptible L. rigidum [28]. Glyphosate-
resistant C. canadensis had reduced translocation [27]. This is due to differences in the
cellular distribution of glyphosate and subsequent phloem loading and translocation.
In these biotypes, glyphosate enters the source leaves normally; however, it cannot
translocate to the meristems because it is rapidly sequestered within the vacuole [29].
Vacuole sequestration activity is temperature-dependent, with less sequestration
observed in C. canadensis under lower temperatures (Figure 3) [30].

Vacuole

iy

transporter @

WP Herbicide @b Target-site

Figure 3.
Reduced herbicide translocation due to vacuolar sequestration. Source: [15].
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4, Conclusion

Managing weeds in crop production, whether infield, greenhouses, or contain-
ers, can be challenging and costly practice; however, it is essential to successful
production. Weeds not only compete with the crop for plant nutrients and sunlight
but also host plant pathogens. Herbicides are used in many crop production areas as
an economical option to control weeds. By using herbicides before weeds emerge,
weed competition with the crop can be reduced or eliminated, resulting in higher
quality yield and less labor costs. However, their extensive utilization across the
globe imposes strong selection pressure, which results in resistant weed population
development. Herbicide resistance is a rapidly growing worldwide problem that
causes significant crop yield loss and increases production costs. The most common
herbicide resistance form is target-site resistance and non-target site resistance.
Non-target site herbicide resistance is complex and involves several different gene
types and families. This molecular and genetic complexity makes the identification
of particular genes involved in NTSR difficult. Non-target site resistance mechanisms
include reduced herbicide uptake/translocation, increased herbicide metabolism,
decreased rate of herbicide activation, and/or sequestration. Lack of new herbicides
in the market makes utilization of already available herbicides inevitable. Therefore,
it is very imperative to integrate various weed management practices to curve a rapid
increase in non-target site resistance development. It is equally important to reduce
application of the same kind of herbicide over time to overcome resistance to weed
population establishment.
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Abstract

Frequent and intensive use of similar modes of action herbicides increases
selection pressure resulting in nature adapt and a number of herbicide-resistant
weeds. The most effective methods to prevent and delay herbicide-resistant weeds are
herbicide tank mixture and adjuvant mixed herbicides. This chapter intends to explain
the advantages of herbicide tank mixture and adjuvant mixed herbicides. In addition,
the models of estimated herbicide mixture interaction response have been explained.
Although herbicide mixtures have benefits, they may present risks leading to soil
pollution and affecting soil fauna such as earthworms. Therefore, we discussed the
negative effect of mixture herbicides on Eisenia fetida. On the other hand, various
models to calculate mixture herbicide toxicity on earthworms will be present in this
chapter.

Keywords: adjuvant, chemical control, earthworm, estimated model herbicide
mixture

1. Introduction

Heavy reliance on herbicides has increasingly raised environmental concerns
[1-3]. The selection pressure of herbicides resulted in nature adapting and eventually
developing herbicide-resistant and tolerant weeds biotype [4-7]. The most effective
tool to inhibit, delay, or control herbicide-resistant weeds is to substitute herbicides
with different modes of action [8, 9]. But numerous studies have been conducted that
simple switches do not delay the evolution of resistant weeds [10, 11]. Previous
studies have shown that combining multiple herbicide modes of action in tank mix-
tures is more efficient in managing weeds [10, 12]. Mixing various modes of action in
the mixture can control resistant weeds via broadening the selection pressure by
targeting multiple metabolic pathways and delaying the evolution of herbicide-
resistant weeds [13]. Ideal herbicide mixtures have proven beneficial over using a
single herbicide in improving control and broadening the weed control spectrum
[14, 15]. It contains active components with the same persistence and spectrum of
controlled weeds but through a different mode of action [16]. Tank mixing increases
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in a spectrum of controlled weeds or an extension of weed control over a more
extended period, which reduces production cost by saving time and labor, reduces the
number of machine entrances into the production area, fuel consumption, water use
to prepare the solution, and hours spent. This leads to lower soil compaction by
eliminating multiple field operations. Crop safety is improved by adopting a combi-
nation of selected herbicides with minimum doses rather than a single high amount of
one herbicide. The soil residues of persistent herbicides were decreased following the
application of the minimum levels of such herbicides [17]. It is presupposed that
herbicide tank mixtures with two or more herbicide partners behave and act inde-
pendently so that the presence of each one does not affect the activity of another or
may significantly modify the biological behavior of every herbicide in the mixture.
Regarding the herbicide tank mixtures, the activity of the applied combination can be
easily predicted as the sum of the activities related to each herbicide when applied
separately.

In some cases, the interactions often result in declining or enhancing the activity
of the combined herbicides compared with the sum. Practically, the herbicide
combinations exhibit more activity on target weed species and less on crops (higher
selectivity). However, the prediction of this issue is difficult since the behavior of each
herbicide in the mixture is mainly influenced by the presence of the other(s), and the
mixture activity may significantly vary depending on plant species, growth stage, and
environmental conditions. Multiple herbicides applied in the mixture have three
types of herbicide interaction: additive/neutral, synergistic, or antagonistic [18-20]
(Figure 1). Synergism is favorable when two or more herbicide mixtures perform
rather than the herbicides applied alone. It allows a lower application rate or fre-
quency of herbicide treatment [22], but finding a new synergy remains challenging. In
contrast, an antagonistic response is an interaction of two or more herbicides such that
the effect, when combined, is less than the predicted effect based on the activity of
each chemical applied separately. Antagonism is 2-3 times more common than syn-
ergy, especially when herbicides from different chemical families are combined [21].
Sometimes, synergism can be hypothesized based on mechanistic assumptions, as was
done by [23], who predicted the synergism between glufosinate and protopor-
phyrinogen oxidase inhibitors and confirmed it experimentally; but generally,
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Figure 1.
Schematic isobologram for additive, synergism, and antagonism vesponse of herbicide interaction
(EDs, = herbicides doses, applied singly or in the mixture for 50% weed control) (modified from [21]).
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synergies are not predictable. A synergistic herbicide mixture for one species can also
be antagonistic or additive for another species [24]. Thus, herbicide synergies appear
to be rare and unpredictable. An additive/neutral response occurs when the observed
response of two jointly applied herbicides is statistically similar to the expected value
of the mixture. The interactions in herbicide mixtures can occur before, during, or
after utilizing the mixture, the mechanisms of which can be broadly grouped into
biochemical, competitive, physiological, and chemical categories [25]. This chapter
aims to explain the importance of herbicide mixtures for weed control and to clarify
the models to estimate combined herbicides’ effects. Meanwhile, discusses the risk
assessment of herbicide mixtures on the earthworm population.

1.1 Models used to estimate mixture herbicide interaction

The use of isobologram could determine the synergism and antagonism response
of the mixtures [26]. Isobologram is a two-dimensional graph. There are two dose
axes, x and y, in the mixtures. Herbicide A is the dose on the x-axis, and herbicide B is
the dose on the y-axis. The mixtures follow the additive response when mixtures do
not interact and present straight lines, and the analysis of this mixture is based on the
additive dose model (ADM) [27]. The mixtures may interact, and the performance of
combined herbicides is greater than that of herbicides applied alone. So, herbicides are
more effective than expected and followed synergism. It means using a lower dose of
combined herbicides to provide the same effect as herbicides applied alone. In con-
trast, if the efficacy of the herbicide mixture is less than that applied alone, then they
show antagonism [26].

The reference model uses to determine synergism, antagonism, and additive
response in the mixtures. Any consistent model must relate biological response to the
doses of two or more herbicides. Choice of the reference model is crucial as the
different models may produce different conclusions. The two most frequently
referenced models in the study of joint action will be referred to as the additive dose
model (ADM) and the multiplicative survival model (MSM) [28]. ADM assumes
additivity of doses, i.e., that one herbicide can be replaced, wholly or partly, by
another herbicide at equivalent doses. In contrast, MSM assumes that the expected
efficacy of herbicide mixtures can be calculated by multiplying the percent survivals
of the individual herbicides. Hence, a fundamental difference between the two models
is that ADM considers dose rates, whereas MSM considers effects. Both dose addition
and independent action should be helpful to approximations for defining the
predicted response in the absence of herbicide interactions. A widely known charac-
teristic of the ADM is that, for mixtures of two components, when the response
surface predicted by the model is plotted against arithmetic scales of the component
doses, the contours of equal response (i.e., isobols) are straight lines. At any particular
level of response, the relative potency of the components when acting alone estab-
lishes scales of equivalent doses. In terms of this effective-dose (ED) scale, if one
component of the mixture is replaced, wholly or in part, by the other, the predicted
response is unchanged. By contrast, the MSM does not generally give straight-line
isobols. The distinction between the ADM and MSM has not consistently been
recognized, and different analysis methods have been confused with other models.

A third reference effect, effect addition, has been proposed, although it predicts
implausible effects under certain realistic conditions [29, 30]. Therefore, it is unlikely
to be helpful in practice. Likewise, the evaluation of adjuvants does not elicit any
antagonistic or synergistic effects since there is no comparison with a reference effect,
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and it is the only so-called enhancement or potentiation effect [30]. There are various
types of herbicide mixtures, experimental designs, and used models. A single-dose
factorial design and multiple-dose factorial design are two main groups.

1.1.1 A single-dose factorial design

Two factors are involved in fixed-dose or single-dose experimental design. The
first factor is several herbicides (two herbicides), and the second factor is dose with
two levels (dose 0 and a nonzero dose). Overall, four treatments result in this design:
control (dose 0 of both A and B) (Eg), a nonzero dose of A and dose 0 of B (E,), dose
0 of A and a nonzero dose of B (Eg), and a single mixture dose corresponding to
nonzero doses of both A and B (E,p) [31].

Two nonzero doses justify certain model assumptions despite playing no role in the
subsequent derivation. Thus, the doses should be carefully selected since any claim
about an antagonistic or synergistic effect is only valid for the chosen doses. Syner-
gism or antagonism can influence dose selection so that the use of a full recommended
dose of each pesticide may mask potential synergism when trying to detect synergism
for two highly effective herbicides. In this case, pesticide dose reduction (e.g., by
50%) is a common solution. The statistical analysis of 2 x 2 factorial design is based on
the ordinary or linear mixed two-way Analysis of Variance (ANOVA) model
depending on the experimental design [32]. It is assumed that fitting the two-way
ANOVA model leads to the four estimates of Eg, Ea, Eg, and Eag. In this regard, the
subscript O refers to the control, A and B are considered as the separate effects of A
and B, respectively, and AB indicates their combined effect. Regarding the ordinary
two-way ANOVA, the estimates are simple treatment means for each group, while the
weighted mean for the linear mixed one. Comparing Eo, E4, Eg, and E5p through
pairwise comparisons does not demonstrate any antagonistic or synergistic effects
after fitting a two-way ANOVA model. An antagonistic or synergistic effect may be
reported where there is none. Further, the estimates can be used to derive the
predicted effect under the assumptions of dose addition and independent action.

1.1.1.1 Dose addition

The reference effect (E,q4) under the assumption of dose addition is defined as
follows [33]:

E.aq = (Ea — Eo) + (Ez — Eo) (1)

The definition in Eq. (1) may be justified as reflecting dose addition (even though
effects and not doses are added up) by supposing linear dose-response relationships
for the two pesticides [32]. Given the availability of only a single nonzero dose for the
two pesticides, it is not meant to assume any nonlinear dose-response relationships.
However, a linear dose-response relationship may often be assumed as a local
approximation to the true nonlinear relationship. This assumption can be justifiable if
amounts were chosen as the effective doses, which are not too extreme since the dose-
response relationship within a restricted dose range may be supposed to be approxi-
mately linear. Particularly, let ya = ag + baxs and yg = ag + bgxp denote the simple
linear regression equations for the two pesticides with the response values of y, and
ys, as well as the doses of x5 and xg, respectively. Then, the reference effect E,qq is as
follows:
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E.aa = (a0 +baxa—ao) + (a0 + bexg—ag) = baxa + bpxp (2)

representing that the sum of effects is equal to that of doses after appropriate
scaling [34]. Each antagonistic or synergistic effect can be defined as the difference
(Dpa) between the observed response (expressed as the difference from the control)
and predicted effect (Eq. (1)). Especially, the difference is considered as follows:

Dpa =Eag — Eo — Eaqa = Eag —Eo — (Ea — Eo + Eg — Eo) = Eap — Ea — Eg + Eg
3)

Based on the definition of difference Dp, in Eq. (3), the values significantly larger
and smaller than zero exhibit a synergistic and an antagonistic effect, respectively.
Testing the null hypothesis of no antagonistic or synergistic effect corresponds to
testing for no interaction in a standard two-way ANOVA model. Regarding reporting,
the difference must be accompanied by the corresponding standard error or 95%
confidence interval to allow for the uncertainty attached to the estimate.

