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ABSTRACT

The prevalence and deficient control with glyphosate in some weeds in banana (Musa x paradisiaca L.) plantations in the
Department of Magdalena, Colombia, have been evidenced. The susceptibility to glyphosate of prevalent weeds in farms
with more than 10 yr of application of this herbicide was evaluated. Seeds and propagules of adult plants of five weedy
species were collected from farms where deficient glyphosate control was observed (populations with possible resistance)
and in areas not cultivated or free of herbicide use (susceptible populations). Under controlled conditions, seedlings
obtained from 17 populations were treated with a commercial dose of glyphosate (1440 g acid equivalent [ae] ha') or
twice this dose (2880 g ae ha'). At 21 d after application, populations with a relative fresh weight and survival greater
than 20% and visual control lower than 80% were categorized as resistant populations. To determine the resistance factor
(RF) in the resistant populations, bioassays were performed with increasing doses of the herbicide (0, 720, 1440, 2880,
5760, and 11520 g ae ha'). Populations of Echinochloa colona (L.) Link and Melothria pendula L. were sensitive to both
doses, while the populations of Commelina erecta L. and Syngonium podophyllum Schott were not controlled, confirming
glyphosate-tolerant. Populations of Erigeron bonariensis L., from uncultivated areas was susceptible, while those from
farms were resistant. Glyphosate-resistance was confirmed in two populations of E. bonariensis, with respective RF of
3.5 and 8.6. The repetitive application of glyphosate for weed control in the Magdalena banana farms has contributed to
the prevalence of tolerant species and the appearance of herbicide-resistant weeds.
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INTRODUCTION

Weed communities present temporal and spatial changes, are dynamic, and, as biological organisms, are in continuous
evolution in response to climatic variations, crop cycles, edaphic factors, and especially the management of agro-
ecosystems (Zimdahl, 2018). Their changes can be expressed as the appearance of new species within the community, the
disappearance of some pre-existing species, the replacement of one species by another, or the evolution of biotypes with
greater competitive ability in response to the selection pressures exerted by agricultural practices (Ghersa and Ferraro,
2013). The intensive use of herbicides in agriculture is one of the main causes of selection pressure due to their efficiency
and selective control, they cause changes in the species in the area, including the resistance of weeds to herbicides
(Mithila and Godar, 2013).
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The herbicide resistance (HR) defined by Weed Science Society of America (WSSA) as the “inherited ability of a
plant to survive and reproduce following exposure to a dose of herbicide normally lethal to the wild-type”, confers
competitive advantages over susceptible individuals (Mithila and Godar, 2013). Additionally, by surviving, these resistant
individuals will leave more offspring with the ability to withstand doses that are normally lethal, which together with
their dissemination leads to failure in herbicide control (Fischer, 2012). However, these failures can also occur due to
the tolerance of a species to the herbicide, which is defined by WSSA as the “inherent ability of a species to survive and
reproduce after herbicide treatment”. In this sense, it is important to differentiate between weed tolerance and resistance
to herbicides (Qasem, 2013).

Currently, there are 514 unique cases (species x site of action) of HR weeds reported worldwide, of which 48 are
resistant to glyphosate (Heap, 2020). The regular expansion of the area with the presence of glyphosate-resistant (GR)
weeds and the rising number of resistant biotypes is a direct consequence of the massive increase in the use of this
herbicide (Duke, 2018).

In Colombia, of 11 reports of HR biotypes (Heap, 2020), four are resistant to glyphosate: the species Eleusine indica
and Conyza bonariensis (Erigeron bonariensis) in coffee plantations, Parthenium hysterophorus associated with fruit
trees, and Chloris radiata in rice. Of the GR species reported across the world (Heap, 2020), six are common in banana
(Musa x paradisiaca L.) plantations of Magdalena (Quintero-Pertuiz et al., 2020): Amaranthus spinosus, C. bonariensis,
Digitaria insularis, Echinochloa colona, E. indica, Leptochloa virgata, and Paspalum paniculatum. The latter has been
reported in banana plantations in Costa Rica with more than 12 yr of history of glyphosate application as the only method
of weed control (Ramirez-Muiioz, 2016).

