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Abstract: A population of false-star-grass (Chloris distichophylla Lag.), suspected of glyphosate resistance (GR), was collected from areas of soybean cultivation in Rio Grande do Sul, Brazil. A comparison was made with a susceptible population (GS) to evaluate the resistance level, mechanisms involved, and control alternatives. Glyphosate doses required to reduce the dry weight (GR50) or cause a mortality rate of 50% (LD50) were around 5.1–3 times greater in the GR population than in the GS population. The shikimic acid accumulation was around 6.2-fold greater in GS plants than in GR plants. No metabolized glyphosate was found in either GR or GS plants. Both populations did not differ in the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) basal activity or in vitro inhibition of EPSPS activity by glyphosate (I50). The maximum glyphosate absorption was observed at 96 hours after treatment (HAT), which was twofold higher in the GS plants than in the GR plants. This confirms the first case of glyphosate resistance in C. distichophylla. In addition, at 96 HAT, the GS plants translocated more 14C-glyphosate than the GR ones. The best options for the chemical control of both
 C. distichophylla populations were clethodim, quizalofop, paraquat, glufosinate, tembotrione, diuron, and atrazine. The first case of glyphosate resistance in C. distichophylla was due to impaired uptake and translocation. Chemical control using multiple herbicides with different modes of action (MOA) could be a tool used for integrated weed management (IWM) programs.
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1. [bookmark: Introduction_]Introduction
Agricultural crops are exposed to environmental factors that influence their growth, development, and productivity [1]. The genus Chloris is poorly known and includes numerous weed species that are distributed across multiple continents in both tropical and subtropical regions. Many species of this genus are native to Argentina (C. elata and C. virgata), Brazil (C. elata and C. polydactyla), the Caribbean Islands and Mexico (C. elata, C. barbata, and C. ciliata), and Colombia (C. radiata) [2–6]. Among Chloris species, Chloris distichophylla Lag. [synonym: Eustachys distichophylla (Lag.) Nees], commonly known as false-star-grass or weeping fingergrass, is found in areas where soybean and fruit crops are grown in southern Brazil [7]. Losses in soybean productivity can reach a 70% decrease when the soybean competes with Chloris polydactyila, confirming the need to control the species of the same genus [8].	Comment by Author: You’ll have to give the naming authorities of ALL species at first mention



In addition, controlling the genus Chloris species is the main focus of many farms, since it is naturally tolerant of glyphosate herbicide [8–11]. Authors, such as Nunes et al. [7] and Moraes de Aguiar et al. [8], have previously reported concerns about the presence of C. distichophylla and its ability to spread to other crops where they tend to survive from glyphosate herbicide applications.
The use of herbicides is the most common weed control method. However, resistance to herbicides has reduced their effectiveness and commercial use for weed control. This is the result of evolutionary adaptations of weeds to the repeated application of a group of herbicides with the same mode of action (MOA), without the use of another alternative control [12]. Worldwide, glyphosate is one of the most common herbicides used during post-emergence owing to its simple, inexpensive, flexible, and effective control of monocotyledonous and dicotyledonous weeds in glyphosate-resistant (GRCs) and perennial crops [13–15]. This systemic and nonselective herbicide used during post-emergence inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), which triggers a reaction between shikimate-3-phosphate and phosphoenolpyruvate to form 5-enolpyruvylshikimate-3-phosphate, an important step in the biosynthesis of aromatic amino acids in plants [16,17]. 
There are weed species that have the inherent ability to survive and reproduce after herbicide treatment. This implies that there is no selection or genetic manipulation to make the plant tolerant; it is naturally tolerant. . On the other hand, resistance is the inherited ability of a plant (biotype) to survive and reproduce following exposure to an herbicide dose, which is normally lethal to the wild type [9,18]. The survival of weeds after repeated applications of glyphosate (as the only control tool) for more than 10 consecutive years triggers evolutionary adaptations resulting in glyphosate resistance [19,20]. Currently, 48 species of glyphosate-resistant weeds have been confirmed [21], of which four belong to the genus Chloris. Most glyphosate-resistant Chloris species have been detected in Australia [22,23], Brazil [24,25], Cuba and the Dominican Republic [10], and Mexico [11].

