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ABSTRACT –  The objective of this work is to present the biotechnological events available for 
cultivation, mainly in Brazil, and to discuss their introduction as part of weed management. Weeds 
represent a significant challenge in crop production, causing significant losses in both yield and 
harvest quality. Therefore, effective control of these plants is required. The widely adopted chemical 
control methods have selected for resistant weed population over the years. To address this issue, 
Genetically Modified Organisms (GMOs) resistant to the herbicide glyphosate were developed. This 
innovation revolutionized weed management in crops such as soybeans, maize, and cotton, bringing 
significant advances to Brazilian agriculture. This technology was well received by producers due to 
its practicality and low cost. However, the large-scale adoption of these cultivars led to widespread 
glyphosate use, resulting in a considerable increase in glyphosate resistance weeds. Consequently, 
weed management has become increasingly challenging, leaving producers with more limited and 
less effective options. To overcome this situation, new herbicide-tolerant cultivars that combine genes 
with distinct resistance traits are being introduced to the market. To date, 14 traits in soybean, 9 in 
corn, and 9 in cotton have been approved for commercial release. These new cultivars represent 
promising alternatives to the challenges posed by glyphosate-resistant weeds. Nevertheless, they must 
be used incorporated into integrated weed management system to ensure the long-term effectiveness 
and sustainability of these technologies.
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The presence of weeds in crops is one 
of the main challenges for farmers. They can 
cause both direct damages, such as yield losses, 
and indirect damage, such as loss of product 
quality. Furthermore, volunteer plants that 
emerge between cropping seasons can play a 
crucial role, serving as hosts (green bridges) for 
pests and diseases (Oliveira et al., 2013; Silva & 
Concenço, 2014). This situation not only makes 
weed management more difficult and expensive, 
but also negatively impacts subsequent crops 
(Deen et al., 2006; Adegas et al., 2022). 
Chemical control remains the most widely used 
control method due to its effectiveness and cost 
efficiency. 

Since the introduction of herbicides 
into the agricultural market, the selection of 
weed species has been observed. This selection 
results not only from tolerance or resistance, but 
also from deficiencies in the control spectrum 
of the herbicides molecules. This phenomenon 
can lead to competition between weed species 
and crops. An example is metribuzin, one of 
the first herbicides used in soybean cultivation. 
Its use resulted in the selection of species such 
as Euphorbia heterophylla (milkweed) (Vargas 
et al., 2016). Consequently, this shift caused 
management difficulties and increased the costs 
of effective weed control in this oilseed crop. 

Due to the challenges faced by farmers, 
the industry has sought safer environmentally 
solutions by developing selective and broad-
spectrum post-emergent herbicides. However, 
the increasing use of these products has led to 

the selection of highly resistant weeds, mainly 
because of the specificity of their mechanisms of 
action. Certain herbicides tend to select resistant 
plants more rapidly than those acting on multiple 
metabolic sites within cells (multisite).

The rapid evolution of resistant weeds, 
combined with the scarcity of new selective 
herbicides with novel mechanisms of action, has 
made weed management into a major challenge 
for farmers. In response, the chemical industry 
introduced Genetically Modified Organisms 
(GMOs) tolerant to glyphosate (Roundup Ready 
- RR) (Duke, 2014), especially in crops such 
as soybeans, maize, and cotton (International 
Service for the Acquisition of Agri-biotech 
Applications, 2019). This technology has brought 
numerous benefits to agriculture, providing a 
practical option for weed management through 
broad-spectrum action, ease of use, reduced cost, 
and greater flexibility of control, which results 
in a lower risk of crop damage (Adegas et al., 
2022). Brazil stands out as the second largest 
producer of GMOs worldwide, with an adoption 
rate of 94% in 2019 (International Service for the 
Acquisition of Agri-biotech Applications, 2019). 
Of the areas planted with genetically modified 
crops in the country, 65% exhibit herbicide-
tolerant traits (Silva, 2018).

However, the simplicity of resistant crops 
and their economic benefits have led to weed 
management being based almost exclusively on 
chemical control, with little integration of other 
methods (Lamichhane et al., 2017). The repeated 
use of the same herbicide, or herbicides with the 
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identical mechanism of action, has resulted in 
the selection of resistant weeds (Heap & Duque, 
2018; Adegas et al., 2022). This situation requires 
producers to adopt well-planned, integrated 
control methods to ensure effective weed control.  

In addition to glyphosate tolerance, 
herbicide-tolerant traits have been introduced 
into various crops. When used appropriately, 
these biotechnological traits can significantly 
contribute to the management of resistant weeds 
while helping to preserve the effectiveness 
of glyphosate as part of an integrated weed 
management strategy. Therefore, this review aims 
to highlight and evaluate the latest herbicide-
tolerant biotechnological traits and their role in 
weed management.

Weed resistance to glyphosate
Over the years, the use of glyphosate 

in resistant crops has led to the selection of 
glyphosate-resistant weeds (Baek et al., 2021). 
The first documented case occurred in 1996 in 
Australia, involving Lolium rigidum in an apple 
orchard after 15 years of continuous glyphosate 
application (Pratley et al., 1999; Baek et al., 
2021; Heap, 2025).