1.1.1.2 Independent action

The reference effect (E;,q) under the assumption of independent action is defined
as follows:

Ey — Ey4 Ey—Ep E4.Ep E,.Ep
Eiq=Fo (1— 1— —E — 4
¢ ( Eo ) < Eo ) 0<EO-E0> Ey )

as rephrasing in terms of the parameters in the two-way ANOVA model [35].
Similar to the dose addition, the reference effect only involves the three estimates
corresponding to the control group (Eo) and the two separate effects of pesticides A
and B (E, and Eg, respectively). In contrast to the definition of dose addition in
Eq. (4), which only includes contrasts (i.e., the differences relative to the control), the
definition in Eq. (3) relies heavily on the absolute level of the control group (Eo).
Furthermore, any antagonistic or synergistic effect may be expressed as the discrep-
ancy between the observed and reference effect under the assumption of independent
action in the same way as for dose addition. The difference (D;,) is defined as follows:

)

Ey .E
DIA:EAB_Eind:EAB_( g B)
)

The difference Dy, significantly below or above zero demonstrates an antagonistic
or synergistic effect, respectively. The difference should be reported with the
corresponding standard error or 95% confidence interval, which can be obtained by
using the delta method. The delta approach is a statistical technique for estimating the
standard errors of derived parameter estimates (i.e., the parameters that do not
explicitly feature the model parameterization) [18].

1.1.2 Multidose factorial designs

The multidose design is similar to the single-dose one except that a dose range is
selected for one or both pesticides, and mixture doses are obtained based on a com-
plete or incomplete two-way factorial design (Figure 2). The statistical modeling
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Figure 2.

Factorial and fixed-vatio designs for binary mixture experiments (black and light-gray points illustrate fixed-/
single-dose and multidose factorial designs, vespectively. The dark-gray lines reflect the rays in a fixed-ratio design
with five rays. In addition, three mixtures (virtual proportions of 25:75, 50:50, and 75:25) and two degenerate
mixture rays are observed for the individual pure pesticides (virtual proportions of 100:0 and 0:100). The dark-
gray points vepresent the amounts selected along the rays. The doses for the factorial and fixed-ratio designs hardly
overlap [33].

approach outlined for single-dose designs can be simply applied in multidose

designs by analyzing one mixture dose at a time in the separate statistical analyses
corresponding to fitting two-way ANOVA models. A multidose design can be consid-
ered as a collection of single-dose designs, and a design involving multiple mixtures in
single doses can be analyzed in the same way. However, this method may or may not
imply the suboptimal use of data depending on the type of response and experimental
design. Fitting a simultaneous model and borrowing strength across mixture doses
may improve the analysis in some cases [36].

1.1.3 Single-ray fixed-ratio designs

The single-ray mixture fixed-ratio design consists of several mixture doses so that
the two individual herbicides contribute to doses in a constant ratio (in a single ray),
which may be specified in terms of so-called actual or virtual proportions. Further, the
design involves the two rays corresponding to the individual, pure pesticides, utilized
in several doses. Determining total mixture doses is an important preliminary step in
planning a fixed-ratio mixture experiment. These doses can be used for subsequent
dose-response modeling. Ideally, this step requires prior knowledge about effective
doses. Therefore, it is assumed that EDsga and EDsgp are available from the previous
experiment. The resulting relative potency of pesticide B relative to A is denoted p
(=EDspp/EDsoa). For a given mixture fraction f € [0, 1], which is respectively related
to virtual (mixture) proportions f and 1 — f, the corresponding actual mixture pro-
portions f, and f3 (the relative potency of the pesticides A and B) can be calculated as:

fa =S EDsoa/(f EDsoa + (1 —f)(EDsog) (6)

fB =1 — fa. This approach for extracting the actual mixture proportions is referred
to as Hewlett’s criterion, which is optimal compared with the other methods [31]. For
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instance, if the EDsq values of herbicides metribuzin and flumioxazin are respectively
equal to 17 and 153 pg cm™? in a preliminary experiment, then, a virtual 50:50 mixture
(f = 0.50) corresponds to an actual 10:90 mixture by using Eq. (6) (with the actual
mixture proportions of 0.10 and 0.90 for metribuzin and flumioxazin, respectively).
The EDsq value under the assumption of dose addition, EDsg,qq (expressed as a total
dose), can be obtained by using either actual or virtual mixture proportions as EDsoa/
(fa +fp) =fEDsoa +(1 — f) EDsop [34]. Based on the actual proportions fa and fg, the
doses of A and B in the mixture can be respectively recovered as faEDsg.4q and
f8EDsp.44 (they are needed for the practical application of the mixture). The resulting
EDsp.4q and corresponding doses A and B are typically used to derive a dose series
through repeated twofold decreases and increases [37]. The number of doses should
be guided by the same considerations utilized for the ordinary dose-response curves of
single pesticides. Additionally, no preliminary experiments are carried out in some
cases. As an approximation, the relative potency can be estimated from the dose-
response data for pesticides A and B, obtained as a part of the ongoing mixture
experiment. However, it should be noted that the resulting doses for the mixture are
partly based on the estimates (which are based on the response data). The uncertainty
in these estimates is ignored in a standard statistical analysis. The data of three dose-
response curves can be used to assess synergistic and antagonistic effects on the dose
scale [38]. The presence of a shared control group (for dose 0) in dose-response
curves is an important prerequisite. This assumption is usually ensured by the exper-
imental design. It implies an indirect standardization relative to the control, which is
not unlike the use of differences relative to the control in the case of factorial designs.
A joint dose-response model should be fitted for continuous response data, while
dose-response models may be separately fitted for each ray concerning binomial and
count response data.

1.1.3.1 Dose addition for fixed-vatio designs

Three scenarios are distinguished depending on how similar or dissimilar the dose-
response curves are assumed. The assumptions have profound implications on how to
evaluate antagonistic and synergistic effects.

1.1.3.2 Identical lower limits and slopes: dose-response models

That imposing shared lower and upper limits and slopes for all three dose-response
curves often referred to as parallelism have been used for a long time. These models
involve only a single parameter for the common lower and upper limits, slope, and
three parameters for the EDso (one for each curve). Accordingly, there are a total of
six model parameters. Under the assumption of dose addition, the estimated mixture
EDso (EDsg.44) can be calculated by the linear combination of the EDsg values esti-
mated for individual pesticides as [33]:

EDs0ada =f EDsga + (1 —f)EDsgp (7)

by using the virtual proportions f and 1 —f [39]. It is important to realize that
EDsga4q is a derived estimate and consequently is determined with uncertainty like
other estimates. Further, Eq. (7) is equivalent to the commonly shown but less intui-
tive equation for dose addition in terms of so-called toxic units [33]:
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f AEDs0add +fBEDSOadd _ Xp Xp

X Xy 8)
EDsga EDsop EDsos  EDsgp

where x4 = fAEDs0,44 and xp = fgEDsga44 are respectively considered as the total
doses of pesticides A and B in proportions f, and f, leading to an effect corresponding
to ED50,44. In the following, Eq. (8) is only utilized because of offering a much more
direct interpretation of dose addition [39].

Fitting the dose-response model(s) results in estimating EDsga, EDsgp, and
EDsomix (expressed as total doses). Furthermore, both a difference and a ratio may be
used to examine departures from the assumption of dose addition. In any case, the
corresponding standard error or 95% confidence interval should be reported, the first
of which can be computed by employing the delta method. Particularly, the definition
of the difference is as follows [33]:

Dpa = EDsomix — EDsgadd (C)]

An estimated difference significantly more or less than zero reflects an antagonis-
tic or synergistic effect. It is worth noting that EDsg,4q and EDsopix, Which do not
incorporate the uncertainty of both estimates, should not be compared [40]. The
ratio, combination, or interaction index is defined as follows [32]:

ED mix
Rpa = X (10)

where a value significantly larger than 1 illustrates an antagonistic effect, while a
synergistic effect is detected when a value is significantly lower than 1. The use of
arbitrary cutoffs such as Rpy < 0.8 and > 1.2 is not enough for declaring synergism or
antagonism, respectively, since the variation in Rpj, is ignored entirely. The utilization
of a difference in terms of logarithm-transformed estimated EDs, values corresponds
to the application of ratio Rpa. These difference and ratio respectively expressed by
Egs. (9) and (10) need not lead to the same results because of using various approx-
imations while calculating the corresponding standard errors based on the delta
approach.

1.1.3.3 Identical lower limits but varying slopes

In log-logistic and Weibull dose-response models, the approximations of estimates
for the slope parameter b and parameter e (EDs in the log-logistic one) have recently
been established by supposing dose addition [41]. The approximations can be com-
pared with the parameters estimated for the fitted dose-response curve of the mix-
ture. Regarding the log-logistic model, this approach provides a framework for
comparing the observed EDs, for the mixture with the predicted EDs, under this
assumption. The approximation of EDsq coincides with Eq. (7) for the identical slope
scenario. In addition, a slight difference is observed in the approximations for the
identical and varying slope scenarios [42]. Thus, varying slopes may not warrant a
different analysis than for the earlier case of identical slopes and lower limits when
interest lies in EDsg. In other words, Egs. (7), (9), and (10) may still be applied for
assessing synergistic and antagonistic effects. However, a different definition of ref-
erence effect under the assumption of dose addition may be required for varying slope
scenario if interest is in other effective doses [42].
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1.1.3.4 Varying slopes and varying lower limits

The varying lower limits may be caused by the lack of absorption or solubility,
complicating the evaluation of synergistic and antagonistic effects. For example, the
assumption of dose addition needs to no longer correspond to the linear relationships
between effective doses (Eq. (7)) [43]. A crude approximation is obtained by suppos-
ing identical limits, which should be flagged during use. The literature has proposed
several approaches for handling varying lower limits or relevant varying upper limit
scenario. Further, many generalizations of existing dose-response models have been
suggested [44], often involving highly nonlinear regression models or additional
assumptions to present suitable predictions. However, the generalizations are not yet
readily available to practitioners. The estimation and quantification of departure from
the reference effect remain difficult. The utilization of an absolute effect level, which
is separately reached for both pesticides, can be addressed as an alternative. The
corresponding (relative) effective doses need not correspond to (relative) EDs,
although they are defined independently of the lower limit (as if the lower limit is zero
for both pesticides). This approach can provide a viable solution in pesticide science
since the control (dose 0) mostly corresponds to the highest response level. Differing
lower limits often occur for relatively high doses. The procedure previously described
for the case with identical slopes and lower limits can be employed in the case of
selecting the appropriate absolute effect level. However, the definition of the effective
dose under the assumption of dose addition may not be straightforward for the
varying slope scenario.

1.1.4 Independent action for fixed-ratio designs

In analogy with Eq. (4), the dose-response function for the mixture fi,q under the
assumption of independent action is defined from the dose-response functions f and
f3 for individual pesticides as finq:

_fA(x) fB(x)

. =" 7 11
fmd (X) fA(o) ( )

for any dose x. The denominator can be the mean response level at dose zero for
each of the two individual pesticides, which should have the same upper limit by the
assumption. In many applications, in which the response values are pre-standardized
against the control [45], Eq. (11) reduces to simply being the product (e.g., standard-
ization means f5 (0) = fg(0) = 1in Eq. (11) fina:

fina(®) =fa(x) - fp(x) (12)

With respect to mathematical form, the function f;,4 expressed by Egs. (11) or
Egs. (12) is not the same as the model functions f4 and f3 for individual pesticides.
Accordingly, log-logistic models for individual pesticides do not imply a log-logistic
model under the assumption of independent action. However, the upper limits of
function fi,g and two individual functions are identical [41]. Furthermore, the lower
limit of find equals zero if one of the model functions f and fg has a lower limit of zero.
The entire estimated dose-response curve for the mixture. The entire estimated dose-
response curve for the mixture can be compared with the predicted dose-response
curve under the assumption of independent action obtained from Egs. (11) or Egs. (12)
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through visual inspection or statistical tests such as two-sample t-tests or nonparamet-
ric equivalents (comparing fitted and predicted values dose by dose) [46]. The statis-
tical methods suppose the independence between fitted and predicted values, so they
are not entirely appropriate. In other words, the assumption of independent action is
amenable for predicting, not for quantifying antagonistic or synergistic effects in
terms of mean departures from the reference effect in the fixed-ratio ray design.