Glyphosate resistance in weeds includes two different mechanisms: (1) outside the site of action,
 called NTSR (non-target-site resistance), which plays an important role in the differences between the absorption, translocation, and vacuole sequestration of the glyphosate applied to resistant (GR) and sensitive (GS) populations of the same species [10,26,27] and (2) involved in protein binding (EPSPS), called TSR (target-site resistance), where the important role is played by the EPSPS, where target-site alterations are due to target-site mutations [10,23] or target-site gene amplifications [22,28] in glyphosate-resistant populations.
The objective of this work was to characterize glyphosate-resistant C. distichophylla in southern
 Brazil. This was conducted to (1) assess the resistance levels between a GR and GS population,
 (2) determine the NTSR or TSR mechanisms involved, and (3) seek alternatives for the chemical control of both populations.
2. [bookmark: Materials_and_Methods_]Materials and Methods
2.1. [bookmark: Chemicals_]Chemicals
C. distichophylla plants were sprayed with commercially formulated glyphosate. Analytical grade (>99.5%) glyphosate was used to determine the effects of the herbicide on the biochemical and molecular aspects of the plants. 14C-glyphosate (glycine-2-14C), with a radiochemical purity of 95% and specific activity 273.8 MBq mmol−1, was obtained from the Institute of Isotopes Co., Ltd. (Budapest, Hungary).
2.2. [bookmark: Plant_Materials_]Plant Materials
C. distichophylla seeds were collected from areas of soybean cultivation in Rio Grande do Sul, Brazil, where the control of this weed was very poor after the application of glyphosate at a rate of 720 g ae ha−1 [7].
In 2017, seeds were sown in trays (15 × 15 × 8 cm) with a peat substrate that had been moistened to field conditions, before being covered with parafilm. The trays were taken to a growth chamber calibrated at 28/18 °C day/night, with a 16 h photoperiod, at a light intensity of 850 µmol−2 s−1, and at