Although HR biotypes have not been reported in banana plantations in Colombia, some species have low susceptibility
to glyphosate (at least at the most frequently used doses), which accounts for their prevalence in farms where herbicide
applications have been made for more than 10 yr as the only chemical control method (Quintero-Pertiz et al., 2020).
According to agricultural engineers and field workers of the Magdalena banana zone, the species Commelina erecta,
E. bonariensis, Syngonium podophyllum, Melothria pendula, Cyperus odoratus, Axonopus compressus, E. colona, E.
indica, and Peperomia pellucida are becoming harder to control with glyphosate (Quintero-Pertiiz et al., 2020). The loss
of efficacy of an herbicide is the first factor to consider for the diagnosis of possible resistance, especially when a single
herbicide or molecules with the same mode of action are used repeatedly and without alternative management tactics
(Peterson et al., 2017).

Glyphosate is the only herbicide with a mechanism of action involving inhibition of the enzyme 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS), causing the interruption of the synthesis of essential amino acids, which leads to the death
of sensitive plants in a matter of days. However, plants have developed multiple mechanisms to resist glyphosate, reduce
its damage, and facilitate recovery after exposure (Zimdahl, 2018; Piasecki et al., 2019). These mechanisms can be at
the site of action, such as mutations in the EPSPS gene that decrease the binding affinity of glyphosate or overexpression
of EPSPS, which allows the plant to produce enough enzyme to maintain the synthesis of aromatic amino acids; and
independent of the site of action, such as limited transport or absorption, isolation or vacuolar sequestration, or a rapid
necrosis response, which causes the herbicide to not reach the target enzyme, resulting in very poor or ineffective control
(Sammons and Gaines, 2014; Huang et al., 2019).

HR weeds are a cause of concern for many sectors of the agricultural community —farmers, councilors, consultants,
researchers, and the chemical industry —because, in an extreme case of resistance, farmers could lose a chemical tool that
has been essential for effectively controlling weeds (Pannell et al., 2016). Therefore, understanding the emergence of HR
in weed populations in agricultural systems can help identify the problem earlier so that alternative control practices can
be developed, which would help mitigate the evolution of resistant weeds (Fischer, 2012).

In response to field observations related to the loss of glyphosate sensitivity in some species associated with banana
plantations of Magdalena, we evaluated glyphosate susceptibility in weeds to establish whether the prevalence of some
weed species in farms where repetitive glyphosate control is performed is due to the evolution of HR populations.
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MATERIALS AND METHODS

During 2017 and 2018, seeds were collected from populations of the species Commelina erecta L., Melothria pendula L.,
Echinochloa colona (L.) Link, and Erigeron bonariensis L. and propagules of Syngonium podophyllum Schott from
banana (Musa x paradisiaca L.) farms located in the banana zone of the Department of Magdalena, Colombia, where
chemical control of weeds has been performed and poor control (populations with possible resistance) has been reported.
As susceptible populations, planting material of the five species was also collected from areas not cultivated and/or free
of herbicide use (Table 1).

Two types of bioassays were performed. A preliminary bioassay was run to detect resistant populations, and based
on these results, a bioassay of dose-response curves was performed to confirm glyphosate resistance and quantify the
resistance factor (RF) according to the method proposed by Burgos (2015).

Bioassay for resistance detection

The seeds of the species C. erecta and E. colona were pregerminated following the protocol standardized by Zabala et
al. (2019) for E. colona seeds. The seeds were treated with 10% HCI for 20 min, then washed and placed in Petri dishes
with 0.6% agar (w/v) and 0.2% KNOs. The Petri dishes were kept in the incubation chamber for 8 d. When the seedlings
emitted the first leaf, they were transplanted into 10x7x8.5 cm pots that contained a substrate consisting of a mixture of
soil, peat, and rice husk. The seeds of the species M. pendula and E. bonariensis and propagules of 3 cm (with at least two
buds) of S. podophyllum were sown directly in the pots under controlled conditions. After transplantation and emergence
of seedlings, thinning was performed to homogenize the growth state and ensure there were the same number of seedlings
per pot for each species. Seedlings of 17 populations of the five species were treated at the 4-6 leaf growth stage with
the recommended commercial dose (1440 g acid equivalent [ae] ha') or twice this dose (2880 g ae ha') of glyphosate
(isopropylammonium salt of N-(phosphonomethyl)glycine; Roundup 360 SL, Monsanto, Creve Coeur, Missouri, USA).
The control treatment for each population was the absence of application (dose 0).