With the introduction of the first 
glyphosate-resistant (RR) soybean cultivar in the 
United States in 1995, glyphosate use increased 
significantly, accelerating the global selection 
of resistant weeds. In 1998, the first U S. case 
was reported, also involving L. rigidum (Heap, 
2025), just three years after the glyphosate-
tolerant cultivars entered the market. Since then, 

the number of species exhibiting glyphosate 
resistance has grown continuously, currently 
totaling 58 worldwide (Heap, 2025).

In Brazil, glyphosate-tolerant soybeans 
were officially launched in 2005, although 
more than 3 million hectares had already been 
illegally cultivated in previous years. As a result 
of this early use, the first case of glyphosate 
resistance was reported in 2003 in Rio Grande 
do Sul, L. perenne ssp. multiflorum, two years 
before the official launch of the trait in the 
country (Roman et al., 2004). Since then, 12 
species in the country have been identified as 
resistant to glyphosate which inhibits the enzyme 
5-enolpyruvylshikimate-3-phosphate synthase 
(EPSPS) (Figure 1).

Herbicide-resistant cultivars
In Brazil, the use of GMOs and their 

derivatives is regulated by Law No. 11.105, of 
March 24, 2005 (Biosafety Law) and Decree No. 
5.591, of November 24, 2005. These regulations 
establish safety standards, registration 
procedures, and monitoring mechanisms for 
activities involving GMOs and their derivatives 
(Brasil, 2005, 2010).

To authorize the use of a genetically 
modified cultivar, the National Technical 
Commission on Biosafety (CTNBio) must 
evaluate potential risks to human health, living 
organisms, and the environment. Since its 
creation in 2005, CTNBio has issued opinions 
on 131 cultivated plants, 56 vaccines, 67 
microorganisms, 10 medicines, and three 



Karam et al.4

International Journal of Maize & Sorghum, DOI: 10.18512/ijms2026e1369

Figure 1. Number of species resistant to the herbicide glyphosate. Adapted from Heap (2025).

modified insects (CTNBio, 2025).
Among the plant species approved for 

commercialization, several cultivars exhibit 
tolerance to different herbicides, including 
inhibitors of the enzymes 5-enolpyruvylshikimate 
3-phosphate synthase (EPSPs - glyphosate), 
glutamine synthetase (ammonium glufosinate), 
p-hydroxyphenylpyruvate dioxygenase  (HPPD 
- isoxaflutole), acetolactate synthase (ALS – 
‘sulfonylureas and imidazolinones), acetyl-CoA 
carboxylase – (ACCase - haloxyfop-p-methyl), 
and auxin mimics (2,4-D; dicamba) (Table 1).

New cultivars with herbicide-resistance 
traits, containing combined or separate genes 
for glyphosate resistance, are available on the 
Brazilian market (Green et al., 2008; Green & 
Owen, 2011; Duke, 2014). These innovations 
enable the diversification of mechanisms of 
action used during the cycle of resistant crops, 
helping to prevent weed escapes and providing 

producers with greater options for resistance 
management (Duke, 2014; Korres et al., 2019).

An example of new herbicide tolerance 
traits is the development of varieties that exhibit 
resistance to auxin mimics, which may or 
may not be associated with tolerance to other 
mechanisms of action. These cultivars became 
available on the market during the 2021/2022 
growing season. With the introduction of these 
cultivars, farmers now have access to additional 
weed management technologies, which should 
reduce the difficulties in controlling resistant 
biotypes or those that are challenging to manage 
within exixting herbicides groups.

Auxin-mimicking herbicides, such as 2,4-
D and dicamba, were commercially released in 
1945 and 1967, respectively. These herbicides are 
classified as having a moderate to high tendency 
to volatilize due to their high vapor pressure, 
which varies depending on the formulation. For 
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Table 1. Events approved in Brazil for herbicide-tolerant soybeans, maize, and cotton. 

Crop Commercial Name  Gene 

Soybean 

glyphosate 

Roundup Ready cp4-epsps 

 cp4-epsps 

HB4 × GTS 40-3-2 cp4-epsps 

glufosinate 

Liberty LinkTM pat 

Conkesta pat 

DBN8002-3 pat 

imidazolinone 

Cultivance Csr-1-2 

sulfonilylurea 

 gm-hra 

HPPD-inhibiting herbicides 

GMB151* hppdPf4Pa 

glyphosate and glufosinate 

HB4 e HB4 × RR pat, cp4-epsps  

DBN-09004-6 cp4-epsps, pat 

Roundup Ready (RR) and Liberty Link (LL) cp4-epsps, pat 

glyphosate and dicamba 

Xtend cp4-epsps, dmo 

 cp4-epsps, dmo 

Intacta 2 Xtend® cp4-epsps, dmo 

glyphosate and isoxaflutole 

FG72 hppd, 2mepsps 

glyphosate and sulfonylurea 

 cp4-epsps, and 
gmhra 

glufosinate and 2,4-D 

 pat, aad-12 

glyphosate, glufosinate, and 2,4-D 

Enlist E3 2mepsps, pat, and 
aad-12 
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Conkesta Enlist E3 pat, aad-12, and 
2mepsps 

