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Chapter

Current Approaches to Pesticide
Use and Glyphosate-Resistant
Weeds in Brazilian Agriculture

Kassio Ferreiva Mendes, Rodrigo Nogueiva de Sousa and
Ana Fldvia Souza Laube

Abstract

The aim of this chapter is to show a general vision about the pesticides use in
Brazil. Pesticides are chemical products that contribute to agricultural produc-
tion processes, mainly large scale, as agents of chemical, physical and biological
processes. The glyphosate is the most widely used pesticide in Brazil to vast area
cultivated with genetically modified glyphosate-resistant crops. Also, this herbicide
is the most widely used in the world to control weeds in various crops, making
chemical control cheap, easy and efficient. However, with the advance in the culti-
vation of glyphosate-resistant crops and the intensive use of this herbicide associ-
ated with the non-use of other herbicides, glyphosate-resistant weed biotypes are
emerging very quickly. In this way, its use must be performed consciously in order
not to occur significant increase in the amount of weeds resistant to this herbicide.
Despite its great use in the country, it presents few records of resistant weeds when
compared to other herbicide action mechanisms. Thus, good agricultural practices
are indispensable and more innovations in technologies are necessary for the future.
Therefore, adopting a long-term weed management perspective and integration
systems for all agricultural practices is of paramount importance to farmers.

Keywords: herbicide resistance, mode of action, chemical product, conventional
farming

1. Introduction

The domestication of plants over a long time came with several challenges to
maintain their sustainability. It is known that cultivated crops would suffer attacks
from pests and diseases, causing great yield losses with the ever-present possibility
of hunger for the population, mainly due to the lack of resources and knowledge.
Even today with advances in technologies to control invaders, food losses due to
pests and diseases range from 10 to 90%, with an average of 35-40%, for all poten-
tial crops of food and fiber [1]. Pesticides are chemical products that contribute to
agricultural production processes, mainly large scale, as agents of chemical, physi-
cal, and biological processes [2]. In the south of Brazil, the monoculture of soybeans,
wheat, and rice was associated with the mandatory use of pesticides for those who
intended to use government rural credit. Today, pesticides are disseminated in con-
ventional agriculture, as a short-term solution for pest and disease infestation [3].
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Brazil is one of the largest agricultural producers in the world and the second
country that exports these products, playing an important role in the local economy.
To maintain such production, this sector intensively uses transgenic seeds and
chemical inputs, such as fertilizers and pesticides. Brazil is the largest consumer of
pesticides in the world, with an extensive area of planting [4]. The consumption of
herbicides in Brazil was about 540,000 tons of formulated (commercial) products
in 2017 [5]. Glyphosate is the most widely used pesticide in Brazil, with 173,150.75
tons of acid equivalent marketed in 2017 [6]. One of the main consequences of
weed resistance to herbicides is the increase in weed control costs, which is hardly
addressed in scientific publications, but of great importance for the produc-
tive sector.

Glyphosate (IN-phosphonomethyl glycine) is a nonselective and systemic
herbicide applied in postemergence, which belongs to a chemical group of replaced
glycines. It presents a wide spectrum of actions, enabling the control of annual
and perennial weeds with broad and narrow leaves. Due to excellent weed control
along with its ease of handling, low cost, and increased productivity, glyphosate
has become the most widely used herbicide in the world [7]. This herbicide is
registered in Brazil for the following crops: cotton, rice, plum, banana, cocoa,
coffee, sugarcane, citrus, coconut, eucalyptus, beans, tobacco, apple, papaya, corn,
nectarine, pear, peach, pine, rubber tree, soybean, wheat, grape, pastures, forage
ryegrass, and black oats [7]. Glyphosate acts by inhibiting the enzyme 5-enolpyr-
uvylshikimate-3-phosphate synthase (EPSPs) and, consequently, the biosynthesis
of aromatic amino acids, lignins, flavones, isoflavones, anthocyanins, and several
indispensable components for the plant, leading to plant death [7].