60% relative humidity. The seedlings were transplanted into 3 L pots (5 plants per pot) containing a mixture of sand/peat (1:1 v/v), before placing thembeing placed back into the growth chamber. They were watered daily until the start of the glyphosate treatments [11].	Comment by Author: Shouldn’t numbers below 10 be spelt out? Three L. pots (five plants per pot)
The first screening test was conducted on the GR populations to eliminate susceptible individuals from the seeds (population homogenization). Twenty pots (5 plants/pots), containing plants with 3–4 true leaves, were treated with glyphosate at a rate of 720 g ae ha−1 (Roundup Energy 45% w/v, Monsanto, Madrid, Spain) using a laboratory chamber (SBS-060 De Vries Manufacturing, MN, Hollandale) equipped with an 8002 flat fan nozzle that delivers 200 L ha−1, at 250 KPa at a height of 50 cm. Surviving individuals (~80%) were grown to maturity, bulked, and allowed to produce seeds.
A second screening test was conducted on the GR population to improve the resistance level, repeating the first experiment but with glyphosate at a rate of 1080 g ae ha−1 (field doses used in Spain). Finally, the surviving plants (>90%) were grown to maturity, bulked, and allowed to produce seeds.
For comparison, seeds of a nontreated population (referred to as GS) were harvested in a nearby area that had never been treated with herbicides. During the first screening test, the susceptible seeds were germinated, and the transplant plants with 3−4 leaves were treated with glyphosate at a rate of 550 g ae ha −1. However, two weeks after treatment, all susceptible plants died.
In the tests conducted during 2019, GR and GS populations with a germination percentage higher than 80% were used to confirm the resistance of C. distichophylla to glyphosate.
2.3. Dose–-Response Assay with Glyphosate
GR and GS C. distichophylla populations were sprayed with the following increasing doses of glyphosate: 0, 31.25, 62.5, 125, 250, 500, 1000, 1500, and 2000 g ae ha−1 (10 replicates per dose) in the treatment chamber. Four weeks after treatment (WAT), the survival (plants were considered dead if they showed no active growth) was assessed, and the shoots of the aerial part of the plants (dried at 60 ◦C for 4 days) were harvested and weighed. Data are expressed as percentages. The experiment was repeated twice, once during spring and once during fall.
2.4. Shikimic Acid Accumulation Assay
The shikimic acid accumulation was studied following the methodology described by Shaner et al. [29] with some modifications, aswhich will be detailed below. Young leaf tissue samples (50 mg in 4 mm leaf discs) were taken and placed in Eppendorf tubes (2 mL), which contained 1 mL of monoammonium phosphate (NH4H2PO4 10 mM, pH 4.4) plus glyphosate solutions at different concentrations (0, 100, 200, 400, 800, and 1000 µM). The samples were incubated for 24 h under fluorescent light (150 µM m−2 s−1). After this time, the samples were frozen until their analysis. The process was followed by incubating these frozen samples at 60 ◦C for 30 min. A 250 µL amount of hydrochloric acid (HCl 1.25 N) was added and incubated at 60 ◦C for 15 min. Aliquots of 250 µL were transferred to new Eppendorf tubes (1.5 mL), and 500 µL of periodic acid (0.25% w/v) and sodium metaperiodate (0.25 % w/v) solution were added in proportion (1:1 (v/v)). The samples were incubated at 25 ◦C for 90 min. Next, 500 µL of a mix of sodium hydroxide (NaOH 0.6 N) and sodium sulfite (Na2SO3 0.22 N) in a 1:1 ratio was added and mixed. Sample absorbance was measured using a spectrophotometer (model DU-640, Beckman Instruments Inc., Fullerton, USA) at 380 nm. The experiment had a completely randomized design, using three tissue samples from each GR and GS C. distichophylla population per glyphosate concentration. The absorbance results were expressed as micrograms of shikimate per milliliter millilitre HCL solution (µg/mL) using a calibration curve with known concentrations of shikimate. The experiment was repeated twice.
2.5. Absorption and Translocation
14C-glyphosate + commercial glyphosate solution was applied to GR and GS C. distichophylla plants. The final glyphosate concentration corresponded to 360 g ae ha−1 in 200 L ha−1, which contained a specific activity of 50000 dpm µL−1 (equivalent to 0.834 kBq µL−1). Five plants per population