glyphosate, glufosinate, and isoxaflutole 

 2mepsps, pat, 
hppd 

glyphosate, glufosinate, 2,4-D, and HPPD-inhibiting herbicides 

GMB151 × DAS-44406-6 
2mepsps, pat, 
aad-12, and 
HPPD-4  

DAS44406 × DAS81419 × GMB151 
2mepsps, pat, 
aad-1, aad-12, 
and hppdPf4Pa 

glufosinate, dicamba, 2,4-D, and mesotrione 

MON94313 pat, dmo, ft_t, 
and tdo 

glyphosate, glufosinate, 2,4-D, dicamba, and mesotrione* 

MON87701 × MON87754 × MON89788 × 
MON94313 × MON94637 

cp4-epsps, dmo, 
ft_t, PAT, and tdo 

Maize 

glyphosate 

 cp4-epsps 

Roundup Ready  cp4-epsps 

TG /  mepsps 

 cp4-epsps 

 cp4-epsps 

TL TG Viptera /  mepsps 

× NK603 cp4-epsps 

MON88017 cp4-epsps 

MON89034 × 
MON88017 cp4-epsps 

MIR162 x NK603 cp4-epsps 

MON87411 cp4-epsps 

MON87427 × MON89034 × MIR162 × NK603 
(and subcombinations) cp4-epsps 

MON87427 × MON95379 × MON87411 cp4 epsps 

MON87427 × MON89034 × MIR162 × 
MON87411 cp4 epsps 

DAS1131 dgt-28 epsps 
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MIR162 × MON87427 × MON88017 × 
MON94804 × MON95379 cp4-epsps 

MIR162 × MON89034 × GA21 mepsps 

MON87427 × MON94804 × NK603 cp4-epsps 

MON89034 × GA21 mepsps 

glufosinate 

Liberty Link Maize pat 

TL/  pat 

Herculex  pat 

 pat 

TC1507 × MON810 pat 

TC1507 × MIR162 pat 

TC1507 × MON810 × MIR162 pat 

VIP2 /  pat 

VIP4 / Bt11 × MIR162 × MON89034 pat 

Bt11 × 5307 pat 

 pat 

Bt11 × MIR162 × MIR604 × TC1507  pat 

Bt11 × MIR162 × MIR604 × TC1507 × 5307 pat 

× MIR604 pat 

Bt11 × MON89034 pat 

Bt11 × TC1507 pat 

MIR162 × MIR604 × TC1507 pat 

MIR162 × MIR604 × TC1507 × 5307 pat 

glyphosate and glufosinate 

TL/TG /  mepsps, pat 

× NK603 cp4-epsps, pat 

Power Core PW/Dow cp4-epsps, pat 

Optimum  Intrasect / TC1507 × MON810 × 
NK603 cp4-epsps, pat 

 4 mepsps, pat 

Genuity® 
MON88017 × 59122 cp4-epsps, pat 

NK603×T25 cp4-epsps, pat 
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Leptra / TC1507 × MON810 × MIR162 × NK603 cp4-epsps, pat 