A completely randomized experimental design with five replicates was used. The experimental unit consisted of a
pot with four seedlings for E. colona, M. pendula, and E. bonariensis and a pot with two seedlings for C. erecta and S.
podophyllum. The herbicide applications were performed in a spray chamber equipped with flat fan nozzle (XR-8001,
TeelJet Technologies) with a discharge of 213 L ha', application rate 0.3 m s and pressure 22 psi.

During the experiments, the conditions in the greenhouse were maintained between 28 to 36 °C, 70% relative humidity,
and a 12:12 h photoperiod with a luminosity of 1500 to 1600 pmol m" s'. Throughout the tests, a water sheet was
maintained at a constant depth of 5 cm to keep the substrate saturated. Twenty-one days after application, relative fresh

Table 1. Sites of origin of the evaluated weed populations.

Species Population Site of origin Latitude-longitude
Commelina erecta L. CeFl Zona Bananera/Florida Farm 10°54'04.6" N, 74°11'14.8" W
CeBu Ciénaga/Burdeos Farm 10°57'43.3" N, 74°11'05.1" W
CeUM* Santa Marta/University of Magdalena Campus 11°13"33.59" N, 74°11'15.01" W
Melothria pendula L. MpFI Zona Bananera/Florida Farm 10°54'04.6" N, 74°11'14.8" W
MpCh Zona Bananera/Chabela Farm 10°5429.5" N, 74°11'12.7" W
MpBu* Ciénaga/Burdeos Farm 10°57'44.5" N, 74°10'53.7" W
Echinochloa colona (L.) Link EcFl Zona Bananera/Florida Farm 10°54'04.6" N, 74°11'14 8" W
EcCh Zona Bananera/Chabela Farm 10°54"21.3" N, 74°11'11.9" W
EcBu Ciénaga/Burdeos Farm 10°57'43.3" N, 74°11'05.1" W
ECUM* Santa Marta/University of Magdalena Campus 11°13'17.77" N, 74°11'07.11" W
Syngonium podophyllum Schott SpUII Seville/La Unién II Farm 10°47'33.1" N, 74°08'58.8" W
SpBu Ciénaga/Burdeos Farm 10°57'59.57" N, 74°10'56.70" W
Erigeron bonariensis L. EbEs Aracataca/Esmeralda II Farm 10°3827.6" N, 74°09'35.7" W
EbUII Seville/La Unién II Farm 10°47'33.1" N, 74°08'58.8" W
EbCh Zona Bananera/Chabela Farm 10°54'33.8" N, 74°11'18 3" W
EbSR Zona Bananera/Santa Rita Farm 10°45'03.66" N, 74°07'10.5" W
EbSL* Santa Marta/Via a San Lorenzo 11°0624.9" N, 75°04'13" W

*Susceptible control populations.
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weight (%), survival (%), and visual control (%) were assessed. Relative fresh weight was estimated by taking into
account the fresh weight of the herbicide-treated plants and the average fresh weight of the controls (dose 0), expressed
as a percentage. To evaluate the control efficacy, visual observation was performed using a subjective weed control scale
from O to 100, where 0 corresponded to 0% control and 100 to 100% weed control, according to the symptoms observed
in comparison with the control without herbicide. Survival was measured considering the number of live plants with
active growth after treatment in relation to the number of treated plants counted just before application and is expressed
as percentage. The populations were categorized as susceptible (S) or resistant (R) independently for each of these three
variables, according to the classification criteria described by Zabala et al. (2019). Populations with relative weight and
survival greater than 20% and visual control less than 80%, evaluated at the commercial dose of the herbicide, were
categorized as resistant (R).