were treated with one drop (1 µL plant−1) of the solution on the adaxial surface of the first or second leaf. After treatment, the plants were maintained in the growth chamber at the growing conditions described in the plant material section. The nonabsorbed 14C-glyphosate was removed from the treated leaves (at 12, 24, 48, 72, and 96 hours after treatment (HAT)) by washing them three times separately with 1 mL of a water–acetone solution (1:1 v/v) each time. 
The washing solution was mixed with 2 mL of scintillation liquid (Ultima Gold, Perkin-Elmer, BV BioScience Packard, MA, USA) and analyzed by liquid scintillation spectrometry (LSS) using a scintillation counter model (LS 6500, Beckman Coulter Inc., Fullerton, CA, USA) with reading time of 10 min per sample. After washing, whole plants were removed from the pot and sectioned into treated leaves, the remainder of the shoot, and roots (this plant section was carefully washed with distilled water and excess moisture was removed with a paper towel). 
The samples were stored in cellulose cones (Perkin-Elmer, BV BioScience Packard, MA, USA), dried in an oven at 60 ◦C for 96 h, and combusted in a biological oxidizer (Packard Tri Tri-Carb 307, Packard Instrument Co., Downers Grove, IL, USA). The CO2 released from the combustion was captured in 18 mL of a mix of Carbo-Sorb E and Permafluor (1:1 (v/v)) (Perkin-Elmer, BV BioScience Packard, MA, USA). The radioactivity of each individual sample was quantified by LSS over 10 min per sample. The percentages of 14C-glyphosate recovered, absorbed, and translocated were calculated using the radioactive values in dpm. The equipment efficiency correction factor was calculated to be 90%. 
To visualize the translocation of 14C-glyphosate, three plants were treated under the same conditions as in the previous assay. At 96 HAT, plants were washed individually, fixed on filter paper, and dried at 25 ◦C (room temperature) for one week. The plants were pressed for 4 h under a phosphor store film (Storage Phosphor System: Cyclone, Perkin-Elmer Packard BioScience BV, MA, USA) and visualized using a phosphor imager Cyclone (Perkin-Elmer, Packard BioScience BV, MA, USA).
2.6. Metabolism Study
Glyphosate (300 g ae ha−1), in a completely randomized design, was applied to GR and GS C. distichophylla plants with 3–4 leaves. Plants not treated with the herbicide were used as a control. After 96 hours, the treated plants were washed with distilled water and flash-frozen in liquid nitrogen. The glyphosate and its metabolites (AMPA, glyoxylate, formaldehyde, and sarcosine) were determined following the methodology described by Rojano-Delgado et al. [30] via reversed polarity capillary electrophoresis, using a 3D Capillary Electrophoresis Agilent G1600A instrument (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped with a diode array detector (DAD) with a wavelength range of 190–600 nm.  The background electrolyte was composed of 10% ACN, 7.5 mM phthalate, and
 0.75 mM hexadecyltrimethylammonium, and the applied voltage was –20 kV. The glyphosate and its metabolite concentrations were determined using standard equations. The natural glyoxylate produced by untreated plants was subtracted from the glyoxylate metabolism of treated plants [10,31,32]. The experiment was repeated twice.
2.7. EPSPS Enzyme Activity Assay
Young foliar tissue samples (5 g) were taken from each population. Samples were ground to a fine powder in liquid nitrogen using a chilled mortar. Enzyme extraction was performed following the protocol described by Sammons and Gaines [20]. The specific EPSPS activity was assayed in the presence of glyphosate (0, 0.1, 1, 10, 100, and 1000 µM) using the EnzChek Phosphate Assay Kit (Invitrogen, Carlsbad, CA, USA). The EPSPS enzyme reaction substrates were phosphoenolpyruvate and shikimate-3-phosphate, which were supplied by Sigma-Aldrich (Madrid, Spain). The release of phosphate was measured for 10 min at 360 nm in a spectrophotometer (model DU-640, Beckman Instruments Inc., Fullerton, USA). The total soluble protein (TSP) in the extract was measured using a Kit for Protein Determination (Sigma-Aldrich, Madrid, Spain), following the manufacturer´s instructions. The EPSPS activity was measured for 10 min at 360 nm in a spectrophotometer (model DU-640) to determine the amount of inorganic phosphate (µmol) released per µg of total soluble protein (TSP) per min (µmol Pi µg−1 TSP min−1). The EPSPS activity is expressed as a percentage relative to the control


(absence of glyphosate). Three technical replications of each glyphosate concentration were analyzed per population. The experiment was repeated twice.
2.8. Assay with Alternative Herbicides
To evaluate the potential efficacy of an integrated weed management (IWM) program and screening for multiple herbicide resistances, alternative herbicides were applied (with the same conditions and spraying volume as the previous assay) on the GR and GS populations of C. distichophylla. The different herbicides and doses that were used are shown in Table 1. Plants were cut 28 days after the treatment (DAT), after which visual evaluations were conducted, and the fresh weight reduction values of the plants were determined. Treatments were replicated three times in a completely randomized design, using 10 plants per dose and population. The experiment was repeated twice, once during spring and once during fall.
[bookmark: _bookmark0]Table 1. Herbicides, active ingredients, mode of action (MOA), and dose (in g ai ha−1) applied on C. distichophylla populations.