TC1507 × MIR162 × NK603 cp4-epsps, pat 

 mepsps, pat 

PowerCore Ultra cp4-epsps, pat 

3272 × Bt11 × MIR604 × GA21 pat, mepsps  

× MIR162 × 
GA21 pat, mepsps  

VIP4TG / Bt11× MIR162 × MON89034 × GA21  pat, mepsps  

Agrisure® Viptera
Maize / Bt11 x MIR162 x NK603 pat, cp4 epsps 

MIR162 × MIR604 × TC1507 × 5307 × GA21 pat, mepsps  

glufosinate and dicamba 

MON87419 pat, dmo 

glyphosate, glufosinate, and 2,4-D 

MON-87427-7 × 
MON-89034-3 × DAS-01507-1 × MON-87411-9 × 
DAS-59122-7 × DAS-40278-9 

cp4-epsps, pat, 
and aad-1 

glyphosate, glufosinate, and dicamba 

MON87427 × MON87419 × NK603 cp4-epsps, pat, 
and dmo 

2,4-D and certain ACCase-inhibiting herbicides 

 aad-1 

glyphosate, 2,4-D, and certain ACCase-inhibiting herbicides 

EnlistTM RR cp4 epsps, aad-1 

glyphosate, glufosinate, and dicamba 

MON87427 × MON87419 × NK603 cp4-epsps, pat, 
and dmo 

glyphosate, glufosinate, 2,4-D, and FOPs 

PowerCore Enlist cp4-epsps, pat, 
and aad-1 

PowerCore Ultra Enlist / 
 

cp4-epsps, pat, 
and aad-1 

Cotton 

glyphosate 

 cp4-epsps 

 cp4-epsps 

 2mepsps 
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 cp4-epsps 

 cp4-epsps 

 cp4 epsps 

glufosinate 

 pat 

Widestrike pat 

 pat 

T304-40 × GHB 119 × COT102 bar 

T304-40 × GHB119 × COT102 bar 

glyphosate and glufosinate 

 2mepsps, bar 

 2mepsps, bar 

GlyTol LibertyLink TwinLink® Plus 2mepsps, bar 

glufosinate and 2,4-D 

Enlist pat, aad-12 

DAS-21023-5 × DAS-24236-5 × SYN-IR102-7 × 
DAS-81910-7 pat, aad-12 

glufosinate and dicamba 

DGT bar, dmo 

glufosinate and isoxaflutole 

GHB811 × T304-40 × GHB119 × COT102  bar, hppd 

glyphosate, glufosinate, and 2,4-d 

DAS-21023-5 × DAS-24236-5 × MON-88913-8 × 
SYN-IR102-7 × DAS-81910-7 

cp4-epsps, pat, 
and aad-12 

glyphosate, glufosinate, and dicamba 

RRFlexDGT cp4-epsps, pat, 
and dmo 

BGIIIRRFlexDGT cp4-epsps, pat, 
and dmo 

glyphosate, glufosinate, and HPPD-inhibiting herbicides 

GHB811 × T-304-40 × GHB119 × COT102 × 
COT102 

2mepsps, pat, and 
hppd W336 

GLI pat, 2mepsps, and 
hppdpf W336 

Eucalyptus glyphosate 



Karam et al.10

International Journal of Maize & Sorghum, DOI: 10.18512/ijms2026e1369

751K032 cp4-epsps 

955S019 cp4-epsps 

751K022 cp4-epsps 

955S024 cp4-epsps 

955P082 cp4-epsps 

H421 × 751K032 cp4-epsps 

H421 × 955P082 × 1521K059 cp4 epsps 

H421 × 955S024 × 1521K059 cp4 epsps 

Wheat 
flour 

glufosinate 

HB4  bar 

Adapted from CTNBio (2025) and International Service for the Acquisition of Agri-

biotech Applications (2025). *Approved for food and feed. 

 
example, the vapor pressure is 1.25 x 10⁻⁵ mm 
Hg for the DMA of dicamba and 3.0 x 10⁻⁴ mm 
Hg for the ester of 2,4-D. In addition to vapor 
pressure, environmental conditions at the time 
of application, such as temperature, humidity, 
wind, and characteristics of the treated surface, 
can influence the volatilization of these products 
(Sosnoskie et al., 2015; Mueller & Steckel, 2021; 
Striegel et al., 2021).

Scientific evidence demonstrates that the 
vapor from auxin mimicking herbicides can drift 
beyond the target and reach neighboring fields 
for up to 48 hours after application (Matthews 
et al., 2014; Soltani et al., 2020). This drift 
has caused damage to sensitive non-target 
crops, due to a low toxicity threshold during 
vegetative and reproductive growth phases and 
rapid physiological effects of these compounds 
(Kalsing et al., 2018; Costa et al., 2020). It 

has been shown that non-tolerant soybeans are 
vulnerable to low concentrations during both 
vegetative and reproductive growth phases. The 
most significant yield reductions were observed 
at the V5 stage with 2,4-D and at the R2 stage 
with dicamba (Silva et al., 2018).

Problems related to auxin-mimicking 
herbicide drift can be minimized by adopting 
specific practices. These include choosing less 
volatile formulations, strictly following the 
instructions on product labels and package 
inserts, considering weather conditions at 
the application time, and correctly using the 
application technology. Proper selection of 
nozzle type, boom height, and spraying pressure, 
among other factors, is essential (Paula et al., 
2021).

Cultivars tolerant to the herbicides 2,4-D 
(Enlist) and dicamba (Xtend) represent effective 
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options for managing broadleaf weeds that 
are difficult to control and resistant to other 
herbicide groups. These cultivars provide 
a broad spectrum of action and flexibility 
in application timing. Enlist cultivars are 
genetically modified organisms (GMOs) that 
allow post-emergence application of 2,4-D, 
glyphosate, and Ammonium glufosinate, while 
Xtend cultivars confer resistance to glyphosate 
and dicamba. In maize cultivation, Enlist 
technology also enables the use of haloxyfop-
p-methyl, an herbicide that inhibits the enzyme 
acetyl-CoA carboxylase. This compound 
is particularly useful for controlling grass 
species, a group with few post-emergence 
control options. Limited alternatives for grass 
management remain one of the main challenges 
in conventional crops (Adegas et al., 2022).

Libert Link cultivars, already 
commercially available for agricultural 
use, allow the application of the herbicide 
ammonium glufosinate, which provides a useful 
alternative for managing resistance in specific 
weed species, such as horseweed (Conyza 
sumatrensis) and pigweed (Amaranthus 
hybridus). However, ammonium glufosinate is 
less effective than glyphosate in both grasses 
and dicotyledons and offers limited flexibility 
in targeting weed growth stages.

Despite the benefits offered by 
genetically modified cultivars, the continuous 
use of a single technology, without rotation 
of herbicides with different mechanisms of 

action, has resulted in restricted weed control 
due to resistance and has limited the long-term 
sustainability of this technology (Duke, 2014). 
Resistance to ammonium glufosinate was first 
reported in 2009 in Eleusine indica (Figure 2). 
Since then, only five additional species have 
been documented as resistant to this mechanism 
of action (Heap, 2025). In contrast, many species 
resistant to the herbicides 2,4-D and dicamba 
have been documented worldwide (Figures 3 and 
4). In Brazil, however, only a single case of 2,4-
D resistance has been reported so far, involving 
Conyza sumatrensis. This species is particularly 
significant because it shows resistance to five 
distinct herbicides modes of action (Heap, 2025). 
This situation highlights the importance of proper 
and responsible use of these tools to ensure 
effective weed control.