1.1.5 Multi ray fixed-vatio designs

In the case of an experimental design with multiple mixture rays (Figure 2), the
earlier methods for the identical and varying slope scenarios for ED50 may still be
implemented, repeating the analysis for each mixture ray. Since these separate
analyses share the same control group, some overlaps are detected in the used data,
although they may be acceptable [47].

1.2 Review of research on the effects of herbicides mixtures on weeds

We note in this section several research results that concluded additivity, antago-
nism, and synergism effects on weeds.

One of the most common herbicide mixtures is different graminicides with broad-
leaf herbicides mixture to broaden the weed control spectrum. The postemergence
application of various graminicides in a mixture with one or more broadleaf herbi-
cides often results in reduced efficacy of graminicides [48]. Antagonistic interactions
are probably due to morphological and physiological differences between grasses and
broadleaf weeds. Broadleaf weeds have meristems at the top of the plant, whereas
grasses have them at the base. On the other hand, this difference affects absorption
and mainly translocation of the foliar-applied herbicides, particularly the systemic
ones that are translocated and accumulated at the meristematic tissues of the plant
where they act. The herbicide amount translocated to its site of action can be declined
by the presence or concomitant translocation of another herbicide into the plant [48].
Increasing the ratio of graminicide to broadleaf herbicide in a mixture can alleviate the
antagonism of the graminicide [49]. Historically, ACCase inhibiting herbicide antag-
onism has been observed when applied in a mixture with broadleaf or sedge herbi-
cides, such as ALS inhibiting herbicides and photosystem II inhibiting herbicides
[19, 50]. Research by [19] showed that quizalofop (120 g ha ') mixed with the full
labeled rate of halosulfuron at 53 g ha™" could result in an antagonistic interaction for
weedy rice and barnyardgrass control. The interaction of herbicides in-tank mixing
depended on weed species. Noticeably, the highest dose of halosulfuron (53 g ha™")
mixed with quizalofop followed an additive response on red rice (Oryza punctata)

28 days after treatment [51, 52]. Glufosinate antagonized the activity of clethodim on
a mixed population of annual grass species: large crabgrass and fall panicum (Panicum
dichotomiflorum Michx.), goosegrass (Eleusine indica L.) [53], and giant foxtail (Setaria
faberi Herrm.) [51]. However, [54] did not identify antagonism of glufosinate +
clethodim on barnyardgrass. Weed’s different responses to herbicide interactions may
be due to genetic, physiological, or morphological differences [25]. Antagonism of an
ACCase inhibiting herbicide can be reduced by increasing the rate of the ACCase
inhibitor to broadleaf herbicide in a mixture. The antagonism between bentazon and
quizalofop for control of barnyardgrass (Echinochloa crus-galli) can be overcome by
doubling the rate of quizalofop [55]. Antagonistic interactions may be attributed to the
increased metabolism of an herbicide in the presence of another. Based on the study
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results [56], the less efficacy of diclofop on various species following application with
hormone herbicides such as 2,4-D is ascribed to an enhancement in its metabolism
(complex formation) carboxylic group)) due to the presence of 2,4-D. The previous
studies revealed that the members of aryloxyphenoxypropionate and cyclohex-
anedione herbicides are more affected when mixing with systemic broadleaf herbi-
cides than the contact ones. The interaction of herbicide mixtures depends on dose
and growth stages. Glufosinate at 451 g ha™" + clethodim at 76 g ha™ ', an improvement
in control was observed over the individual herbicides for barnyardgrass and Johnson
grass (Sorghum halepense) control. In contrast, a reduction was observed for large
crabgrass (Digitaria sanguinalis) and no difference for broadleaf signalgrass [57].
Additionally, the extent of the interactions between combined herbicides is mostly
influenced by the growth stage of weeds. The post-emergence use of chlorsulfuron
and diclofop diminishes the efficacy of diclofop on Italian ryegrass (Lolium
maultiflorum), the effect of which is more severe when the application is performed at
the three-leaf growth stage than the two-leaf one [58]. This issue may be related to a
reduction in detoxification ability compared with the younger plants, as well as their
thinner cuticle, which probably allows to retain, absorb, and translocate the greater
amounts of the utilized herbicides. In the research of [59], the antagonism effect was
observed when 28.5% nicosulfuron mixed mesotrione by ADM model on canola at 10,
17, and 40 days after treatment. An increased level of Reactive Oxygen Species (ROS),
produced by the mesotrione, may block the inhibitory effect of nicosulfuron on ALS
[55]. Clomazone at 760 g ha!+ 1540 g ha ! pendimethalin mixed with 1120 or

2240 g ha " propanil followed an antagonistic effect on yellow nutsedge (Cyperus
esculentus) at 28 days after treatment; however, the mixture of clomazone +
pendimethalin at 1145 g ha~" with 4485 g ha™' propanil showed a neutral response
[60]. An antagonistic response occurred in yellow nutsedge used as a control when
treated with 760 and 1540 g ha™" of clomazone plus pendimethalin mixed with 1120
or 2240 g ha " of propanil at 28 DAT; however, 1145 g ha™ " of clomazone plus
pendimethalin mixed with 4485 g ha™" of propanil resulted in a neutral interaction
[61]. Unlike yellow nutsedge, a synergistic response occurred when barnyardgrass
was treated with all rates of clomazone plus pendimethalin mixed with either rate of
propanil evaluated at 56 days after treatment.

An antagonistic effect of metribuzin with halosulfuron and metribuzin with
flumioxazin at the different dose and mixture ratios was observed on common
lambsquarters (Chenopodium album) and redroot pigweed (Amaranthus retroflexus)
and in potato biomass. On the other hand, the effect of metribuzin with flumioxazin
mixtures was antagonistic on potato maximum quantum efficiency (Fv/Fm) while
metribuzin with halosulfuron mixtures followed the additive model on Fv/Fm [62].
The mixture of chloridazon and clopyralid followed additive model on Portulaca
oleracea L., Solanum nigrum L., Amaranthus retroflexus L., and Chenopodium album L.
In contrast, desmedipham, phenmedipham, ethofumesate, and clopyralid mixtures
showed a synergistic effect on all species except P. oleracea at 80 and 90% response
levels. The binary mixture of desmedipham+ phenmedipham+ ethofumesate and
chloridazon represented additive effect on S. nigrum and A. retroflexus and followed an
antagonism effect on C. album and P. oleracea [63]. The greenhouse research investi-
gated by [64] showed the mixtures of mesosulfuron+ iodosulfuron + pinoxaden
followed synergism effect on wild oat (Avena fatua) and Phalaris minor. If oxadiargyl
+ rimsulfuron and metribuzin + rimsulfuron mixed with (25:75)% mixture ratio, a
high reduction of common lambsquarters (Chenopodium album) and redroot pigweed
(Amaranthus rvetroflexus) provided at potato emergence stage in the field [65].
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2. Herbicides with adjuvants

Historically, adjuvants are essential components for herbicide-resistant weeds
control. To improve herbicides’ performance or application objective, adjuvants are
used in the spray tank. These adjuvants are commonly added to the spray tank to
improve herbicidal activity or application characteristics [66]. According to the [67]
“adjuvants are the substances used with a herbicide to improve its performance.” In
the last definition, “adjuvants are already included in the formulations of some herbi-
cides available for sale. They may be purchased separately and added into a tank mix
before use” [68]. Generally, adjuvants have been developed to assist herbicides. They
allow mix and handle with herbicide active ingredients better, contact to target weed,
increase droplet coverage, and spray retention and droplet drying [66]. Adjuvants
diminish or even eliminate spray application problems [69] (e.g., drift reduction)
[70], enhance herbicide cuticle penetration and cellular accumulation [71], and
decline herbicide amount and total weed control costs. Furthermore, they lead to a
significantly greater herbicide efficacy [72] and consequently a lower total herbicide
concentration to achieve a given effect [73], as well as promoting the formulation’s
ability to kill the targeted species without harming other plants [74]. In terms of
environmental aspects, they can decrease herbicide leaching through soil profile [75].
However, adjuvant addition does not significantly improve control in some circum-
stances. Adjuvants can sometimes exhibit adverse effects such as declined herbicide
activity (antagonistic effects) [76], enhanced formulation ability to spread or persist
in the unwanted environment [77], and increased harmful effects on nontarget plants
and aquatic species [78]. Adjuvants are divided into activators, spray modifiers, and
utility modifiers [79]. Activators are components that change characteristic herbicides
such as viscosity and particle size, evaporation, etc. They improved herbicide
activity, spread, absorption into a tissue, rainfastness, and reduced herbicide
photodegradation. There are three categories of activators: surfactants, wetting
agents, and oils [79].

Surfactants are the most widely used and probably the most essential adjuvants
[80]. Surfactants can be classified into nonionic, cationic, anionic, and ampholytic
based on their ability to ionize the aqueous solution. Organosilicone and silicone
surfactants are two types of nonionic surfactants. Cationic surfactants, which have a
positive charge, often are not applied with herbicides, and anionic ones are rarely
utilized with herbicides. Ampholytic (amphoteric) have both positive and negative
charges, that is, in aqueous solution are capable of forming cations or anions. Wetting
agents increase solution spread on the leaves [79]. Oils increase herbicide uptake by
increasing the time of retention. They mixed with water via emulsifiers. Oils have
uniform droplet size (reduction of drift), decreasing spray evaporation and
rainfastness time, and increasing penetration into waxy leaves. They can be classified
as: crop oils, dormant oils, crop oil concentrates, vegetable oils, vegetable oil concen-
trate, modified vegetable oil, and modified vegetable oil concentrate. In addition,
spray modifiers are among the most important adjuvants, which influence the deliv-
ery and placement of spray solution [81]. They limit or alter the physicochemical
characteristics of spray solution, make herbicide spray easier to aim, reduce herbicide
drift in the air, and cause the spray to adhere to plants more readily. Spray modifiers
include thickening agents (i.e., invert emulsions and polymers), stickers, spreaders,
spreader stickers, foaming agents, humectants, and UV absorbents. Utility modifiers
are the third group of adjuvants, which help minimize handling and application
problems. They do not directly improve efficacy, although they widen the conditions

52



Joint Action of Herbicides on Weeds and Their Risk Assessment on Earthworm...
DOT: http://dx.doi.org/10.5772 /intechopen.105462

in which an herbicide can be used or maintain the integrity of the spray solution. For
instance, utility modifiers diminish foaming, promote solubility, modify pH, or
decrease spray drift. Emulsifiers, dispersants, cosolvents, ammonium fertilizers, and
stabilizing, coupling, compatibility, buffering, and antifoam agents can be addressed
as the types of modifiers.

2.1 Review of research on the positive effects of adjuvants mixture
herbicides on weeds

Adjuvants can be especially effective in increasing the biological activity of many
herbicides [82]. Previous studies reported that density, viscosity, surface tension,
contact angle, droplet size, and droplet evaporation of the spray solution could change
with the addition of adjuvants to the spray solution [83]. The activity of tribenuron-
methyl significantly enhances following the use of NIS (20% isodecyl alcohol
ethoxylate + 0.7% silicone surfactants), an anionic surfactant (25.5% alkyl ether sul-
fate sodium salt), and vegetable oil (95% natural rapeseed oil with 5% compound
emulsifiers) on Sinapis arvensis, Tripleurospermum inodorum, Papaver rhoeas, and C.
album. Further, only minor differences are observed among the tested adjuvant [84].
The character of foliar surfaces such as cuticle, stomata and trichomes number, leaf
position, angle, and leafage is different in various weed species that affect retention
and deposition of herbicides [85]. COC (crop oil concentrate), NIS, MSO (methylated
soybean oil), and COC-DRA (crop oil concentrate-drift retardant adjuvant) with
lactofen increased the spray solution viscosity by 4.3, 2.6, 3.6, 7.5, respectively.
Lactofen containing COC, NIS, MSO (methylated soybean oil), and COC-DRA
increased viscosity by 4.3%, 2.6%, 3.6%, and 5.7%, respectively, compared with
lactofen alone [86]. Methylated seed oil (MSO) and NIS promote the foliar absorption
and efficacy of many herbicides such as primisulfuron, rimsulfuron, imazethapyr,
quinclorac, and several graminicides for grass weed control [87]. Nonionic surfactants
improve glyphosate absorption by 20 times greater, and spray drop is spread 200-fold
more than when no adjuvant is added [88]. Furthermore, some researchers reported
the strong effect of mineral and vegetable oil on clodinafop-propargyl and diclofop-
methyl + fenoxaprop-p-ethyl on Lolium multiflorum, Avena ludoviciana, and Phalaris
minor [89]. Seed-oil-based crop oils and organosilicone adjuvants combined with
halosulfuron lead to 100% control of Cyperus rotundus L. at 8 weeks after treatment
(WAT) compared with a combination of halosulfuron with the nonionic or paraffin-
based crop oil adjuvants (<90% control) [90]. The measurement of EDsg and EDgyq
showed that Citogate (0.1 and 0.2%) increased sulfosulfuron efficacy [91].