It is of paramount importance to understand the behavior of the herbicide in
the plants. Therefore, the absorption of glyphosate takes place in the aerial part of
the plants, having a maximum absorption 96 h after application, translocated by
simplasto with photoassimilates of the leaves for meristematic tissue reaching the
target site. In water it presents a weak acid behavior and presents four variable dis-
sociation constants (pKa between 2.6 and 10.3), in which it presents cell absorption
facilitated by phosphate carriers that are in the cell membranes [8].

Glyphosate is the most widely used pesticide in the world due mainly to the large
number of genetically modified crops resistant to this product [9]. However, with
the increase in the number of agricultural areas with transgenic crops (glyphosate-
resistant), mainly soybean, cotton, and corn, together with the high use and incor-
rect application of this herbicide, new cases of resistant weeds appear [8]. In the
world, 47 species of glyphosate-resistant weeds are already reported, and 9 of them
are in Brazil [10]. Figure 1 presents the number of weed species resistant to various
herbicides of different resistance mechanisms reported worldwide.

Acetolactate synthase (ALS) inhibitor herbicides have the highest number of
resistant species (162 species) (Figure 1). 4-Hydroxyphenylpyruvate dioxygen-
ase (HPPD) inhibitor herbicides have the smallest number of resistant species
(two species). Figure 2 shows that the United States is the country with the
most cases of unique resistance. Brazil has 51 cases of herbicide-resistant weeds
already recorded.

Figure 3 presents the amount of herbicide-resistant weed species within weed
families. The family that has the most cases of herbicide resistance is the Poaceae
family with 82 registered cases. The Caryophyllaceae family presents fewer cases of
resistant weed species (six species).

Figure 4 presents the amount of weed species that have simple resistance to
each herbicide. Atrazine presents the largest number of weed species with simple
resistance, with 66 species registered. For glyphosate there are reported 43 species
of weed resistance, the second being herbicide with the highest number reported.
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Number of weed species resistant to various herbicides of different resistance mechanisms reported worldwide.
Source: Heap [10].
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The mechanisms that generate resistance to herbicides in weeds can be separated
into the following: (i) related to the site of action (target-site resistance, TSR)
and/or (ii) not related to the site of action (nontarget-site resistance, NTSR) [9].
Mutation of the gene encoding enzyme EPSPS and amplification of this gene are
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Figure 3.
Number of herbicide-resistant weed species per weed family. Source: Heap [10].

examples of TSR mechanism, while reduced absorption, differential translocation,
high metabolism, and glyphosate sequestration by the vacuoles are examples of
NTSR mechanism [11]. Thus, it is necessary to know about the mechanisms of weed
resistance to herbicides to perform good management practices for the prevention
of the occurrence of new resistant biotypes in other areas and, mainly, for the deter-
mination of preventive management programs to the selection of resistant biotypes
and also for the determination of the practices of weed control already selected [9].
The aim of the authors in this chapter was to present pesticide use and general
characteristics of glyphosate- and herbicide-resistant weeds in Brazil.
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Figure 4.
Number of weed species with simple resistance to herbicides. Source: Heap [10].
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2. Pesticide use in Brazilian agriculture

The agricultural production in Brazil plays an important role in the Brazilian
economy, thanks to which this country is one of the world’s leading producers of
agricultural commodities. To keep up with production, this sector uses intensively
transgenic seeds and chemical inputs, such as fertilizers and pesticides—chemical
or biological substances used to protect crops against the introduction and spread of
pests such as insects, fungi, bacteria, viruses, mites, nematodes, and weeds [4, 12].
Regarding the function of pesticides, they all have the same common action, which
is to block the vital metabolic processes of the organisms in which they are toxic.

Currently, the total amount of pesticide commercialized in Brazil is US$10,522
billion per year, 14% less than 2014 (Figure 5), or 21% in a global market estimated
to be worth US$50 billion. In a country with a high pest index due to tropical
climate, the farmers’ challenge is to reduce pesticide application (which is nowadays
the main pest management), as well as to reduce the cost of production and the
associated risks to human health and natural resources.