	Trade Name
	Active Ingredient
	MOAa
	Field Dose (g ai ha−1)

	Control
	-
	-
	-

	Centurion Plus 12%
	Clethodim
	ACCase
	100

	Leopard 5%
	Quizalofop
	ACCase
	100

	Hussar 5%
	Iodosulfuron
	ALS
	5

	Terafit 25%
	Flazasulfuron
	ALS
	50

	Paratex 20%
	Paraquat
	PS I
	400

	Goal Supreme 24%
	Oxyfluorfen
	PPO
	500

	Finale 15%
	Glufosinate
	GS
	500

	Laudis 20%
	Tembotrione
	HPPD
	120

	Diuron 80%
	Diuron
	PS II
	1800

	Atazinax-Flo 47.5%
	Atrazine
	PS II
	2000


a Abbreviations: acetyl CoA carboxylase (ACCase); acetolactate synthase (ALS); Photosystem I-electron diversion (PS I); protoporphyrinogen oxidase (PPO); glutamine synthetase (GS); 4-hydroxyphenylpyruvate dioxygenase (HPPD); Photosystem II (PS II).

2.9. [bookmark: Statistical_Analysis_]Statistical Analysis
The data (percentages) concerning the weight reduction, survival, and EPSPS enzyme activity were subjected to a non-linear regression analysis to decipher the amount of glyphosate needed to reduce the dry weight (GR50), cause mortality (LD50), and inhibit the EPSPS activity (I50) by 50%, respectively. The log-logistic equation (1) used is as follows:
y = c + {(d − c)/[1 + (x/g)b]}	(1)
where Y is the percentage of the dry weight, mortality, and/or EPSPS enzyme inhibited, relative to the control; c and d are the lower and upper limits of the curve, respectively; b is the slope at the inflection point (i.e., GR50, LD50, or I50); and x is the glyphosate dose. The regression analyses were conducted using the drc package with program R [33,34]. Resistance factors (RF = GR/GS) were computed as GR-to-GS GR50, LD50, or I50 ratios.
Data concerning the shikimic acid, basal EPSPS activity, uptake, translocation, metabolism, and alternative control assay were subjected to an ANOVA using the Statistix (version 10.0) (Analytical softwareSoftware, Tallahassee, FL, USA) software. The model assumptions of a normal error distribution and homogeneous variance were graphically inspected. Differences with p < 0.05 were considered significant, and a Tukey’s test was conducted to compare the means.


3. [bookmark: Results_]Results
3.1. [bookmark: Dose–Response_Assay_with_Glyphosate_]Dose–-Response Assay with Glyphosate	Comment by Author: Hyphen
The dose–-response assay showed differences in the GR50 and LD50 values of the GS and GR C. distichophylla populations (Table 2). The plant survival and dry weight decreased as the glyphosate dose increased. For the GR population, the glyphosate doses required to reduce the dry weight (GR50) and kill the plant population (LD50) by 50% were 730.10 and 1526.60 g ae ha−1, respectively. The GR population had a resistance factor (RF) value of 5.10. The LD50 value of the GR population exhibited a 2.95-fold resistance when compared with the GS population (Figure 1).
[bookmark: _bookmark1]Table 2. Parameters of the log-logistic equationsa used to calculate the glyphosate rates (g ae ha−1) required for 50% survival (LD50) or a 50% reduction in the dry weight (GR50) of C. distichophylla populations.


	Plant Survival (LD50)

	Population
	d (SE)
	b (SE)
	LD50 (SE)
	P
	RF

	GS
	100.00 ± 0.04
	11.81 ± 1.33
	517.82 ± 2.00
	<0.0001
	-

	GR
	100.04 ± 0.04
	23.02 ± 0.72
	1526.6 ± 0.85
	<0.0001
	2.95

	Growth Reduction (GR50)