Generally, environmental agents affect the efficacy of the mixture of herbicides
with adjuvants. In the mixture, rain shortly after utilizing herbicides is among the
most detrimental issues for performance. Given that the rainfastness of herbicides
increases by applying adjuvants, the effect should be considered when selecting an
adjuvant [92]. A study [93] represented a shorter critical rain-free period following
the addition of an OSL adjuvant to glyphosate. This decline can be attributed to the
lower liquid surface tension of glyphosate caused by the OSL (Organosilicone) adju-
vant and the subsequent promotion of the stomatal infiltration of glyphosate into the
plant. The conventional adjuvants produced slower absorption of the 14C-glyphosate,
as the maximum absorption was not achieved until at least 24 h in redroot pigweed,
remaining similar until 72 h [88]. The effect of the vegetable oil on tribenuron-
methyl’s rainfastness was significantly lower than that of the surfactants with rain at
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1 h, while no significant differences among the three adjuvants were observed when
rain occurred at 2 and 4 h [84].

2.2 No or negative interaction between herbicides and adjuvants

Adjuvants can significantly enhance the effect of an herbicide, while they fail to
increase control and cause harmful effects on nontarget plants in some circumstances
(antagonistic effect). Several studies have revealed that A. theophrasti is more con-
trolled by adding AMS (ammonium sulfate) into herbicides; however, the control of
other species such as C. album is not always improved [94]. The combination of
sethoxydim and halosulfuron with COC or MSO is antagonistic to smooth crabgrass
(Digitaria ischaemum (Schreb.) ex Muhl.) [76]. Flumioxazin does not damage wheat
or cabbage except after adding silicone adjuvant, which enhances the retention of the
spray solution [95]. Adjuvant addition slows down degradation and elevates the level
of phenmedipham residue in the soil [77]. The addition of nonionic surfactants to
dicamba plus glyphosate tank mixture not only decreased contact angle and surface
tension but also droplet size [96].

3. Risk assessment of mixture herbicides on soil: emphasis on earthworm
(Eisenia fetida L.)

Continuous application of herbicides may lead to soil pollution and affect soil
fauna [97]. Generally, herbicides applied alone and in mixture negatively influenced
nottargeted animals [98]. As soil inhabitant animals, earthworms might be affected,
although the site of action herbicides is not targeted toward animals. They are
bioindicators for determining herbicide and heavy metals pollution in soil due to their
high sensitivity to soil pollution [99, 100]. The Eisenia fetida is currently used as test
species in ecotoxicology [101]. There are many methods of testing the toxicity of
chemicals to earthworms. Tests include two kinds: a paper contact toxicity and an
artificial soil test. A simple paper contact toxicity test is described as an optional initial
screen to indicate those substances likely to be toxic to earthworms in soil and which
will require further more detailed testing in artificial soil. The artificial soil test gives
toxicity data more representative of the natural exposure of earthworms to chemicals
[102]. On the base of LCs, for the contact test, the concentration of the test substance
is expressed in mg cm 2. For the artificial soil test, it is expressed in mg kg " (dry
weight). The LCsq of a reference substance should be occasionally determined to
ensure that the laboratory test conditions are adequate and have not changed signifi-
cantly. Only contact filter paper and artificial soil tests adopt mortality (LCso) as the
toxic endpoint in all acute toxicity test methods and have received the most attention.
The screening test (filter paper contact test) involves exposing earthworms to test
substances on moist filter paper to identify potentially toxic chemicals to earthworms
in the soil. The artificial soil test involves keeping earthworms in samples of precisely
defined artificial soil to which a range of concentrations of the test substance has been
applied. Mortality is assessed 7 and 14 days after application. One concentration
resulting in no mortality and one resulting in total mortality should be used. The
mortality in the controls should not exceed 10% at the end of either test. Only contact
filter paper and artificial soil tests exposure protocols using mortality (LCso) as the
toxic endpoint and E. fetida as the test species have received the most attention, with
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the latter being adopted by both [101] and European Economic Community [102] in
Europe and the United States Environmental Protection Agency in the United States.

As mentioned before, additive, synergism, and antagonism are three types of
herbicide interactions. Concentration addition (CA) and independent action (IA) are
two common reference models for determining mixture toxicity.

3.1 Concentration addition (CA)

The toxicity of herbicide mixtures with a similar mode of action is estimated by
concentration addition (CA) [103], which has extensively been used for herbicides,
and is most straightforward [104]. Generally, CA assumes additivity of toxicity that
components will not interact with each other in the mixtures, and the relative potency
is equal to the sum of singly potencies [105].

3.2 Independent action

The independent action model (IA) is used for components with the dissimilar
mode of action on the organism. They act independently. The toxicity of the total
mixture is calculated by the expected effects of each component [106].

3.3 Interaction models

Physical, chemical, and biological interactions of herbicides do not account for by
CA and IA models. MIXTOX is an empirical model that determines how much mix-
ture toxicity results deviate from CA and IA model predictions [107]. MIXTOX con-
sidered a difference between synergism and antagonism based on concentration and
mixture ratios along with deviations [108]. Therefore, experimental design for
MIXTOX is considerable due to covering all concentration and mixture ratios [109]; to
date, MIXTOX has been used with binary mixture toxicity [110]. The median-effect/
combination index (CI) is a method used by [111] to expound chemical interactions. It
quantitatively determines the mixtures interactions at various concentrations and
mixtures ratios. Pollution interaction is developed by [112].

The response to toxic exposure of E. fetida in artificial soil and filter paper tests was
estimated using the median-effect equation, as described by [112]:

7o) @

where D is the concentration, Dm is the concentration for 50% effect (50% mor-
tality rate), f, is the fraction affected by concentration D, f, is the unaffected fraction
(f, =1,), and m is the coefficient of the sigmoidicity of the dose-response curve:
m =1,m > 1, and m < 1indicate hyperbolic, sigmoidal, and negative sigmoidal dose-
response curves, respectively. Therefore, the method considers both the potency (D,,)
and shape (m) parameters. If Eq. (14) is rearranged, then:

D =D, (f, (1 ~£,))"" (14)

The D,, and m values for each pesticide are easily determined by the median-effect
plot: x = log (D) versus y = log (f ,/f,) which is based on the logarithmic form of
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Eq. (14). The median effect plot, m is the slope, and log (D,,) is the x-intercept. The
conformity of the data to the median-response principle can be readily manifested by
the linear correlation coefficient (r) of the data to the logarithmic form of Eq. (14).

These parameters were then used to calculate concentrations of the pesticides and
their combinations required to produce various effect levels according to Eq. (14);
combination index (CI) values were then calculated according to the general
combination index equation for n chemical combination at 10%, 50%, and 90%
mortality rate:

D],

; n (Dx)1_n{ ZT[IM
S0, & oy T (15)
* ] 17(fux)j

where "(Cl)y is the combination index for n chemicals at x% effect level; (Dx)1_n
is the sum of the concentration of n pesticides causing x% mortality rate of the

earthworms in the mixture, O s the proportionality of the concentration of each

2,00l
. . . . o Fav .
of n pesticides causing x% mortality rate in combination; and (Dx); { # is the
ax)j

concentration of each pesticide causing x% mortality rate. From Eq. (15), CI < 1,

CI = 1, and CI > 1 indicate synergism, concentration addition, and antagonism,
respectively. Where cix and E (cpix) are the total concentration and total effect of the
mixture, respectively. E (ci) denotes the effect of the ith component with the concen-
tration of ci in the mixture.

% ;ECX

JiXCl comp

ClIx comp is the computed combination index value for the mixture at the x level of
effect (x%) from the experimental toxicity curve of the mixture [113].

3.4 Review of research on the effect of mixtures of herbicides on Eisenia fetida

The study of herbicide mixtures on Eisenia fetida is rare. The (50:50) and (25:75)%
mixture ratios of metribuzin plus halosulfuron and metribuzin plus flumioxazin pro-
vided higher toxicity than the other mixture ratios (100:0) and (0:100)% on earth-
worm biomass, respectively. Isobologram demonstrated metribuzin plus halosulfuron
and metribuzin plus flumioxazin followed an antagonistic effect meaning that the
mixtures retracted the action of the herbicide in the earthworms relative to a concen-
tration addition (CA) reference model. Earthworms exposed to a mixture of
metribuzin plus halosulfuron and metribuzin plus flumioxazin showed that increased
exposure time decreased the LCsy in filter paper and artificial soil tests on Eisenia
fetida mortality. The binary mixture experiments demonstrated for both experiments
an apparent antagonistic effect on two types of tests [114]. Antagonistic effects are
detected from many mixtures because the compounds in the mixture may stimulate
the metabolism of each other, leading to affected absorption in the organism [115].
Synergistic effects become significantly dangerous to soil organisms once the mixture
toxicity is much greater than its predicted level [116]. Principles of concentration
addition model to assess the impact of triazine herbicides on organophosphate
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insecticide toxicity to the earthworm Eisenia fetida. Atrazine and cyanazine also
increased the toxicity of chlorpyrifos 7.9- and 2.2-fold, respectively. However, sima-
zine caused no toxicity to the worms and did not affect chlorpyrifos toxicity in binary
mixture experiments. The uptake of chlorpyrifos into the worms was reduced when
found in binary mixtures with atrazine, so an increased uptake cannot be considered
an explanation. The synergistic effects might be linked to increased biotransformation
of the original phosphorus-sulfur bond into a phosphorus-oxygen bond characteristic
of oxon derivatives [117]. Atrazine disrupts photosynthesis, which may induce cyto-
chrome P4s50 and general esterase activities in E. fetida [117]. Cytochrome P4s50 has an
essential role in metabolism [5, 118]. These enzymes break down pesticides by either
increasing or decreasing the toxicity of other pesticides depending on whether the
resulting metabolites are more or less toxic than their parent compounds [119].

Several herbicides (acetochlor, anilofos, flutamone, pretilachlor, S-metolachlor,
and terbutryn) were very toxic in contact toxicity but were low in soil toxicity testing
[120]. The mixture of tribenuron methyl (TBM) plus tebuconazole (TEB) showed an
antagonistic effect on the earthworms in filter paper and artificial soil tests. In the
chronic toxicity experiment, both high concentrations of TBM and TEB, single or
combined, induced oxidant stress in the earthworms, and the cellulase activity was
inhibited in the earthworm exposed to high concentrations of TBM at the early 35
exposure period. However, both pesticides did not damage the DNA of earthworms in
all treatments [99]. Both acute and chronic toxicity tests play an essential role in the
risk evaluation of pesticides to earthworms. They are considered valuable for
predicting the responses of soil organisms to pesticides [121]. An antagonistic effect
was observed the binary mixture of butachlor plus A-cyhalothrin at all effect levels in
artificial soil test, while it shows synergism effect in filter paper test [122]. In the
research of Chen et al., [122], the binary mixture of butachlor plus atrazin showed
moderate synergism at the highest effect levels. An additive and slightly synergism
were observed at <0.2 fa in artificial soil test. The mixtures of atrazine plus exhibited
a synergism response in filter paper and artificial soil tests on Eisenia fetida mortality.
Yang et al. [123] reported the combination of acetochlor plus chlorpyrifos followed a
synergism response at 4:1 and 3:2 combination. An antagonistic response was
observed the combination of 2:3 and 1:4 of clothianidin plus acetochlor, while a dual
additive/antagonist response showed at 4:1, 1:1, and 3:2 combination on Eisenia fetida
mortality. The most strongly synergistic reported at phoxim plus butachlor plus A-
cyhalothrin combination at the all range. The mixture of atrazin plus butachlor plus
cadmium exhibited a slight synergism on Eisenia fetid mortality [124].