Bioassay of dose-response curves

Taking into account the results obtained in the previous bioassay, three populations of E. bonariensis were selected:
EbSR and EbCh (R) and EbSL (S). Increasing doses of glyphosate used: 0, 1X, 2X, 4X, and 8X, where X corresponds
to the recommended commercial dose (1440 g ae ha'). Population S was treated from the X/2 dose to the 2X dose. The
treatments were chosen under a completely randomized design with four replicates; the test was repeated over time
for validation. The applications, growth conditions, and variables (fresh weight and survival) were evaluated as in the
previous bioassay.

Analysis of data

The dose-response curves were drawn by means of a nonlinear regression model using the log-logistic equation of three
parameters (Ritz et al., 2015): Y =[d / (1 + (x / g2 b)], where Y is the percentage of growth, d is the average response
when the herbicide dose approaches zero (upper limit), b is the slope of the line when there is a 50% reduction in growth
(GRsp) or survival (LDsp), g is the herbicide rate inhibiting plant growth by 50% (GRso) or the dose required to control
50% of the plants (LDso), and x (independent variable) corresponds to the dose of glyphosate. The regression parameters
of the susceptible and resistant populations were obtained by RStudio 1.0.143 with the “drc” package (Ritz et al., 2015).
The RF was calculated by dividing the GRso or LDsp value of an R biotype by the GRsy or LDsg of an S biotype. An RF
greater than 2 (statistically, based on your confidence interval) was taken as confirmation that the analyzed populations
were resistant to herbicide (Heap, 2020).

RESULTS

Detection of glyphosate-resistance

The populations of E. colona and M. pendula (including those suspected of resistance) were efficiently controlled with the
recommended commercial dose (1440 g ae ha'). In both species, the relative weight and survival were lower than 20%,
and the control percentages were higher than 80% (Figure 1), values that categorized them as S (Table 2).

The three populations of C. erecta, including the susceptible population (CeUM*), were not controlled efficiently,
given that they showed average relative weight between 5% and 20%, survival above 80%, and visual control of 80%
with the 2X dose (Figure 1). Although these values categorized the populations as R (Table 2), the ineffectiveness in the
control of the CeUM* population (susceptible population) confirmed that the species was not controlled with glyphosate
because it presented natural tolerance to the herbicide (Panigo et al., 2012).

A similar response was observed in the two populations of S. podophyllum (SpUII and SpBu*), which showed an
average relative weight greater than 20%, survival of 100%, and control less than 10% with the 2X dose (Figure 1).
Therefore, they were categorized as R (Table 2). As in C. erecta, the ineffectiveness of glyphosate in the susceptible
population of S. podophyllum (SpBu*) confirmed that the species had natural tolerance to the herbicide.

Of the E. bonariensis populations, EbSL* was 100% controlled by the lowest dose of glyphosate, confirming its
susceptibility (Figure 2). On the other hand, EbCh, EbSR, EbUII, and EbEs from banana farms were not efficiently
controlled with the glyphosate doses evaluated. These populations presented average values of relative weight that varied
between 5% to 30%, survival greater than 20%, and visual control less than 80% (Figure 2A). Pooling the results of the
three variables allowed us to categorize them as R populations (Table 2).
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Figure 1. Effect of glyphosate application at the commercial dose (1X = 1440 g ae ha'") or double dose (2X) on the fresh
weight (A), survival (B), and visual control (C) of 17 populations of five weed species in banana fields in the Department
of Magdalena, Colombia.
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The horizontal line at 20% in A and B and at 80% in C represents the discriminatory limit between resistant and susceptible populations when
plants were treated at the 1X dose.
Weed species: Echinochloa colona, Melothria pendula, Commelina erecta, Syngonium podophyllum, Erigeron bonariensis.

Confirmation of glyphosate-resistance

The dose-response curves confirmed the evolution of resistance in the E. bonariensis populations evaluated (Table 3).
The dose of glyphosate necessary to reduce fresh weight of the EbSL population to 50% (GRso) was 729.41 g ae ha”,
lower than the recommended commercial dose (1440 g ae ha™'), confirming the susceptibility of the population. The GRso
values for the EbCh and EbSR populations were 2541.17 and 6264.07 g ae ha' glyphosate, respectively (Table 3, Figure
1A). The RFs calculated based on the GRs criterion showed that 3.5 and 8.6 times the dose for the susceptible population
would be required to reduce the growth of the EbCh and EbSR populations by 50%, respectively. RF values between 2
and 10 suggest that the resistance is moderate (Heap, 2020).
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Table 2. Glyphosate resistance category of 17 populations of four weed species associated with banana plantations in the

Department of Magdalena, Colombia.