Among the several alternatives for pest control in crops, the chemical method is
still the most widely used, due to its practicality, efficiency, and speed. However, if
pests are not controlled, they can drastically reduce the crop productivity. Among
the pesticide classes, herbicides (selective and nonselective) used for weed control
and also applied for crop desiccation represent 33% of consumption in the country,
followed by insecticides (29%) and fungicides (28%) (Figure 6).

Due to the high total amount of pesticides used, some agricultural crops deserve
attention, not because these products are intensively applied per unit of cultivated
area but because these crops occupy large areas in Brazil. Half of the pesticides
commercialized in the country are used in soybean crop, followed by the main crops
such as sugarcane (12%), corn (11%), and cotton (9%) (Figure7).

Pesticide use differs in the various regions of the country, where intensive and
traditional agricultural (not use chemical product intensively) activities are mixed.
Located in Midwest, the Mato Grosso state is the one that uses the most pesticides
(24%) in the country, and the second is Sdo Paulo state, located in Southeast
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Figure 5.
Total commercialization of pesticides in Brazil from 2014 to 2018. Source: SINDIVEG [13].



Multifunctionality and Impacts of Organic and Conventional Agriculture

(Figure 8). The consumption of pesticides in the Midwest increased in the 1970s and
1980s due to the occupation of the Cerrados and the cultivation of soybean, cotton,
corn, and sugarcane continues to increase in this region. The South region represents
26% of pesticide consumption, while in the Northeast region, it is only 9%.

Empty pesticide packaging, unlike any plastic packaging, cannot be reused for
domestic uses. This is because the products are aggressive, i.e., harmful to human
and animal health, and can cause contamination if reused. And due to the toxicity
of pesticides, their handling requires extreme care, attention, and personal protec-
tive equipment, and empty containers cannot be disposed in the dumping ground
due to the aforementioned eminent risks. Therefore, all pesticides that are marketed
in Brazil have empty packaging collected by the National Institute for Empty
Packaging Processing (inpEV), which is responsible for the final destination of this
material.

Insecticide: 29%

Fungicide: 28%

Selective herbicide: 18%
Non-selective herbicide: 15%
Seed treatment: 6%

Others: 3%

Acaricide: 1%

Figure 6.
Commercialization of classes of pesticides used in Bragzil. Source: SINDIVEG [13].

2

Soybean: 50%
Sugarcane: 12%
Comn: 11%
Cotton: 9%
Non-food crop: 4%
Coffee: 3%
Fruits: 3%
Vegetables: 3%
Grains: 2%
Rice: 1%
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Commercialization of pesticides used by crops in Brazil. Non-food crops: reforestation, pasture, floriculture,
and tobacco. Fruits: citrus, apple, grape, melon and watermelon, banana, and others. Vegetables: potatoes,
tomatoes, onions, garlic, and others. Grains: wheat, oats, rye, barley, and peanuts. Others: stoved grains and
others. Source: SINDIVEG [13].

Figure 7.
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Figure 8.
Commercialization of pesticides for use in agriculture by Bragzilian states. Source: SINDIVEG [13].

3. Glyphosate: sales in Brazil and worldwide, origin and mode of action

Currently, the most efficient method used for weed control is the use of herbi-
cides, mainly in large areas of cultivation, for which its rapid action added more
viable costs. Among the herbicides used, glyphosate is the most marketed worldwide
in more than 119 countries with about 150 trademarks for this product [14]. Figure 9
presents the commercialized quantities of glyphosate and its channels in Brazil.

According to the ABRASCO [16], 110 products with glyphosate alone have
been sold in Brazil, in 29 different companies, and 173,150.75 tons sold in 2017, the
amount being 3 times more than the second most commercialized herbicide, the
2,4-D. This considerable increase in sales was due to the production of corn and
cotton after the development of transgenic soybeans, from 40,000 tons of products
marketed to 300,000 per year in Brazil. In 2013, Asian countries, especially China
and India, were the ones that consumed glyphosate-based products the most. At
the same time, the United States accounted for more than 25% of all glyphosates
marketed. The estimate is that in 2020, the demand for this herbicide is worldwide,
which exceeds one ton [17].