In addition to tolerance to the mentioned 
previously herbicides, cultivars resistant to 
other herbicides, such as acetolactate synthase 
(ALS) inhibitors and 4-hydroxyphenylpyruvate 
dioxygenase (HPPD) inhibitors have been 
introduced into crops.

The main advantage of having genetically 
modified organisms with different events is the 
possibility of rotating cultivars with distinct 
tolerances. This promotes the alternation 
of herbicides with different mechanisms of 
action, a strategy that contributes significantly 
to the management of resistant and difficult-
to-control weeds, acting as a complementary 
tool within integrated weed management.
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Figure 2. Herbicide glufosinate ammonium resistant weed species reported worldwide. Adapted 
from: Heap (2025).

 

Figure 3. Herbicide 2,4-D resistant weed species reported worldwide. Adapted from: Heap (2025).
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In several countries, beyond soybean, 
maize, and cotton crops resistant to glyphosate 
and glufosinate, other genetically modified 
crops have also been released for cultivation. 
In Canada and the United States, glyphosate-
resistant potatoes, alfalfa, canola, and sugar 
beets have been grown, and in the United 
States, rice and canola glufosinate-resistant f 
rice and canola are also available (International 
Service for the Acquisition of Agri-biotech 
Applications, 2025).

In the United States, farmers have 
cultivars available that exhibit resistance to 
oxynil and sulfonylurea herbicides. Oxynil 
herbicides, which are phenolic molecules, act 
by blocking photosystem II and are effective 
in controlling broadleaf weeds (FAO, 2024). 
Furthermore, in Canada and Japan, a variety of 

Figure 4. Weed species resistant to the herbicide dicamba worldwide. Adapted from: Heap (2025).

canola tolerant to oxynil is available for cultivation 
(International Service for the Acquisition of Agri-
biotech Applications, 2025).

Observations Regarding the Use of Herbicide-
Resistant Crops

Although companies holding these 
biotechnologies have modified the formulations 
of certain herbicides registered for use in GMOs, 
farmers must remain vigilant and carefully follow 
the application technology recommendations 
provided on product labels. For crops tolerant to 
auxin-mimicking herbicides, the risk of drift and/
or volatilization during application is particularly 
significant, as already reported on farms in the state 
of Rio Grande do Sul (Rio Grande do Sul, 2022). 
To minimize these risks, it is essential to review 
all recommendations before each application and 
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ensure that the team responsible is properly 
trained and qualified.

Farmers should pay attention to several 
factors: (i) selecting appropriate spray nozzles 
and using adjuvants that reduce drift and/or 
volatility; (ii) monitoring weather conditions, 
such as temperature and relative humidity, 
both during and after application; (iii) avoiding 
application under windy condition; and (iv) 
ensuring product compatibility in tank mixture, 
since incompatibility can increase drift and/
or volatility problems. These precautions are 
necessary for all applications, regardless of 
whether the cultivars are GMOs.

The availability of cultivars with single 
or multiple herbicide-tolerance traits provides 
important benefits for weed management. 
However, these technologies should not be 
regarded as stand-alone solutions, but rather 
as tools within integrated weed management 
strategies (Adegas et al., 2022).

Improper use can generate problems 
for farmers, their teams, and surrounding 
communities, and may also compromise the 
positive image of Brazilian agriculture, which is 
internationally recognized for its sustainability 
(Vieira Filho, 2022).

Implications of the use of genetically modified 
organisms in weed management
The adoption of genetically modified 

organisms (GMOs) represents a promising 
technological advancement with significant 
implications for agriculture, particularly in 

weed management. These transgenic organisms 
enable more practical and flexible herbicide 
application, and contribute to the management of 
weed resistance, especially glyphosate resistance. 
The introduction of cultivars with stacked genes 
conferring resistance to multiple herbicide 
groups is a positive development, as it reduces 
dependence on a single chemical product and 
broadens weed control options, thereby helping 
mitigate resistance.

Nevertheless, these technologies do not 
provide a definitive solution to the challenges 
posed by weeds. Alongside their adoption, 
complementary practices such as herbicide rotation 
and the use of cover crops must be implemented 
based on technical knowledge. Moreover, it 
is necessary to continuously update and adapt 
transgenic technologies throughout growing 
seasons to maintain their long-term effectiveness.

Although GMOs offer immediate benefits 
in weed control, their use should be approached 
with caution. The long-term impacts remain 
uncertain, including whether they can be integrated 
with other control methods or lead to intensive 
herbicide use, which could increase selection 
pressure on resistant biotypes. These concerns must 
be carefully evaluated by agronomists, researchers, 
and producers to ensure the sustainability of 
these technologies. Excessive herbicide use also 
poses environmental risks, such as soil and water 
contamination, with potential negative effects on 
non-target organisms.
	 Therefore, the future of modern agriculture 
will depend on how these new technologies 
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are adopted and integrated into broader, more 
sustainable production systems. Striking a 
balance between technological innovation 
and environmental stewardship will be crucial 
to ensuring both crop productivity and the 
sustainability of agricultural systems in the years 
ahead.