Relative fresh

weight Survival Visual control General
Species Population 1X 2X 1X 2X 1X 2X category**
Echinochloa colona EcUM* S S S S S S S
EcFl S S S S S S S
EcCh S S S S S S S
EcBu S S S S S S S
Melothria pendula MpBu* SR SR S S S S S
MpFl SR SR S S S S S
MpCh R SR SR S SR S SR
Commelina erecta CeUM* R SR RR RR R RR RR
CeFl R SR RR RR R RR RR
CeBu R SR RR RR R RR RR
Syngonium podophyllum SpBu RR RR RR RR RR RR RR
SpUIl RR RR RR RR RR RR RR
Erigeron bonariensis EbSL* SR S S S S S S
EbEs RR R RR RR RR RR RR
EbSR RR RR RR RR RR RR RR
EbCh RR RR RR RR RR RR RR
EbUII RR RR RR RR RR RR RR

*Control population, evaluated as susceptible, from non-cultivated areas or free of herbicide use.

**The general category of resistance was estimated from the nature of the three variables.

S and SR: Susceptible, R and RR: resistant. The populations with relative fresh weight and survival greater than
20% and visual control less than 80% were categorized as R when evaluated at the commercial dose of herbicide

(1X) and as RR when evaluated at the 2X dose (X = 1440 g ae ha').

Figure 2. Log-logistic model curves of resistant (EbCh and EbSR) and susceptible (EbSL) populations of Erigeron
bonariensis to different doses of glyphosate 21 d after application; percentage of fresh weight reduction (A) and percentage

of survival (B).
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Table 3. Parameters estimated from the logistic analysis and values of the growth reduction (GRs)) and mean lethal dose
(LDso) in three populations of Erigeron bonariensis.

GRjO GR90
Populations b d gaeha' gaeha'! p RF
EbSL* 2.87 100 72941 1568.35 <0.0001
EbCh 1.076 100 2545.17 19599.70 <0.0001 348
EbSR -6.726 100 6264.07 164272.00 <0.0001 8.58
LDs() LDQ()
Populations b d g ae ha' g ae ha' p RF
EbSL* 6.191 100 594.09 <0.0001
EbCh 2784 100 6413.00 - <0.0001 10.79
EbSR 4.549 100 > 11520.00 - - >19.40

*Susceptible population from areas free of glyphosate application.
b: Slope; d: average response; RF: resistance factor.

Regarding survival, the dose required to control 50% of the plants (LDso) was 594.09 g ae ha' for the S population,
approximately half of the commercial dose. At the highest dose evaluated (11520 g ae ha'), the EbSR population showed
a survival rate greater than 90% (Table 3, Figure 1B), and it was not possible to estimate LDs for this population. The
LDs for the EbCh population was 6413 g ae ha', 10.8 times higher than that of S (Table 3, Figure 1B). Their LDso-based
RF values greater than 10 suggest that resistance is medium in both populations (Heap, 2020).

DISCUSSION

The efficient control of the populations of E. colona and M. pendula with the recommended commercial dose of
glyphosate confirms their susceptibility to the herbicide. Therefore, the reported field control failures may be due to errors
in application (dose used, methods and time of application, among others). It was evident from our observation of the
study area that herbicide is applied when most of the weed populations are in a flowering or reproductive state, and in
some cases, the doses used are lower than the recommended by the product label (information collected through surveys
conducted during field sampling).