4. Conclusion

Herbicide resistance is a pervasive challenge in intensive agriculture. Applying
multiple modes of action can help to manage herbicide-resistant weeds. Herbicide
mixture is a powerful tool to prevent, delay, and control herbicide-resistant weeds.
The choice of the most appropriate mixture is crucial and is based on herbicide
components, formulation, and weed species. The reference models used to determine
the interaction of herbicide and the use of isobologram can illustrate the synergism,
additive, and antagonism responses by the ED scale. Another method to manage
herbicide-resistant weeds is utilizing adjuvant. Adjuvants are the best tool for
improving herbicide performance and optimizing herbicide application. In addition,
the adjuvant can overcome antagonist response in the tank mixture. Despite the
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positive effect, the synergism response in high doses can influence the soil animals
such as earthworms. Therefore, growers need knowledge of the management strate-
gies to maximize the long-term benefits of herbicide mixture and reduce weed shifts
to difficult-to-control and herbicide-resistant weeds.
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Abstract

Brazil is the largest coffee exporter in the world market and ranks second among
coffee-consuming countries. The use of technology has been largely responsible for
the great development of Brazilian agriculture in recent years. Then, the efficiency of
integrated weed management has made the country more competitive in coffee farm-
ing. Therefore, integrated weed management (IWM) practices are the foundation for
sustainable weed management in coffee fields. Weed competition cause losses in crop
production. In weed control, besides chemical control, there are other methods that are
efficient, economical, and beneficial to the coffee plant and to the environment that can
be used on any property, such as preventive and cultural managements; and mechani-
cal, biological, and physical controls. The combination of weed control methods has
proven to be a sustainable practice in coffee production. In integrated management, the
inherent advantages of each control method must be combined. Lastly, IWM provides
an efficient control action with lower costs, better environmental conservation, and
higher crop productivity. Thus, this chapter discusses the main practices of sustainable
weed management in coffee, addressing issues such as competition, benefits, main
weeds, and IWM systems.

Keywords: integrated weed management, weed control, herbicide, cover crop

1. Introduction

Brazil is the largest coffee exporter in the world market and ranks second among
coffee-consuming countries. This quantity of coffee corresponds to one-third of the
world’s production, which places it as the largest producer for more than 150 years.
The country has approximately 264,000 coffee-producing farms, of which 78% are
considered family coffee farming [1]. Brazilian coffee-producing farms are present in
5 geographic regions, in 16 states of the Federation, in which there are 1448 cities that
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produce coffee, which corresponds to approximately 26% of Brazilian cities [1]. The
Brazilian coffee planted area in 2020 corresponded to 2.162 million hectares, an area
that includes the Coffea arabica and Coffea canephora [2]. Of this total, 276,000 hect-
ares (13%) are in training and 1.885 million hectares (87%) in production [2]. In the
case of Brazil, besides the development of technology, the availability of land and labor
makes the country internationally competitive. As a technology-intensive crop, coffee
is an activity that generates employment and income, especially when considering the
other activities throughout the product chain, as well as the trade balance surplus, a
factor that favors economic development. Although the area occupied by coffee planta-
tions is not significant in relation to the area explored with other agricultural activi-
ties, coffee contributes significantly to Brazilian agribusiness, both economically and
socially. Furthermore, it is possible to verify that the area occupied by Brazilian coffee
farming had a reduction of approximately 17% in the last 2 decades [2].

Even so, in the last 20 years (2001-2020), the volume of coffee produced increased
by approximately 200% as a result of the increase in crop productivity [2]. The use of
technology has been largely responsible for the great development of Brazilian agri-
culture in recent years. In coffee growing, it is no different! Then, the efficiency of the
integrated management of pests, diseases, and weeds; the nutrition of coffee trees;
pruning and conduction of crops; irrigation, and the development of new varieties
have made the country more competitive in coffee farming.

Coffee plants have a very low initial growth rate [3], which also impairs soil cover
[4, 5]. Thus, especially during the juvenile phase (up to 2 years in the field), the
coffee crop is highly sensitive to competition from weed species [5, 6]. This results
in a noticeable reduction in coffee growth and yield, and weed control is one of the
major field management practices, which can entail high costs [4, 7, 8]. In Brazil,
there are different coffee-producing regions, each using specific cultural practices for
crop management [9]. Therefore, the integrated weed management (IWM) practices
adopted will vary between farms, depending on local characteristics. In fact, the
adoption of site-specific WM practices is the foundation for sustainable weed man-
agement in any cropping system [10]. However, this is not always a usual practice of
the grower, often opting for chemical control only using glyphosate-based products.

The objectives of this chapter on IWM of coffee in Brazil are: (a) state the main prac-
tices of sustainable weed management and (b) address the major issues of weed compe-
tition, benefits, main weed species involved, and discuss the leading IWM systems.

2. Weed competition

Several studies have related the losses in coffee growth when in competition with
weeds. In this sense, Oliveira et al. [11] found that without adequate control of weeds,
observing the critical periods of control in coffee, there were losses in crop production
where the weeds were not controlled throughout the year, reaching reductions of 43%.

It is well known that weeds affect the coffee crop in various ways during its life
cycle [5]. For example, it has been shown that young coffee trees suffer competi-
tion with different weed species under both controlled conditions [12-16] and in
field studies [6, 17, 18]. Reduced plant growth has correlated with decreased pho-
tosynthetic efficiency [19] and nutrient accumulation by the branch [16, 20] and
root systems of coffee plants [13] These studies also showed that the effect of weed
competition on coffee was strongly dependent on both the weed species and density,
and the age of the coffee plant after transplanting.
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In another study, Ronchi et al. [20] verified severe competition in the relative
content of macro (N, P, K, Ca, Mg, and S) and micronutrients (Zn, Cu, B, Fe,
and Mn) in the aerial part of coffee plants when in competition with beggarticks
(Bidens pilosa), dayflower (Commelina diffusa), motherwort (Leonurus sibiricus),
apple-of-Peru (Nicandra physalodes), pusley (Richardia brasiliensis), and arrowleaf
(Sida rhombifolia).

Therefore, IWM in coffee should consider the characteristics of individual weed
species as well as their high nutrient recycling potential. Impaired crop growth due to
weed competition soon after field transplanting will certainly cause irreversible losses
in crop productivity [17].

3. Positive aspects of weeds

According to Souza et al. [21], weeds present in coffee plantations should be con-
trolled to avoid loss of production and to facilitate farming and harvesting operations.
On the other hand, if well managed, they can be beneficial to the crop, by contribut-
ing to shading the soil, avoiding direct sunlight (shading soil); mitigating the effects
of erosion during the period of greater rainfall; and increasing the organic matter
content of the soil through the decomposition of roots and aerial parts. However, it is
important to avoid the production of weed seeds.

4. Common weeds in coffee plantations

The practice of surveying the predominant weed population in the cultivation
area is considered of great importance, identifying its species and knowing its main
characteristics, in order to support decision-making for the most appropriate control.
The composition of the floristic community is always subject to the occurrence of
variations, influenced by regional conditions, soil characteristics, type of explora-
tion, and management system, which contribute to a greater or lesser presence of
certain species in a given place and period. In coffee growing, we can group the main
predominant weed species, highlighting the classifications as to the period of occur-
rence (dry and rainy), life cycle (annual and perennial), and type of leaf (narrow and

Monocotyledons
Common Latin name Family Infestation Cycle Leaf
name period
Dayflower Commelina Commelinaceae Dryand Perennial Broad
benghalensis rainy
Nutsedge Cyperus rotundus Cyperaceae Dryand Perennial Narrow
rainy
Brazilian Imperata Poaceae Dryand Perennial Narrow
satintail brasiliensis rainy
Bermudagrass Cynodon dactylon Poaceae Dryand Perennial Narrow
rainy
Bahiagrass Paspalum Poaceae Dryand Perennial Narrow
notatum rainy
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Monocotyledons
Common Latin name Family Infestation Cycle Leaf
name period
Kikuyu grass Penisetum Poaceae Dryand Perennial Narrow
clandestinum rainy
Jamaican Digitaria Poaceae Rainy Annual Narrow
crabgrass horigontalis
Alexandergrass Urochloa Poaceae Rainy Annual Narrow
plantaginea
Sandbur Cenchrus Poaceae Rainy Annual Narrow
echinatus
Jaraguagrass Hyparrhenia rufa Poaceae Dryand Perennial Narrow
rainy
Guineagrass Panicum Poaceae Dryand Perennial Narrow
maximum rainy
Goosegrass Eleusine indica Poaceae Rainy Annual Narrow
Sourgrass Digitaria Poaceae Dryand Perennial Narrow
insularis rainy
Dicotyledons
Morningglory Ipomoea Convolvulaceae Dryand Annual Broad
acuminata rainy
Purslane Portulaca Portulacaceae Dryand Annual Broad
oleracea rainy
Radish Raphanus Cruciferae Dry Annual Broad
vaphanistrum
Indigo Indigofera hivsuta Leguminosae Dryand Perennial Broad
rainy
Arrowleaf Sida rhombifolia Malvaceae Dryand Perennial Broad
rainy
Sanguinaria Alternanthera Amaranthaceae Dryand Perennial Broad
tenella rainy
Pigweed Amaranthus spp. Amaranthaceae Dryand Annual Broad
rainy
Buttonweed Borreria alata Rubiaceae Dryand Annual Broad
rainy
Pusley Richardia Rubiaceae Dryand Annual Broad
brasiliensis rainy
Poinsettia Euphorbia Euphorbiaceae Dryand Annual Broad
heterophylla rainy
Beggarticks Bidens pilosa Asteraceae Dry Annual Broad
Sowthistle Sonchus oleraceus Asteraceae Dry Annual Broad
Ageratum Ageratum Asteraceae Dryand Annual Broad
conyzoides rainy
Tasselflower Emilia sonchifolia Asteraceae Dry Annual Broad
Marigold Tagetes minuta Asteraceae Dryand Annual Narrow
rainy
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Dicotyledons

Common Latin name Family Infestation Cycle Leaf

name period

Smallflower Galinsoga Asteraceae Dryand Annual Broad
parviflora rainy

Starbur Acanthospermum Asteraceae Dryand Annual Broad
hispidum rainy

Fleabane Conyza Asteraceae Dryand Annual Broad
bonariensis rainy

Source: Santos [22].

Table 1.
Main weed species prevalent in coffee plantations.

broad), consolidated in Table 1, according to Moraes et al. [23], Souza et al. [24], IBC
[25], Silveira et al. [26], Matiello [27], and Matiello et al. [28].

5. Weed control methods

In weed control, besides chemical control, there are other methods that are
efficient, economical, and beneficial to the coffee plant and to the environment that
can be used on any farm. The management of weeds for sustainable agriculture is
partitioned into (a) preventive management, (b) cultural management, (c) biologi-
cal control, (d) physical control, (e) mechanical control, and (f) chemical control
(herbicide).

5.1 Preventive management
Similar to cultural methods, preventive management for weed suppression are
low-cost and advantageous for the coffee crop. According to Ronchi and Silva [5],
there are very few but relatively important preventive methods that should be applied
in coffee production systems, either to curb the entry or to decrease the dispersion of
weed seeds in coffee plantations, they follow below:
¢ Care for seeds in soil correctives (straw and manure).
* Keeping farm roads free of weeds by clearing them or applying herbicides.
* Cleaning machinery during or after any mechanized operation on the farm.
* Remove any new weed infestations before they become more dense.
* Controlling weed species until the flowering stage to prevent seeds from spread-
ing through the area by mechanical operations and animals, or to avoid increas-
ing the weed seed bank in the soil [29].
* In areas of Mechanized Harvesting, the cleaning of the harvester should be
performed. According to Matiello et al. [9], mechanized coffee harvesting has

contributed to the dispersion of morningglory (Ipomoea spp.) seeds in crops, and
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this species should be controlled in its initial stage of development or by cleaning
harvesters frequently to prevent infestation.

5.2 Cultural management

In coffee plantations in formation, a strip of 40-50 cm on each side of the planting
line is kept free of weeds. In this case, the soil is exposed to solar radiation, the impact of
rain, and the action of winds, all of which are harmful to the coffee plant, due to water
evaporation and excessive heating of the first 10 cm of the soil surface. Currently, many
producers work with intercropping between coffee trees and Congo grass (Urochloa
rugiziensis) and signal grass (Urochloa decumbens). In this intercropping, the forage is
cultivated between the rows (Figure 1), while the coffee planting row is kept covered by
the residue thrown by the mower, during the mowing between the rows.