Conclusions
The adoption of glyphosate-tolerant crops 

has transformed weed management, making it 
more efficient, cost-effective, and operationally 
straightforward. However, continuous use of this 
herbicide has resulted in the selection of resistant 
weed species, which are no longer controlled by 
glyphosate and can cause significant crop losses.

New traits should not be considered 
a stand-alone solution as an isolated solution 
to the problem of weed resistance, but rather 
as additional tools that support integrated 
management strategies and help mitigate the 
selection pressure associated with the repeated 
use of the same mode of action.

The development of multi-herbicide-
resistant cultivars represents an important 
advance, contributing to the sustainability of 
modern agriculture. Yet, their use must follow 
specific application guidelines and respect 
the characteristics of each herbicide molecule 
involved in the tolerance event. Such precautions 
not only minimize risks associated with herbicide 
drift but also help delay the emergence of 
resistant weeds.

Biotechnological innovations should be 

employed responsibly, ensuring the preservation 
of both established and emerging technologies. 
They must be integrated into comprehensive 
weed management strategies, serving as 
valuable tools alongside cultural, mechanical, 
and chemical practices to guarantee effective and 
sustainable weed control.

Acknowledgments
To the National Council for Scientific and 
Technological Development (CNPq) for granting 
the Postdoctoral Junior Scholarship (PDJ).

References
ADEGAS, F. S.; CORREIA, N. M.; SILVA, 
A. F.; CONCENÇO, G.; GAZZIERO, D. L.; 
DALAZEN, G. Glyphosate-resistant (GR) 
soybean and corn in Brazil: past, present, and 
future. Advances in Weed Science, v. 40, 
0202200102, 2022. Special issue. DOI: https://doi.
org/10.51694/AdvWeedSci/2022;40:seventy-
five004.

BAEK, Y.; BOBADILLA, L. K.; GIACOMINI, 
D. A.; MONTGOMERY, J. S.; MURPHY, B. 
P.; TRANEL, P. J. Evolution of glyphosate-
resistant weeds. Reviews of Environmental 
Contamination and Toxicology, v. 
255, p. 93-128, 2021. DOI: https://doi.
org/10.1007/398_2020_55.

BRASIL. Lei nº 11.105, de 24 de março de 
2005. Regulamenta os incisos II, IV e V do 
§ 1º do art. 225 da Constituição Federal, 
estabelece normas de segurança e mecanismos 
de fiscalização de atividades que envolvam 



Karam et al.16

International Journal of Maize & Sorghum, DOI: 10.18512/ijms2026e1369

organismos geneticamente modificados – OGM 
e seus derivados, cria o Conselho Nacional de 
Biossegurança – CNBS, reestrutura a Comissão 
Técnica Nacional de Biossegurança – CTNBio, 
dispõe sobre a Política Nacional de Biossegurança 
– PNB, revoga a Lei nº 8.974, de 5 de janeiro de 
1995, e a Medida Provisória nº 2.191-9, de 23 
de agosto de 2001, e os arts. 5º, 6º, 7º, 8º, 9º, 
10 e 16 da Lei nº 10.814, de 15 de dezembro de 
2003, e dá outras providências. Diário Oficial 
da União, seção 1, v. 142, n. 58, p. 1-5, mar. 
2005. Available at: http://www.planalto.gov.br/
ccivil_03/_ato2004-2006/2005/lei/l11105.htm. 
Accessed on: 22 Jul. 2025.

BRASIL. Ministério da Saúde. Organização 
Pan-Americana da Saúde. Marco Legal 
Brasileiro Sobre Organismos Geneticamente 
Modificados. Brasília, DF, 2010. 218 p. (Série B. 
Textos Básicos de Saúde). Available at: https://
bvsms.saude.gov.br/bvs/publicacoes/marco_
legal_organismos_geneticamente_modificados.
pdf. Accessed on: 22 Jul. 2025.

COSTA, E. M.; ZUCHI, J.; VENTURA, 
M. V. A.; PEREIRA, L. S.; CAETANO, 
G. B.; JAKELAITIS, A. Simulated drift of 
dicamba: effect on the physiological quality 
of soybean seeds. Journal of Seed Science, 
v. 42, e202042014, 2020. DOI: https://doi.
org/10.1590/2317-1545v42224236. 

CTNBio. Liberação comercial de organismos 
geneticamente modificados. Available at: 
http://ctnbio.mctic.gov.br/liberacao-comercial#/
l iberacao-comercial/consultar-processo. 
Accessed on: 24 Aug. 2025.

DEEN, W.; HAMILL, A.; SHROPSHIRE, C.; 
SOLTANI, N.; SIKKEMA, P. H. Control of 
volunteer glyphosate-resistant corn (Zea mays) 
in glyphosate-resistant soybean (Glycine max). 
Weed Technology, v. 20, n. 1, p. 261-266, 2006. 
DOI: https://doi.org/10.1614/WT-02-128.1.