According to Kleinman et al. (2015), applying glyphosate to plants too advanced in their cycle leads to control failure,
given that at later stages of development, susceptibility to herbicide decreases. Although low doses of an herbicide can
efficiently control susceptible populations, they could also allow the survival of individuals possessing some partial-
resistance genes (Fischer, 2012). These individuals could eventually exchange and accumulate resistance genes that may
be pre-existing in the population (genetic variation) or may be induced by stress due to the sublethal effect of the herbicide
(Gressel,2010). Over time, the level of resistance can increase, and its frequency will be increased by the selection pressure
of the herbicide; therefore, the application of the maximum recommended dose of the herbicide should be adhered to in
the management of weeds and avoid too low application rates from the beginning (Gressel, 2010; Mithila and Godar,
2013). These considerations should be taken into account in the banana plantations of the region with a prevalence of E.
colona, since it has reported populations resistant to glyphosate (Heap, 2020). According to Werth et al. (2013), the high
dependence on glyphosate for weed control in crop fields increases the risk of shifts to glyphosate-tolerant species and the
evolution of glyphosate-resistant weeds, which leads to the prevalence or increase of their dominance in systems based
on the use of this herbicide.

The populations of C. erecta were not controlled efficiently even with the double of the dose of the herbicide, results
are consistent with the findings of Panigo et al. (2012), who found this species was tolerant to doses of 900-1920 g ae ha’!
glyphosate. According to Nisensohn et al. (2011), the tolerance to glyphosate of C. erecta varies with the stage of
development, so this is an important aspect to consider when applying the herbicide. Additionally, the ability of the genus
Commelina to propagate by seeds and vegetatively through rhizomes and cuttings, as well as the reserve starch in its stem,
may be related to its tolerance to glyphosate, since these characteristics provide a greater likelihood of recovery after
herbicide application (Panigo et al., 2012).

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 81(2) APRIL-JUNE 2021 178



Poor control of the two populations of S. podophyllum, even with the double of dose of glyphosate, indicates a natural
tolerance of the species to the herbicide. Although it is reportedly difficult to control in banana crops with intensive
applications of glyphosate in Costa Rica (Brenes-Prendas et al., 2012) and Colombia (Quintero-Pertiiz et al., 2020),
S. podophyllum had not been reported as tolerant to herbicides, so these results are the first to show the tolerance of
the species to glyphosate. The morphological and anatomical characteristics of leaves of S. podophyllum, such as the
presence of stomata on both surfaces, a parenchyma with a multitude of aerial channels, and their content of starch
grains and calcium oxalate crystals (Sipos and Trif, 2009), histochemical characteristics that reduce the penetration and/
or translocation of the herbicide and could be associated with glyphosate tolerance, as has been verified in other species
with natural tolerance to the herbicide (Galon et al., 2013). The ability to reproduce both sexually and vegetatively and to
present morphological variations during its growth cycle contribute to the propagation, adaptation, and rapid growth of
the species in banana plantations (Brenes-Prendas et al., 2012). These morphological, structural, and physiological factors
could also confer adaptive advantages of a population weed that would allow it to survive and increase in systems with
intensive use of glyphosate (Dellaferrera et al., 2015). However, studies on the specific morphological and physiological
characteristics that might confer glyphosate tolerance to S. podophyllum are necessary.

Herbicide tolerance is evidenced when the continuous use of the same molecule and dose selects one or more species
that are naturally tolerant to that herbicide/dose within the community; these species would tend to predominate in farms
where frequent treatments with the same active ingredient have been carried out (Werth et al., 2013). This would explain
the prevalence of C. erecta and S. podophyllum in the banana plantations evaluated.

The results obtained in the bioassays for the detection of glyphosate resistance in E. bonariensis populations show,
for the first time, the presence of HR populations in banana crops in Colombia, and this is the second case of glyphosate
resistance for this species in the country. The first case was reported in 2006 in coffee crops (Heap, 2020) where there had
been a high frequency of glyphosate application for more than 10 yr. However, the resistance factor in these biotypes was
not estimated.

The RFs estimated in this study indicate that 3.5 and 8.6 times more herbicide is needed in R populations than S
populations to cause a 50% reduction in fresh weight (GRso). According to these values, it is necessary to apply between
7 and 17 L commercial product per hectare (SL 360 g ae L") to reduce biomass by 50% and more than 32 L. commercial
product ha' (highest evaluated dose) to reach a 90% control, values that exceed the recommended dose of use for any
active ingredient in different crops. These results are in line with Puricelli et al. (2015), Kleinman et al. (2015), and
Koetz and Asaduzzaman (2020), who reported RF values of 3.5 to 7.0 and requirements of 3 to 4 times the susceptible-
population dose of glyphosate to achieve a 90% control in resistant populations of E. bonariensis.