In soil exposed to the sun, plant growth is impaired by soil temperature and
also by the evaporation of up to 15,000 liters of water per hectare per day [30]. The
deposition of 5t ha™' of mown palisade grass (Urochloa brizantha) biomass, on the
street of the coffee plantation, provides the equivalent of 70 kg ha™' of nitrogen (N)
and 8 kg ha™" of potassium (K,0). In a palisade grass pasture cultivated for 10 years
without fertilizers, 45% more available phosphorus was found in soil samples taken
under the clumps, compared to samples between the clumps [31].

Figure 1.
Consortium of Congo grass (Urochloa ruziziensis) with coffee, Larga farm, Ibid, MG, Brazil. Photo: Daniel
Resende Fontes.
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Cutting green manures, such as pinto peanut, slender leaf rattlebox, jack bean,
velvet bean, and millet, forms over time a layer of mulch that protects the soil and
prevents or hinders the germination of the seeds of photoblastic positive weeds [32],
which need light for their germination, Some examples of these weeds are: Sida
cordifolia, Sida rhombifolia, and Sida spinosa [33] Amaranthus spp. and Conyza spp.

Millet is an annual grass (Poaceae) of tropical climate that has good resistance
to drought, wide adaptation, and good mass production, in addition to fast growth,
vigorous roots, and good capacity for nutrient cycling [34], considered a classic example
of a cover crop, because it has a C/N ratio of 30 or higher in the budbreak and flower-
ing phases [35], and can be an interesting option for cultural management and green
manure.

Partinelli et al. [36], studying the effects of control treatments (no planting of
cover crops), millet and the legumes pigeon pea, velvet bean, and cowpea, found
that the biological fixation of nitrogen contributed about 80% of N accumulated by
legumes, and depending on the production of dry biomass the contribution ranged
from 27 to 35 kg N ha™". The pigeon pea (29.1 g kg™") and velvet bean (32.6 g kg™)
showed the highest concentration of N.

On the other hand, regarding coffee plantations in formation, in organic and con-
ventional systems, it was found that the bean straw mulch formed a physical barrier
against weeds, providing soil coverage in the control of coffee weeds, obtaining satis-
factory control and retaining more moisture in the soil, besides enabling the process of
mineralization of this straw, which benefits the coffee in the organic system [37].

There are studies that have shown that residues of coffee husk and leaves caused
inhibition of the germination of several wild species such as Amaranthus retroflexus,
Bidens pilosa, Cenchrus echinatus, and Amaranthus spinosus, because of the release of
allelopathic substances [38].

Martins et al. [39] found that plots subjected to Mucuna deeringiana mulch
between the rows showed more than 90% reduction in weed density that was attrib-
uted to the allelopathic effects of this mulch.

In fact, different types of organic materials, including coffee waste such as cof-
fee pulp, husk [40], and beans [41], have the potential to be used to control weeds
through cover crop applications. For example, Yamane et al. [41] recently demon-
strated that cover application of coffee grounds at 16 kg m ™ resulted in significant
weed control for half a year. This inhibition was a result of an allelopathic effect due
to the presence of caffeine, tannins, and polyphenols in coffee grounds [42].

Knowledge of the specificity of the allelopathic potential of plant residues will
allow the efficient use of this resource in coffee growing as a practice in conventional
coffee production, and especially in the production of certified coffee, whose prod-
ucts have a niche market with great prospects for expanding international demand.

Based on this information, we conclude that keeping the coffee trees permanently
clean in the skirt area (chemical control) and with the weeds between the rows
controlled by a rotary weeder (mechanical control) has stood out as a method that has
maintained the principles of sustainability [43], besides producing organic matter for
the coffee trees.

5.3 Biological control

The biological control method basically consists of using an agent that keeps the
weed population at a lower level than would occur naturally, causing no economic
damage to the crop.
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The use of animals for weed control is hardly practiced anymore in modern coffee
farming. This method consists of using ruminant animals (sheep) or birds (chickens)
that will feed on the weed, thus reducing their population. The use of this method is
little known in Brazilian coffee growing, and more investment in research is needed
for it to become an alternative in the future.

5.4 Physical control

As emphasized in the sections above, if the weed vegetation is kept at a sufficient
distance from the coffee row (to avoid resource competition), there is no need to
eliminate the vegetation from the entire area (except during the harvest period in
some countries) [5]. In addition, cover crops (mulching) or green manure can be
successfully intercropped with coffee, as reported in the crop control.

Vegetable residues from other crops (if available on the farm at no additional
cost), from the coffee tree (leaves and stems), or from tree branches, especially after
pruning, can be used as mulching [5]. And the use of polyethylene plastic on the
coffee row is also considered mulching.

5.5 Mechanical control

Manual weeding is one of the most important control methods on coffee farms,
although they are slow and laborious [5]. During the formation stages, if preven-
tive measures fail or if selective herbicides are not used, weeds that eventually
germinate should be removed during the seedling formation and growth period [4].
Two years after field transplanting, several manual weeding operations are recom-
mended to establish and maintain an adequate weed control range along the coffee
rows, although herbicides can also be applied judiciously. On coffee farms where
selective pre-emergence herbicide is applied as the primary method of weed control
in the coffee rows, at least one manual weeding operation is performed 2-3 weeks
after coffee planting, prior to herbicide application to regulate the soil surface and
remove weeds.

The mechanical control of weeds is widely accepted by producers as a replacement
or complement to other methods, especially manual ones, due to the fact that these
methods have a higher yield, faster, and more economical. The difficulty of hiring
labor, its high cost, and low yield, make the option for mechanical methods essential
for large farms, being executed with the application of appropriate management
techniques. These methods have great application in coffee farming, but they depend
on the availability of equipment, spacing between rows, size of the plantation, slope
index, and complementary methods of weed control. The most used implements
coupled to tractors are the following:

* Grazer: normally with 2 knives, activated by the tractor’s power takeoff, it is the
most used implement in coffee farming, because it reduces the dissemination of
weed seeds, being used at any time before flowering and fruiting, avoiding the
formation of soil erosion processes. It must be used in the rainy and hot seasons
of the year in coffee plantations with wider spacing. With adequate management,
it is possible to keep weeds growing with controlled growth and to have the
deposition of plant residues after cutting, forming mulch on the soil surface. In
this operation some weed roots may die, which contributes to the formation of
channels in the soil, favoring its aeration and water infiltration. Excessive use of
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the brush cutter can cause soil compaction, dominance of creeping weeds, and
sprouting of some species, especially perennials.

¢ Brush: Contains a set of blades with a movement similar to that of a hammer mill,
which grinds the weeds and plant residues such as branches and leaves. Several
brands on the market with various types of blades and hammer, which presents
greater efficiency over larger weeds and small tangled bushes, producing a thick
layer of mulch over the soil.

5.6 Chemical control

The chemical method, or the use of herbicides, is a practice widely used in coffee

farming, but for a better yield and effectiveness, the farmer must be careful in the
correct choice of herbicide to be used in the field, according to several factors such as
community, weed infestation level and stage of development, crop phase, soil type,
time of application, toxicology of the herbicide, cost, equipment, and skilled labor in
the application, in order to maximize efficiency while minimizing the effect on the
environment [44].

Advantages:

* Speed and good operational yield

* Better applicability during rainy periods

* Keep the soil intact (without disturbance)

* Gradual weed disinfestation (perennial and vegetative propagated)
* Low cost and good efficiency in weed control

Disadvantages:

* Can cause injury, due to the drift effect

* When used in excess, can expose a lot of soil

* Requirement of adequate equipment with permanent maintenance
* Need for more training of producers or specialized labor

* May select resistant or tolerant weeds

Mixing herbicides is an important common practice to increase the spectrum of

weed control in coffee plantations [5], compared to other crops, there are few herbi-
cide formulations available for coffee. Herbicides are characterized by observing three
main aspects [28]:
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3. Translocation in weeds: contact or systemic

These herbicides should be applied in a directed spray to the soil (PRE) or to weeds,
respectively, to avoid injury to the coffee plant, for example, oxyfluorfen, is not com-
pletely selective on Arabica coffee [18] and to overcome the umbrella effects of higher
coffee plants, the application doses of these herbicides should be determined based
primarily on the physicochemical characteristics of the soil for herbicides applied PRE,
and on herbicides in POST, the weed species and the stage of their development. On
adult coffee plants, herbicides are mainly used between the rows, but applications in
the coffee plant row may be necessary (e.g., to control Ipomoea spp.) [5]. In between
the rows, herbicides have often been used during the rainy season for weed control in a
narrow band beyond the projected skirt of the coffee plant. Total or partial desiccation
in the strip, the weed residues are retained in the soil, contributing to soil and water
conservation, nutrient cycling, and organic matter accumulation.

When recommending herbicides for the coffee crop, see Table 2, which consoli-
dates the identification of the most commonly used herbicides, with their application
times, dosages per hectare, and spectrums of action [28, 29, 46-50].

Chemical weed control in coffee farming became public through the replacement
of the total-action, post-emergence, non-systemic, and highly toxic herbicide paraquat
(banned in Brazil) by glyphosate, a systemic herbicide, also non-selective to coffee
trees and applied post-emergence with low toxicity [51]. Due to its low cost, high

Application time Commercial Active ingredient Doses/ha Narrowleaves Action
product form
PRE Goal and Oxyfluorfen 2.0-60L Broad and Contact
Galigan narrow leaves
PRE Sencor Metribuzin 1.0-2.0L Broadleaves Systemic
PRE Alion Indaziflam 0.15-0.20L Broad and Systemic
narrow leaves
PRE Falcon Pyroxasulfone + 045-1.0L Broad and Contact
flumioxazin narrow leaves and
systemic
PRE Boral and Sulfentrazone 14-2.0L Broad and Systemic
Stone narrow leaves
PRE and POST Flumyzin 500 Flumioxazin 0.05-0.240 L Broadleaves Contact
POST Round up Glyphosate 3.0-5.0L Broad and Systemic
Original narrow leaves
POST Finale Glufosinate- 2.0-3.0L Broad and Contact
ammonjum narrow leaves
POST Heat Saflufenacil 35-100 g Broadleaves Contact
POST Ally Metsulfuron-methyl 6-10¢g Broadleaves Systemic
POST Aurora Carfentrazone-ethyl 75-125¢g Broadleaves Contact
POST Clorimurom Chlorimuron-ethyl 50-80g Broadleaves Systemic
POST Verdict Max Haloxyfop-P-methyl ~ 0.185-0.290 L Narrowleaves Systemic

Source: ADAPAR [45].

Table 2.

Main herbicides recommended for coffee plantations.
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availability in the market, excellent toxicological profile and large number of con-
trolled species, both grasses and broadleaves, the main herbicide used in coffee culture
is glyphosate [52]. Repeated application during a season using the same active ingredi-
ent can select tolerant plants or resistant biotypes.

In order to control weeds of resistant biotypes, and avoid selection of new bio-
types, herbicide associations are recommended for the control of a greater amount of
weeds [53, 54]. The search for alternatives for the control of these resistant species,
through IWM, find strategies to reduce the selection pressure of these biotypes such
as reducing weed infestation, adopting an efficient green manure system, integrating
and alternating control methods, such as preventive and cultural methods associated
with chemical methods, alternating or associating herbicides with different mecha-
nisms of action and using herbicides with different metabolism routes.

6. Integrated weed management (IWM)

IWM in coffee is based on the rational combination of different weed con-
trol practices (e.g., preventive, cultural, mechanical, biological, physical, and
chemical) [5]. Every weed control system in coffee plantations should always be
reviewed and analyzed with criteria every year, observing its effect on the soil and
culture, as well as its technical and economic feasibility, respecting the conditions
of each plantation [55]. Thus, no weed control practice is used in isolation [10].

Figure 2.