DUKE, S. O. Biotechnology: herbicide-resistant 
crops. Encyclopedia of agriculture and food 
systems, v. 2, p. 94-116, 2014. DOI: https://doi.
org/10.1016/B978-0-444-52512-3.00218-7.

FAO. FAO GM Foods Platform: OECD 
Unique Identifier details. Available at: https://
www.fao.org/food/food-safety-quality/gm-
foods-platform/browse-information-by/oecd-
unique-identifier/oecd-unique-identifier-details/
en/?ui=169514. Accessed on: 21 Aug. 2024.

GREEN, J. M.; HAZEL, C. B.; FORNEY, 
D. R.; PUGH, L. M. New multiple‐herbicide 
crop resistance and formulation technology 
to augment the utility of glyphosate. Pest 
Management Science, v. 64, n. 4, p. 332-339, 
2008. DOI: https://doi.org/10.1002/ps.1486.

GREEN, J. M.; OWEN, M. D. K. Herbicide-
resistant crops: utilities and limitations for 
herbicide-resistant weed management. Journal 
of Agricultural and Food Chemistry, v. 59, 
n. 11, p. 5819-5829, 2011. DOI: https://doi.
org/10.1021/jf101286h.

HEAP, I.; DUKE, S. O. Overview of glyphosate-
resistant weeds worldwide. Pest Management 
Science, v. 74, n. 5, p. 1040-1049, 2018. DOI: 
https://doi.org/10.1002/ps.4760.



Genetically modified crops for weed... 17

International Journal of Maize & Sorghum, DOI: 10.18512/ijms2026e1369

HEAP, I. The International Herbicide-
Resistant Weed Database. Available at: https://
www.weedscience.org. Accessed on: 17 Nov. 
2025. 

INTERNATIONAL SERVICE FOR THE 
ACQUISITION OF AGRI-BIOTECH 
APPLICATIONS. Global status of 
commercialized biotech/GM crops in 2019: 
biotech crops drive socioeconomic development 
and sustainable environment in the new frontier. 
Ithaca: ISAAA, 2019. 90 p. (ISAAA Brief 
n. 55). Available at: https://www.isaaa.org/
resources/publications/briefs/55/download/
isaaa-brief-55-2019.pdf. 
Accessed on: 7 Jun. 2025.

INTERNATIONAL SERVICE FOR THE 
ACQUISITION OF AGRI-BIOTECH 
APPLICATIONS. GM approval database. 
Available at: https://www.isaaa.org/
gmapprovaldatabase/default.asp. Accessed on: 
13 Nov. 2025.

KALSING, A.; ROSSI, C. V.; LUCIO, F. R.; 
ZOBIOLE, L. H.; CUNHA, L. C. da; MINOZZI, 
G. B. Effect of formulations and spray nozzles on 
2, 4-D spray drift under field conditions. Weed 
Technology, v. 32, n. 4, p. 379-384, 2018. DOI: 
https://doi.org/10.1017/wet.2018.18.

KORRES, N. E.; BURGOS, N. R.; TRAVLOS, 
I.; VURRO, M.; GITSOPOULOS, T. K.; 
VARANASI, V. K.; DUKE, S. O.; KUDSK, 
P.; BRABHAM, C.; ROUSE, C. E.; SALAS-
PEREZ, R. New directions for integrated weed 
management: modern technologies, tools and 
knowledge discovery. Advances in Agronomy, 

v. 155, p. 243-319, 2019. DOI: https://doi.
org/10.1016/bs.agron.2019.01.006.

LAMICHHANE, J. R.; DEVOS, Y.; BECKIE, 
H. J.; OWEN, M. D.; TILLIE, P.; MESSÉAN, 
A.; KUDSK, P. Integrated weed management 
systems with herbicide-tolerant crops in the 
European Union: lessons learnt from home and 
abroad. Critical Reviews in Biotechnology, v. 
37, n. 4, p. 459-475, 2017. DOI: https://doi.org/1
0.1080/07388551.2016.1180588.

MATTHEWS, G.; BATEMAN, R.; MILLER, P. 
Pesticide application methods. 4th ed. Ames: 
Wiley-Blackwell, 2014.

MUELLER, T. C.; STECKEL, L. E. Dicamba 
emissions under field conditions as affected by 
surface condition. Weed Technology, v. 35, n. 2, 
p. 188-195, 2021. DOI: https://doi.org/10.1017/
wet.2020.106.

OLIVEIRA, M. F.; KARAM, D.; SOBRINHO, 
J. B. G.; OLIVEIRA JÚNIOR, R. S. de. Plantas 
de milho RR tigueras e as culturas em sucessão. 
Campo & Negócios, v. 11, n. 125, p. 46-
47, 2013. Available at: https://www.infoteca.
cnptia.embrapa.br/bitstream/doc/963705/1/
Plantasmilho.pdf. Accessed on: 21 Aug. 2025.