The discovery of glyphosate occurred in 1950, and this acid was an interesting
complexion agent, a pH reducer, a detergent, and several other applications [18].
The glyphosate molecule was invented by the Cilag/Ciba industry in Switzerland,
during the process of selection of chelating compounds for paints. In the mid-
1960s, some scientists at Stauffer discovered other chelating properties of glypho-
sate. However, only in the early 1970s did Monsanto scientists discover the herbicide
properties of glyphosate. Two decades after it began to be marketed, there were
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Annual distribution of the quantity, in tons, of glyphosate in Brazil, from 2014 to 2017. Source: IBAMA [15].

more than 90 commercial products with this active equivalent [19]. Today, glypho-
sate is widely used and has become the most marketed herbicide in the world.

Due to its lack of selectivity, the use of glyphosate was initially limited to
preplanting, directed jet, pre-harvest, and postemergence of weeds. With the
introduction of glyphosate-resistant crops in the mid-1990s, it is now used for
weed control in resistant crops without concerns about crop damage. Currently,
glyphosate-resistant crops are grown in several countries, with great adoption in
the United States, Canada, Argentina, and Brazil. The wide adoption of glyphosate-
resistant crops has caused changes in weed species in these crops and resulted in the
evolution of resistant weeds [20].

Glyphosate is a nonselective herbicide (affecting all “natural” or non-transgenic
plants), which has a broad spectrum, is systemic, and is applied in postemergence,
belonging to the glycine-derived chemical group that has been widely used in the
world in the last four decades [20].

The mechanism of action of glyphosate is the inhibition of the enzyme EPSPS
and, consequently, the biosynthesis of aromatic amino acids, tryptophan, phe-
nylalanine, and tyrosine [18, 20], and precursors of compounds such as lignins,
flavonoids, and benzoic acids [21]. This leads to several metabolic disorders,
inhibiting the biosynthesis of proteins and secondary products and generating a
significant increase in the concentration of shikimate, a common precursor in the
metabolic route of the three amino acids (Figure 10) [22]. Glyphosate inhibits
the enzyme EPSPS by competing with the phosphoenolpyruvate (PEP) substrate,
preventing shikimate from being transformed into chorismate. The synthesis of
the enzyme EPSPS occurs in the cytoplasm, which is transported to the chloroplast
where it operates; glyphosate binds to it by glutamic acid carboxylic (glutamine)
at position 418 of the amino acid sequence. The final action of the herbicide is not
explained by the reduction of amino acids and the accumulation of shikimate. It is
believed that the deregulation of the shikimic acid route causes the loss of carbons
available for other cellular reactions in the plant, once 20% of plant carbon is used
in this metabolic route, because tryptophan, phenylalanine, and tyrosine are fore-
runners of most aromatic compounds in plants. Glyphosate causes the reduction of
phytoalexin synthesis. There is an increased concentration in toxic levels of nitrate,
ethylene, kinetic acid, and other compounds that accelerate plant death [22].
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Glyphosate acts by inhibiting the enzyme 5-enolpyruvylshikimate-3-phosphate synthase in the shikimate
pathway, blocking the production of tryptophan, phenylalanine, or tyrosine. Source: Adapted from Helander

et al. [23].

The dose of glyphosate used depends on the species that will be controlled
and can range from 0.18 to 2.16 kg a.e. ha™". After application of this herbicide,
a period of 4-6 h without rain is necessary to increase the efficiency. After being
treated with this herbicide, the plants die between 7 and 14 days. For absorption
to be facilitated, it should be used in low flow and larger drops. The yellowing of
meristems is a symptom in plants that can lead to necrosis and then to death in days

or weeks [21].