Integrated weed management (IWM) at Alquino farm, Pratinha, MG, Brazil. PRE-emergence herbicide
application (A), mowing of Urochloa ruzigiensis (B), mulching in the coffee row (C), and mulching in the coffee
row (D). Photo: Daniel Resende Fontes.
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Season Time Crop Weed control
Brazilian In the intercrop rows In the crop rows
Beginning September Current Planting of Urochloa ruziziensis PRE and POST herbicide
of rains to November (cultural control) application
Next Mechanical grazer (throwing Green cover (cultural and
green matter on the coffee line) biological control)

(mechanical control)

Later Mechanical grazer (throwing Green cover (cultural and
green matter on the coffee line) biological control)
(mechanical control)

During the Decemberto  Current Mechanical grazer (throwing Green cover (cultural and
rains February Next green matter on the coffee line) biological control)

Later (mechanical control)
End of rains  Marchto Current POST herbicide application No need (cultural control)
(tilling) May (chemical control)

Next Blade carving (mechanical

control)

During the June to Current Push the mulch from the rows Mulching (cultural control)
dry season August to the inter-row (furrower)
(spraying) (mechanical control)

Next Straw application (biological

and cultural control)

Source: Adapted from Santos [56].

Table 3.
Suggestion for integrated weed management (IWM) in coffee plantations.

Every weed control system in coffee plantations should always be reviewed and
analyzed with criteria every year, observing its effect on soil and crop, as well as
its technical and economic feasibility, respecting the conditions of each plantation
[55]. The IWM of coffee consists of the union of all types of control (Figure 2),
applied in a combined, successive, and rotational manner at a given time and
space, considering the conditions of the plantation and the execution of other
agricultural practices.

Priority should be given to carrying out different controls in order to take advan-
tage of the available resources and achieve greater efficiency, reduce costs, and obtain
maximum safety for humans and minimum damage to the environment (Table 3).

7. Conclusions

The combination of weed control methods has proven to be a sustainable
practice in coffee production. In integrated weed management, the inherent
advantages of each control method must be combined, considering requirements
such as safe application, age, spacing, and size of the plantation, as well as full
knowledge of the weeds, their growth stage, leaf type, frequency, and population
density. By reinforcing the study of the biology and physiology of weeds, we can
guarantee the formation of a consistent diagnosis, which will provide an efficient
control action with lower costs, better environmental conservation, and higher
crop productivity.
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Chapter 6

Toxicological Interaction Effects of
Herbicides and the Environmental
Pollutants on Aquatic Organisms

Mahdi Banaee

Abstract

Although herbicides are designed to remove or control weeds, pollution of water
ecosystems with herbicides could have adverse effects on aquatic animals such as fish.
The effect of herbicides on nontarget organisms may be different than expected, as
herbicides may interact with another environmental contaminant. Since there are
different contaminants in the water, fish may live in the cocktail of xenobiotics,
including herbicides. Therefore, herbicides alone and in combination with other pol-
lutants could affect fish physiology. Thus, the interaction of environmental contami-
nants with pesticides may create a situation in which a chemical affects the activity of
a pesticide; that is, its effects increase or decrease or produce a new effect that neither
of them creates on its own. These interactions may occur due to accidental misuse
or lack of knowledge about the active ingredients in the relevant materials. This
study aimed to review the effects of herbicides alone and in combination with other
xenobiotics on various aspects of fish biology. In this study, different biomarkers were
reviewed in fish exposed to herbicides.

Keywords: biomarkers, herbicides, aquatic ecosystems, xenobiotic, aquatic animals

1. Introduction

The agricultural revolution is the starting point for using various types of
pesticides and synthetic and chemical fertilizers to increase agriculture crops’ volume
and maintenance [1-3]. Thus, the development agriculture industry has caused an
increase in the pollution of aquatic ecosystems with agrochemicals. Pesticides, includ-
ing herbicides, are pollutants that can be found in the water around agriculture fields.
Herbicides are usually used to control weeds and unwanted plants in agriculture
farms, fruit gardens, aquaculture ponds, and urban green spaces [3, 4]. Herbicides
may enter water ecosystems when used or after being applied. Penetrating herbicides
into surface and groundwaters may occur through the drainage of agriculture farms
during spraying or after that [5]. Although herbicides may enter water bodies through
the drainage of agricultural fields, they can also be used to control weeds in pools or
lagoons. Therefore, they can affect water ecosystems directly or indirectly [4].
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Studies showed that herbicides could be detected in the drinking water. For
example, concentrations of glyphosate in drinking water in the United States and
Australia were 700 pg L™ and 1000 pg L™, respectively [6].

Tracing some herbicides, such as atrazine, acetochlor, and 2,4-D, in groundwater
[7], streams [8], river [9], lake [10], marine ecosystems [11], and estuaries [12]
indicates that herbicides are highly mobile. Toxicological data showed that more
than 99% of pesticides never affect target organisms. In other words, a significant
part of pesticides is released into the environment and influences nontarget organ-
isms [13]. Therefore, the different concentrations of herbicides can impact aquatic
organisms’ health. Similar reports indicate that even humans and pets are exposed
to herbicides.

Although herbicides’ chemical structure is designed to affect weeds, they could
have toxicity effects on aquatic animals. Herbicides are lipophilic compounds that can
easily cross biological barriers and penetrate animals’ bodies. The physiological and
behavioral changes in aquatic animals exposed to herbicides indicate that herbicides
have a potentially toxic effect on nontarget animals. We could observe toxicity effects
after aquatic organisms’ exposure to herbicides.

Herbicides may be absorbed via gills, skin, or intestinal epithelium. Next, they
may enter the blood and distribute it in the various tissues by circulating blood.
Although herbicides may be repelled in the urine and feces, they may be reached
into the liver via the blood circulation system and metabolized in the hepatocytes by
detoxification enzymes. A significant part of herbicides may conjugate with a nonen-
zyme antioxidant such as glutathione and excrete quickly. Other part of metabolites
may be repelled through renal and digestive systems; however, reactive oxygen spe-
cies (ROS) and some metabolites produced during detoxification remain in animals’
bodies. These metabolites and ROS may be conjugated with nonenzyme antioxidants
and removed or may be neutralized by antioxidant enzymes. Reactive oxygen species
production in the detoxification process of herbicides can induce oxidative stress
in aquatic organisms. This phenomenon would occur if detoxification mechanisms
in the liver work very well or animals are exposed to a sublethal dose of herbicides.
Otherwise, various toxicity effects would be detected in organisms challenged by
herbicides.

This chapter aims to illustrate toxicology herbicides to fill gaps in information
about the toxicity effects of herbicides on aquatic animals. In this chapter, we try
to provide documentation on the effects of herbicides on various aspect of aquatic
animals’ biology. In addition, we will discuss the interaction of other xenobiotics with
herbicides.

2. Interaction of herbicides with other xenobiotics

The natural aquatic ecosystems usually contain various xenobiotics that can
affect fish [14, 15]. In other words, fish may live in the cocktails of different pollut-
ants [16, 17]. Thus, fish must be able to survive and resist a range of environmental
pollutants [18].

Furthermore, various contaminants may interact with each other [19, 20].
Interaction between pollutants includes additive effects and synergic or antagonistic
effects. In the additive and synergistic effects, toxicity and bioavailability of xenobi-
otics are increased. In contrast, in the antagonistic situation, one or more pollutants
reduce toxicity and bioavailability of other xenobiotics [21, 22].
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Tabche, et al. [23] studied the combined effects of paraquat and lead (Pb) on the
liver of Oreochromis hornorum. They found that paraquat and lead had synergistic
effects on fish. A synergic effect of microplastic on paraquat toxicity was shown in
common carp (Cyprinus carpio) by Nematdoost Haghi and Banaee [22]. Also, Xu,
etal. [24] displayed that exposure of goldfish (Carassius auratus) to paraquat and Pb
caused activation of detoxification enzymes in the hepatocytes. The effect of iron
oxide nanoparticles (y-Fe203) and glyphosate on the liver of Poecilia reticulata was
assayed by de Lima Faria, et al. [25]. Changes in the biochemical parameters were
detected in the crayfish (Astacus leptodactylus) exposed to glyphosate and chlorpy-
rifos [26, 27]. Bonifacio, Zambrano and Hued [28] displayed that co-exposure to
glyphosate and chlorpyrifos changed blood biochemical parameters in Cnesterodon
decemmaculatus.

3. Biological response of aquatic organisms to herbicides

Therefore, to understand the herbicide effects on aquatic life, herbicide’s anecdote
is told since primarily its entered aquatic ecosystems, in this chapter. Then, it is said
about herbicide’s fate in animal’s body to its excretion.

After draining herbicides in water ecosystems, they could penetrate the cellular
membrane and cytoplasm. These chemical toxicants may influence cell permeability,
ion transport, electron transport, and enzyme activities associated membrane. Next,
herbicides could disrupt the cellular organelles’ functions, which may lead to induce
apoptosis, cell necrosis, or activation of the tumorigenesis in cells. Thus, herbicides
could affect different functions of the biological membrane.

But the question that may be on readers’ minds is whether animal cells are defense-
less against herbicides? No!

4, Detoxification and metabolism of herbicides

In two phases, herbicides may be converted into excretable metabolites in hepa-
tocytes of aquatic animals. Maternal compounds combine with oxygen and oxidize
in the primary phase (Phase I), known as the biotransformation step. Then, oxidized
metabolites are conjugated with water-soluble polar biomolecules in the cell (Phase II).
Next, herbicides’ metabolites may be excreted through urine or bile [29].

Active compounds as reactive oxygen species are often produced during detoxifi-
cation that could cause the oxidation of macromolecules. However, a cellular anti-
oxidant defense system could neutralize reactive oxygen species (ROS) and inhibit
peroxidation reactions. There is a balance between ROS and cellular antioxidant
defense capacity in normal conditions. If this balance is collapsed and ROS levels are
more than cellular antioxidant defense potential, oxidative stress would occur. ROS
attacks macromolecules in this situation, leading to severe histopathological damage
to vital tissues.

The disruption in the detoxification enzymes’ function may occur in the fish
exposed to herbicides. Therefore, defects in the function of the detoxification sys-
tem can make fish vulnerable to the toxicity of herbicides. A significant decrease in
mitochondrial cytochrome content was reported in Oreochromis niloticus exposed to
pendimethalin [30]. Zhang et al. [31] assayed mitochondria-immune responses in
zebrafish, Danio rerio following challenge with dinoseb. They reported a significant
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decrease in the expression of genes involved in mitochondrial respiration and cellular
detoxification [31].

We know very well that exposure of fish to xenobiotics such as herbicides could
cause an imbalance between ROS contents and cellular antioxidant defense capacity
[32]. Therefore, exposure of fish to herbicides could lead to oxidative stress. Damage
to membrane phospholipids decreases the cellular chance of survival and increases
apoptosis and necrosis rates. Disruption in the cellular membrane’s physiological
function also affects metabolism, biochemical hemostasis, gene expression, and DNA
replication in the cells [15]. In the following, we want to explain the effects of herbi-
cides on aquatic animals in more detail.

Involvement of cellular detoxification and biotransformation systems to remove
xenobiotics may reduce its ability to detoxify herbicides. Therefore, the toxic effects
of herbicides on fish would be increased if the detoxification mechanism was
collapsed.

5. Oxidative stress

The oxidative stress in fish exposed to herbicides can be attributed to ROS.
Furthermore, ROS production during the detoxification of other xenobiotics may
further contribute to oxidative stress due to herbicide exposure.

Like other vertebrates, the antioxidant defense system of fish includes antioxidant
enzymes and nonenzyme antioxidants. Therefore, change in the antioxidant enzyme
activities and nonenzyme antioxidant contents are biomarkers that show activation
of the antioxidant defense system against ROS. Pereira, Fernandes and Martinez [33]
showed that hepatic antioxidant enzymes activated after exposure of Prochilodus
lineatus to clomazone. Oxidative damage was seen in the hepatocytes of O. niloticus
and Geophagus brasiliensis after treatment with mesotrione herbicide [34].

Changes in the antioxidant enzyme activities indicated oxidative stress in the gills
and liver of tetra fish (Astyanax altiparanae) exposed to atrazine [35]. Moraes, et al.
[36] found that oxidative stress occurred in the teleost fish (Leporinus obtusidens)
after exposure to clomazone and propanil.

Otherwise, interaction of ROS with vital macromolecules such as DNA, lipids,
proteins, etc., can lead to their peroxidation. Thus, these macromolecules may be lost
their biological functions, and their metabolites may disrupt the cellular hemostasis.

In the assessment of oxidative damages, a measure of malondialdehyde, protein
carbonyl, oxidized thiol groups, and 7,8-dihydro-8-oxoguanine (8-oxo-dG) is routine.