The extensive use of herbicides has led to numerous HR populations of Conyza spp. (Erigeron spp.) (Matzrafi et al.,
2015). Several factors can influence the dynamics of this process, such as genetic factors, the physiology of the weed
species, herbicide and target site properties, herbicide dose, and application yield (Menalled et al., 2016). According to
Fischer (2012), the evolution of HR in a population is accelerated when the initial frequency of resistant biotypes is high,
when it is inherited through a single gene that is dominant in a species of cross-fertilization, when the species is very
susceptible to herbicide, when it kills the plant through a single mechanism, or when it is inactivated by a very common
process in plants.

Research on the mechanism of glyphosate resistance of E. bonariensis has shown that this is not the result of EPSPS
mutations or overexpression (Gonzdlez-Torralva et al., 2014; Hereward et al., 2018; Piasecki et al., 2019) but is unrelated
to the active site. It is due to the accumulation and sequestration of glyphosate subcellularly, probably in vacuoles, which
prevents the herbicide from being transported to other sites of the plant (Gonzélez-Torralva et al., 2014; Amaro-Blanco et
al., 2018; Hereward et al., 2018). According to Piasecki et al. (2019), the non-active-site-related glyphosate resistance in
E. bonariensis is mediated by a group of genes that can participate (individually or together) in the metabolism, transport,
and degradation of the herbicide in such a way that they can rescue plants resistant to irreversible damage after glyphosate
treatment; gene expression varies between biotypes in response to treatment with glyphosate and depends on the time of
exposure to the herbicide. In this regard, Anagnostopoulos et al. (2020), found differences in the metabolism of biotypes
of three species of Conyza to two herbicides, pointing out that C. bonariensis (E. bonariensis) has a greater capacity to
transform glyphosate into non-toxic metabolites. Further studies are needed to determine the mechanisms of resistance in
E. bonariensis populations associated with banana plantations in Magdalena.
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The prevalence or growth of populations of some weeds in crop fields can also be related to their ability to produce a
high number of seeds, and because glyphosate does not have residual action, there is a greater opportunity for growth of
new populations from the soil seed bank (Green, 2010). The existence of seeds that manage to escape glyphosate control,
added to the little disturbance of the soil of adult banana plantations, plus the high percentage of viability and different
degrees of dormancy of the seeds, leads to an increase in the frequency and density of some weeds, as verified by the
populations of C. erecta (Nisensohn et al., 2011), E. bonariensis (Metzler et al., 2013), and E. colona (Picapietra et al.,
2020). The rapid colonization of E. bonariensis populations can be attributed to the dispersion of its seeds, facilitated by
wind and water, which increases under favorable conditions of humidity and temperature (Green, 2010), conditions that
occur in the banana fields of the region. According to Green (2010), seed dispersal contributes to the propagation of GR
weed populations. In this sense, efficient monitoring and control of these populations in banana systems is essential to
mitigate the evolution of resistance.

CONCLUSIONS

The populations of Melothria pendula and Echinochloa colona were susceptible to glyphosate, which allows us to infer
that the failures in the control and prevalence of populations of these species in some farms can be due to errors in
application. Commelina erecta and Syngonium podophyllum were glyphosate-tolerant, a characteristic that favors the
competitive ability of these species and explains the difficulty controlling them and their prevalence in plantations.
Glyphosate resistance was confirmed in Erigeron bonariensis populations from banana farms, which shows that the
prevalence of this species in these farms is due to the evolution of herbicide-resistant populations.

The prevalence of weeds tolerant or resistant to glyphosate in banana farms where the herbicide has been applied
continuously for at least 10 yr as the only control method shows that these species have experienced selection pressure,
which has led to the evolution of biotypes with greater competitive ability. These findings indicate that weed management
based on a single method is not efficient.
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