4. Physicochemical properties of glyphosate

Glyphosate presents the molecular formula C;HgNOsP (molecular weight = 169.1
g mol™) [24]. This herbicide can be formulated as isopropylamine salt, ammonium
salt, or trimethylsulfonic salt [25] (sulfate) [19]. The chemical glyphosate group is a
replaced glycine. The glyphosate structure is presented in Figure 11.
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Figure 11.
Chemical structure of glyphosate.
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Under environmental conditions, both glyphosate and its salts are crystalline
solids, which have high solubility in water (12 g L™" to 25°C, for glyphosate) and
are practically insoluble in common organic solvents such as acetone and ethanol.
Glyphosate melts at 189.5°C and has an apparent density of 0.5 g cm™ and presents
significant water solubility in the presence of light, including at temperatures above
60°C [24]. Table 1 shows the physicochemical properties of glyphosate.

As shown in Table 1, glyphosate has high S, and pK, values with acid character
and a low K, value, indicating that glyphosate has a great hydrophilic tendency,
which decreases soil sorption. However, glyphosate quickly binds to positive soil
charges (mainly in clays) such as in soils abundant in iron and aluminum oxides.
This indicates high values of sorption coefficient normalized by soil organic
carbon (OC) (K,.) than other herbicides, limiting their leaching in the soil
profile [27].

The pK, values found in the literature for glyphosate are pKal, 0.8; pKa2, 2.16;
pKa3, 5.46; and pKa4, 10.14. These dissociation constants indicate the degree of
dissociation of the herbicide as a function of pH [24]. This shows the relationship
between the amount of matter that exists after a certain reagent has been consumed
and the amount of material that exists initially.

At pH values below 0.8, most glyphosate is found in a protonation on the amine
site. In a pH of 0.8, being the value of the first constant, 50% of the molecules
present this protonation and the other 50% with a dissociation in the phosphate
group. From this value up to pH of 2.2, the molecular formula is predominant, with
a dissociation (—PO,H—) and a protonation (—~NH,"—), and in a pH of 2.2, 50% of
the compound will have dissociation despite maintaining protonation in the amine
group. Among the pH values of 2.2 and 5.4, the predominant form of the herbicide

Properties

Values

Chemical name (IUPAC)

N-(phosphonomethyl) glycine

Common name Glyphosate

CAS number 1071-83-6

Molecular formula C;HgNOsP

Molecular weight 169 g mol ™

Class Herbicide

Group Replaced glycine

Melting point 189.5°C

Boiling point Decomposes before boiling
Degradation point 200°C

Vapor pressure (PV)

1.31 x 107 Pa (25°C, acid)

Henry’s law constant to 25°C (H)

210 x 10 (Pa m® mol ™)

Solubility in water (S,,)

10.5g L™ (20°C)

Acid partition coefficient (pK,)

2.34 (at25°C)

Octanol-water coefficient (K,)

6.31x 107* (pH 7, 20°C)

Sorption coefficient (Kg)

209.4 mg L

Half-life time degradation in soil (DT50)

15 days

Source: Adapted from PPDB [26].

Table 1.
Physicochemical properties of glyphosate.
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is with two dissociations, thus having 50% of the molecules with three pH dissocia-
tions of 5.5. In a pH ranging from 5.5 to 10.2, there are three and four dissociations
of glyphosate. Above pH = 11, the glyphosate is fully dissociated [24].

Amino acids and their derivatives present a zwitterionic behavior, that is, in its
structure the carboxylic acid has a more acidic characteristics than the ammonium
group. In glyphosate, phosphate and carboxylic groups have a greater acidic char-
acteristics than the ammonium group. Cikalo et al. [28] observed the zwitterionic
behavior of glyphosate when describing its dissociation. Thus, in the first dissocia-
tion of glyphosate, it would lose hydrogen linked to oxygen and only in the last
dissociation that hydrogen linked to nitrogen.