PAULA, D. F.; MENDES, K. F.; BROCHADO, 
M. G. S.; LAUBE, A. F. S.; RAVE, L. A. B. 
Técnicas para evitar a deriva e volatilização 
de herbicidas. In: LA TORRE, K. A. P. 
de (org.). Desenvolvimento sustentável, 
interdisciplinaridade e ciências ambientais 2. 
Ponta Grossa, PR: Atena, 2021. p. 89-116. 



Karam et al.18

International Journal of Maize & Sorghum, DOI: 10.18512/ijms2026e1369

PRATLEY, J.; URWIN, N.; STANTON, R.; 
BAINES, P.; BROSTER, J.; CULLIS, K.; 
SCHAFER, D.; BOHN, J.; KRUEGER, R. 
Resistance to glyphosate in Lolium rigidum. 
I. Bioevaluation. Weed Science, v. 47, n. 4, p. 
405-411, 1999. DOI: https://doi.org/10.1017/
S0043174500091992.

RIO GRANDE DO SUL. Secretaria da 
Agricultura, Pecuária e Desenvolvimento 
Rural. Relatório de ocorrências de derivas 
de herbicidas hormonais no Rio Grande do 
Sul: período 2018-2021. Porto Alegre, 2022. 
Available at: https://www.agricultura.rs.gov.br/
upload/arquivos/202207/29094931-relatorio-de-
derivas-2-4d-ano-2022-completo.pdf. Accessed 
on: 22 Aug. 2022.

ROMAN, E. S.; VARGAS, L.; RIZZARDI, M. 
A.; MATTEI, R. W. Resistência de azevém
(Lolium multiflorum) ao herbicida glyphosate. 
Planta Daninha, v. 22, n. 2, p. 301-306, 
2004. DOI: https://doi.org/10.1590/S0100-
83582004000200018.

SILVA, A. F.; CONCENÇO, G. Manejo 
de tigueras na sucessão Soja RR®-Milho 
RR®. Plantio Direto, ano 23, n. 140, p. 2-6, 
2014. Available at:  https://www.alice.cnptia.
embrapa.br/alice/bitstream/doc/995419/1/
Impressaodefaxempaginainteira.pdf. Accessed 
on: 21 Aug. 2025.  

SILVA, D. R. O. D.; SILVA, E. D. N. D.; 
AGUIAR, A. C. M. D.; NOVELLO, B. D. P.; 
SILVA, A. A. A. D.; BASSO, C. J. Drift of 2, 4-D 
and dicamba applied to soybean at vegetative 
and reproductive growth stage. Ciência Rural, 

v. 48, n. 8, p. 1-7, 2018. DOI: https://doi.
org/10.1590/0103-8478cr20180179. 

SILVA, J. F. Brazil: agricultural biotechnology 
annual. Washington, DC: USDA, 2018. GAIN 
report number: BR 1818 Available at:  https://
apps.fas.usda.gov/newgainapi/api/report/do
wnloadreportbyfilename?filename=Agricultu
ral%20Biotechnology%20Annual_Brasilia_
Brazil_12-26-2018.pdf. Accessed on: 5 Jun. 
2022.

SOLTANI, N.; OLIVEIRA, M. C.; ALVES, 
G. S.; WERLE, R.; NORSWORTHY, J. K.; 
SPRAGUE, C. L.; YOUNG, B. G.; REYNOLDS, 
D. B.; BROWN, A.; SIKKEMA, P. H. Off-
target movement assessment of dicamba in 
North America. Weed Technology, v. 34, n. 3, 
p. 318-330, 2020. DOI: https://doi.org/10.1017/
wet.2020.17.

SOSNOSKIE, L. M.; CULPEPPER, A. S.; 
BRAXTON, L. B.; RICHBURG, J. S. Evaluating 
the volatility of three formulations of 2, 4-D 
when applied in the field. Weed technology, 
v. 29, n. 2, p. 177-184, 2015. DOI: https://doi.
org/10.1614/WT-D-14-00128.1.

STRIEGEL, S.; OLIVEIRA, M. C.; ARNESON, 
N.; CONLEY, S. P.; STOLTENBERG, D. E.; 
WERLE, R. Spray solution pH and soybean injury 
as influenced by synthetic auxin formulation and 
spray additives. Weed Technology, v. 35, n. 1, 
p. 113-127, 2021. DOI: https://doi.org/10.1017/
wet.2020.89.



Genetically modified crops for weed... 19

International Journal of Maize & Sorghum, DOI: 10.18512/ijms2026e1369

VARGAS, L.; ADEGAS, F.; GAZZIERO, D.; 
KARAM, D.; AGOSTINETTO, D.; SILVA, 
W. T. da. Resistência de plantas daninhas a 
herbicidas no Brasil: histórico, distribuição, 
impacto econômico, manejo e prevenção. In: 
MESCHEDE, D. K.; GAZZIERO, D. L. P. A 
era glyphosate: agricultura, meio ambiente e 
homem. Londrina: Midiograf II, 2016. cap. 20, 
p. 219-239.

VIEIRA FILHO, J. E. R. Agricultura e 
pecuária, energia e o efeito poupa-florestas: 
um comparativo internacional. Brasília, DF: 
IPEA, 2022. Nota técnica nº 30. DOI: http://
dx.doi.org/10.38116/ntdirur30.