Malondialdehyde is a more critical metabolite produced during lipid peroxidation.
Therefore, a significant increase in malondialdehyde contents in the target cells indi-
cates oxidative stress. Moreover, an increase in the malondialdehyde expedites cascad-
ing reactions of lipid peroxidation. Protein carbonyl is known as a metabolite of
protein oxidation. Furthermore, increasing the peroxidation rate of thiol groups can
be a physiological response to ROS increase at the cellular level. A significant decrease
in the total antioxidant and increase in the protein carbonyls and malondialdehyde
contents were reported in the liver and brain of hybrid surubim (Pseudoplatystoma sp)
exposed to glyphosate and roundup [37].

Also, a significant increase in 7,8-dihydro-8-oxoguanine (8-oxo-dG) contents is a
biomarker of nucleic acid oxidation and gene damage.

However, other biomarkers can be used to detect oxidative stress indirectly. We
will describe each of them in the following sections.
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6. Neurotoxicity

Studies showed that xenobiotics could often influence nerve systems. Therefore,
this is a problem in distinguishing the primary neurotoxicity agent in fish when
exposed to herbicides combined with other pollutants. Thus, if we observed neuro-
toxicity response in fish, evaluation of the additive or synergistic effects of xenobiot-
ics on herbicides’ toxicity should be a priority.

Peroxidation of phospholipids that cover nerves can disrupt transport of neural
signals or information processing in neural centers. Also, herbicides can change
neurotransmitters’ biochemical structure or disable enzymes involved in biosynthesis
or biodegradation of neurotransmitters.

Moraes, et al. [36] found that exposure of teleost fish (L. obtusidens) to clomazone
and quinclorac decreased acetylcholinesterase (AChE) activity in the brain, while
AChE activity increased in muscle tissue after exposure to clomazone, propanil, and
metsulfuron-methyl. Similarly, the inhibition of AChE activity was reported in the
brain of teleost fish (L. obtusidens) exposed to herbicides clomazone and propanil
[36]. Thanomsit et al. [38] could design a monoclonal antibody-ACHE that is used to
detect acetylcholinesterase activity in the brain of fish exposed to herbicides. Thus,
they could measure AChE activity in the brain of hybrid catfish, Nile tilapia, and
climbing perch [38].

One of the consequences of neurotoxicity is the occurrence of behavioral changes
in aquatic animals exposed to herbicides.

7. Behavioral response

Changes in the behavior of animals may be related to disrupting nerve systems or
muscle spasms. Previous research showed that exposure to aquatic animals to her-
bicides could alter the behavior and rate of their response to environmental stimuli.
Herbicides can affect the relationship between hunters and prey. Also, exposure to
animals to herbicides may change animals’ romantic, reproductive, and parenting
behaviors. Thus, changes in feeding behavior can decrease the growth performance of
organisms exposed to herbicides [39].

Faria et al. [25] documented that changes in the behavior of fish exposed to
herbicides had a significant relationship with changes in the monoaminergic neu-
rotransmitters in the brain. They found that a significant increase in dopamine (DA),
serotonin (5-HT), and a decrease in norepinephrine (NE) could change the explor-
atory and social behaviors of zebrafish following exposure to glyphosate.

Butyrylcholinesterase (BChE) is known as pseudocholinesterase. Fluctuations in
the BChE activity may change the behavior of aquatic animals. A significant change in
the BChE activity was observed in freshwater fish Labeo rohita exposed to Roundup®
[40]. Geetha [40] found that increased BChE activity could relieve the Roundup®
induced stress in fish.

8. Genotoxicity and gene damage

The genotoxicity effects of herbicides may be due to the interaction of ROS with
DNA [41]. Exposure to herbicides and their metabolites may degrade DNA or adduct to
DNA structure. The DNA damage to erythrocytes, liver, and gills was detected by comet
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assay in the O. niloticus and G. brasiliensis exposed to Mesotrione [34]. DNA damage was
reported in the European eel (Anguilla anguilla) exposed to Roundup® (glyphosate-
based) and Garlon® (triclopyr-based) [42]. Ruiz de Arcaute, Soloneski and Larramendy
[41] observed that exposure of C. decemmaculatus to dicamba could cause micronuclei
and DNA single-strand breaks in circulating blood cells. Similar results were observed
in the P lineatus [43], C. auratus [44], and C. decemmaculatus [45] exposed to Roundup,
atrazine, and glyphosate, respectively. DNA damage and genotoxicity were detected in
the egg of silver catfish (Rhamdia quelen) exposed to 2,4-D and glyphosate [46].
Enhancement or depression in the mRNA expression of enzymes involved in
detoxification and biotransformation of xenobiotics was reported in fish exposed to
herbicides. For example, Velki, et al. [47] reported a significant increase in Ces2 gene
expression in the zebrafish embryos following the exposure to 2.15 pM diuron for
96 h. Exposure to Roundup and other glyphosate changed gene expression patterns in
the reproductive tissue of Japanese medaka fish (Oryzias latipes) [48].
Increased genetic defects and neoplasia in fish embryos and larvae can be caused
by exposure to xenobiotics [49], including herbicides. Also, mutation due to exposure
of fish to herbicides may lead to tumor generation.

9. Blood biochemical parameters

Moreover, the rapture of cellular membranes may cause the release of cytoplas-
mic contents or organelles into intercellular fluid such as serum. Hence, assessing
biochemical parameters in serum can indicate the stability of cellular membranes
after exposure to herbicides [32]. Geetha [40] demonstrated that exposure to
Roundup® could affect the balance of plasma electrolytes and transaminase activ-
ity in L. vohita [40]. The disruption in biochemical hemostasis was reported in the
crayfish exposed to glyphosate and chlorpyrifos [26, 27].

The increase in the serum enzyme activities and changes in the blood biochemi-
cal parameters were observed in C. carpio exposed to paraquat [22]. Similar results
were detected in C. carpio following glyphosate [50]. A significant change in glucose,
cholesterol, and triglyceride levels in the blood may be due to elevated energy needs to
alleviate the cytotoxic effects of herbicides.

10. Suppression of the immune system

Exposure to xenobiotics can suppress immune system functions by increasing
corticosteroid hormones. A significant increase in corticosteroid hormones can affect
cytokine gene expression. Thus, an increase in inflammation response can depress
immune system power.

Maddalon, etal. [51] showed that glyphosate herbicide could induce immunotoxic-
ity by interfering with the hormonal pathway and biosynthesis of cytokines and neu-
ropeptides. Also, Acar, et al. [52] displayed that changes in the immune-related genes
could mitigate immune functions in Nile tilapia (O. niloticus) exposed to glyphosate.

11. Reproductive disorders

Some herbicides can disrupt reproduction physiology. Herbicides may act as
endocrine disruptors. They can block hormone receptors or induce changes in enzyme

90



Toxicological Interaction Effects of Herbicides and the Environmental Pollutants on Aquatic...
DOI: http://dx.doi.org/10.5772/intechopen.105843

function involved in hormones’ biosynthesis. Furthermore, some herbicides may
act as analogs of natural hormones. Reproduction products may be denatured after
animals’ exposure to herbicides. Therefore, the rate of fecundity, fertility, and survival
of embryos may be collapsed. This phenomenon can also affect the hatchling rate and
percentage of larvae survival. Decreased adaptability of larvae to environmental condi-
tions may be the reason for the reduced survival rate after exposure to herbicides [53].
Yusof, Ismail and Alias [54] found that exposure of Java medaka (Oryzias javani-
cus) to glyphosate reduced fertility, hatching eggs, and larval survival. Furthermore,
Zebral, et al. [53] discovered that Roundup exposure changes the diapausing pattern
of Austrolebias nigrofasciatus embryos. Thus, Roundup could affect the survival of A.
nigrofasciatus embryos. Decreased fecundity rates were also observed in A. nigrofascia-
tus breeders exposed to Roundup. Also, Dehnert, Karasov and Wolman [55] displayed
that 2,4-D exposure could reduce zebrafish and perch survival rates during larval
stages. They explained that a decrease in the survival rate of larvae could be due to the
toxicity effect of 2,4-D on the development and function of neural circuits underlying
the vision of larval fish. Moreover, Dehnert et al. [56] revealed that the application of
2,4-D to control Eurasian watermilfoil (Myriophyllum spicatum) in aquatic ecosystems
could threaten fish survival.

12. Growth dysfunction

Previous studies showed that herbicides could decrease growth performance
in aquatic animals. A significant weight reduction may be related to disruption in
nutrient absorption in digestive systems. Deficiency in the assimilation of vital
macromolecules can alter energy budgeting. As a result, animals have to consume
energy storage in the liver and muscles to supply their needs. Therefore, weight loss
and general weakness, anorexia, were often reported in the aquatic animals exposed

to herbicides [39].

13. Hemotoxicity

Herbicides could change white blood cell (WBC), red blood cell (RBC) counts,
and hematological indexes such as hemoglobin and hematocrit contents in fish. These
phenomena can be related to hematopoietic tissue damage. Moreover, disruption in the
blood circulation systems may occur in fish exposed to herbicides. Hemolysis of eryth-
rocytes, a decline in erythropoietin levels, and histopathological damage to hemato-
poietic organs can reduce blood cell counts in animals exposed to herbicides. Pereira,
Fernandes and Martinez [33] declared that changes in the hematological parameters
could be due to the toxicity effects of clomazone on the hematopoietic tissue of fish P
lineatus. Exposure of P. lineatus to clomazone changed hematological parameters after
96 h. Moreover, Merola, et al. [57] showed that exposure of zebrafish to pendimethalin
could cause blood congestion, impair blood flow, and reduce heartbeat.

14. Histopathological damage

Histopathological injuries could be related to oxidative damage to the cellular
membrane of fish exposed to herbicides. Furthermore, apoptosis and cellular necrosis

91



New Insights in Herbicide Science

may intensify histopathological damages in various tissues of fish exposed to herbi-
cides. Destro, et al. [35] found that atrazine exposure could damage the liver tissue
of tetra fish (A. altiparanae). They showed that the histopathological damage in the
liver was due to an increase in lipid peroxidation. Moreover, Nassar, Abdel-Halim and
Abbassy [30] reported histopathological damage in the gills and liver of fish exposed
to the herbicide pendimethalin.

15. Bioaccumulation of herbicides

The bioaccumulation of xenobiotics is directly related to their bioavailability.
Therefore, environmental pollutants that may increase the bioavailability of herbi-
cides can significantly impact their bioaccumulation capacity in aquatic animals.

Furthermore, the half-life of herbicides in water ecosystems can also affect their
bioaccumulation capacity. The half-life of herbicides in the various environments
is different. Herbicides in environmental conditions can be quickly degraded into
various metabolites. Some herbicides are durable in the environment. The break-
down rate of herbicides depends on their chemical structures and environmental
conditions [20].

Therefore, the probability of their bioaccumulation in the body of aquatic animals
is also high. Various authors reported the bioaccumulation of herbicides in aquatic
animals. Tyohemba et al. [10] measured the bioaccumulation of various herbicides
in African mud catfish (Clarias gariepinus), and Mozambique tilapia (Oreochromis
mossambicus) inhabited Lake St. Lucia, South Africa. They detected phenoxy-acid
herbicides, acetochlor, atrazine, and terbuthylazine in the muscle tissues of fish
[10]. The analysis of fresh fish tissues collected from four markets in Nanning City,
Guangxi Province, China, showed that the bioaccumulation of atrazine, acetochlor,
metolachlor, and their metabolites could be worrying [58]. Furthermore, herbicides
have also been found in fish and seafood [59, 60]. Therefore, the bioaccumulation of
herbicides could threaten consumers’ health.

16. Conclusion

We tried to present an overview of herbicides’ toxicity in this chapter. However,
we must update our information because newborn pollutants could be found in water
ecosystems that can affect herbicides’ half-life, toxicity, and bioavailability. Overall,
if we want to discuss the effects of herbicides alone or in combination with other
xenobiotics, we should be well known of their toxicity mechanisms and pathways
and how they can affect the physiology of aquatic animals. Therefore, if we find the
source of herbicide pollution, we can prevent their destructive effects on fish before
penetrating aquatic ecosystems. Also, if we cognize about biotransformation and
detoxification of herbicides, we can better manage the adverse effects of herbicides
on fish. Therefore, studies on toxicity, bioavailability, and interaction of herbicides
with other pollutants can be useful in recognizing the physiological response of fish
exposed to herbicides.
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