5. Glyphosate-resistant weeds in Brazil

The occurrence of weed resistance to herbicides is a natural and inheritable
capacity of certain biotypes within a given population to develop and reproduce
after being exposed to herbicide doses that would be lethal to a normal popula-
tion of the same species. This resistance is from an evolutionary process, occur-
ring naturally at low frequency, and the selection pressure exerted by repetitive
application of some herbicide or different types of herbicides that have the same
mechanism of action increases the number of resistant individuals in the popula-
tion. Herbicide resistance is identified when, generally, 30% of the plants are
resistant [29].

Several weed species are inherently more resistant to glyphosate than others.

A biotype of glyphosate resistance that occurred naturally was the Convolvulus
arvensis without reporting the use of glyphosate [20]. A biotype of Lotus cornicula-
tus resistant to glyphosate doses was identified by Boerboom et al. [30]. The natural
resistance to this herbicide, these and other species, was not a problem until the
emergence of glyphosate-resistant crops. With the adoption of these crops, many
species became problematic because they occupied places where other weed species
did not inhabit and glyphosate-resistant crops were cultivated [20].

Biotypes that have glyphosate resistance have been selected in crops such as
corn, soybeans, and various orchards. In Brazil, glyphosate-resistant biotypes of
Conyza bonariensis [31], Conyza canadensis [32, 33], Conyza sumatrensis [34], Lolium
maultiflorum [35, 36], Digitaria insularis [9, 37], Chloris elata [38], Eleusine indica
[39], Amaranthus palmeri [40], and more recently Amaranthus hybridus [41] and
Euphorbia heterophylla [42] were identified.

Due to the increase in the adoption of glyphosate-resistant crops, there was a
great difficulty in selecting the herbicide to be used in weed populations in the past
decade. The alternating herbicides that have different modes of action or herbicides
mixed in tanks are recommended in resistance management programs; however,
this is often ignored by farmers, because the cost to control weeds only with glypho-
sate is much cheaper.

It is recommended that a rotation be made between cultivating glyphosate-
resistant crops and nonresistant crops, so that the development of glyphosate
resistance in weeds is delayed. However, the correct use of glyphosate with other
herbicides, a survey of the weed population, extension of the area, and economy
of producers are important factors in the management of weeds in glyphosate-
resistant crops [20].

Figure 12 shows all the species of glyphosate-resistant weeds worldwide.

The first case of reported resistance was in 1996 of the species Lolium rigidum in
Victoria, Australia. In Brazil, the first case of glyphosate-resistant weed identified
was in 2003, which was the species Lolium perenne ssp. multiflorum. In 2019, four

11
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Figure 12.

Glyphosate-vesistant weeds worldwide. Source: Heap [10].

cases of new glyphosate-resistant weeds were reported: in Australia, the spe-

cies Avena sterilis ssp. ludoviciana; in Argentina, the species Carduus acanthoides
which presented multiple resistance to 2,4-D and glyphosate; in Colombia, the
species Chloris radiata which showed simple resistance to glyphosate; and also in
Argentina, resistance of the species Echinochloa crus-galli var. crus-galli which was
reported [10].

6. Conclusions

Among the pesticides, glyphosate is widely used in Brazil and in the world to
control weeds in various crops. However, its use should be performed consciously,
since there is no significant increase in the amount of weeds resistant to this
herbicide. Despite its great use in the country, it presents few reports of resistant
weeds than another mode of action of herbicides, such as acetolactate synthase and
photosystem II (PSII) inhibitors.

Knowledge of glyphosate characteristics, weed biology, resistance mechanisms,
and the production system used that favors the emergence of herbicide-resistant
weed biotypes is important to appropriately manage and prevent or delay new cases
of resistant weeds in the field.

Crops with glyphosate-resistant transgenic technologies will continue to be
important in the future for weed management, and resistant biotypes will con-
tinue to be selected. Thus, good agricultural practices are indispensable, and more
innovations in technologies are necessary for the future. Therefore, adopting a
long-term weed management perspective and integration system for all agricultural
practices is of paramount importance to farmers.
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