	
	d (SE)
	b (SE)
	GR50 (SE)
	P
	RF

	GS
	97.04 ± 2.23
	2.26 ± 0.21
	142.95 ± 6.99
	<0.0001
	-

	GR
	95.47 ± 1.48
	2.35 ± 0.19
	730.10 ± 33.36
	<0.0001
	5.10


a d is the upper limits of the curve; b is the slope at the inflection point (i.e., GR50, LD50); SE ± is the standard errors of the means; P is the level of significance of the non-linear model, and RF, resistance factor (GR/GS) calculated using LD50 or GR50 of de respective population.
[image: ]
[bookmark: _bookmark2]Figure 1. Effects of the glyphosate dose on the dry weight reduction (A) and plant survival (B) of the untreated (control) C. distichophylla GS (•) and GR (◯) populations, expressed as a percentage of the mean (n = 10) ± SE.
3.2. [bookmark: Shikimic_Acid_Accumulation_Assay_]Shikimic Acid Accumulation Assay
The shikimic acid (sk) accumulation patterns in the glyphosate-exposed leaves of the two
C. distichophylla populations are shown in Figure 2. In agreement with the contrasting responses of GR and GS populations to glyphosate doses, the leaves of GS plants accumulated greater quantities of shikimate compared to those of GR plants. From 100 to 1000 µM of glyphosate, the accumulation of shikimic acid increased slightly in both populations. Across the different glyphosate doses, the accumulation of shikimic acid ranged from 13.20 to 291.20 µg sk g−1 of fresh weight in the GS population when compared with 11.68 to 46.80 µg sk g−1 of fresh weight in the GR population. At 1000 mM of glyphosate, the highest concentration tested, the difference was 6.22-fold greater in GS versus GR leaf segments.



[image: ]
[bookmark: _bookmark3]Figure 2.	Shikimic acid accumulation in plant leaves of susceptible (GS) and resistant (GR)
C. distichophylla populations. Symbols denote the means (n = 3), and vertical bars correspond to standard errors of the mean.
3.3. [bookmark: Absorption_and_Translocation_]Absorption and Translocation
14C–glyphosate absorption in the GR population increased slowly until 72 HAT. At this time, the GS population had absorbed 48.32% of the glyphosate, while the GR population had only absorbed 23.32%. The maximum glyphosate absorption rate was observed after 72 HAT, which was twofold higher in the GS population than in the GR population (Figure 3). Compared with the GR plants, the GS plants moved more 14C from the treated leaves to the rest of the plant and roots. The quantitative translocation results showed that in the GR plants, 83% of the glyphosate was retained in the treated leaves, while in the GS plants, only 42% was retained. Thus, the proportion of 14C-glyphosate translocated to the rest of the plant and roots was 29.2% and 28.6% in GS plants, respectively, while in GR plants, it was 10% and 6.32%, respectively (Table 3).
[image: ]
[bookmark: _bookmark4]Figure 3. Absorption of glyphosate in susceptible (GS) and resistant (GR) populations of C. distichophylla. Symbols denoted are the (n = 5) standard errors of the mean.



[bookmark: _bookmark5]Table 3. Radiolabel translocation from the treated leaves in the resistant (GR) and susceptible (GS) populations of C. distichophylla 96 hours after treatment with 14C-glyphosate.
Treated Leaf
Rest of Plant
Roots
GS
48.32 ± 1.60 a
42.22 ± 2.35 b
29.2 ± 0.73 a
28.6 ± 2.82 a
GR
23.32 ± 0.93 b
83 ± 2.09 a
10.68 ± 0.40 b
6.32 ± 2.06 b



Population	% Absorption	Translocation (% of Absorbed)



Means in the same row followed by the same letter are not significantly different at p < 0.05. Mean values ± standard error of the mean.

3.4. [bookmark: C-glyphosate_Visualization_]C-glyphosate Visualization
Using a phosphor imaging system, we were able to visualize the distribution of 14C-glyphosate in both GR and GS populations of C. distichophylla (Supplementary Materials). Clearly, aA higher 14C-glyphosate uptake and translocation was observed in the GS population compared with the GR population. This qualitative distribution of glyphosate is in accordance with the quantitative results obtained from the oxidation of 14C-glyphosate 96 HAT (Table 3).
3.5. [bookmark: Metabolism_Study_]Metabolism Study
The metabolism assays showed that glyphosate was poorly metabolized to nontoxic compounds in both the GS and GR populations of C. distichophylla. Quantitatively, 96.13% and 95.67% of glyphosate was were maintained in the GS and GR plant populations, respectively. The levels of AMPA metabolized to nontoxic products (glyoxylate and sarcosine) were undetectable in both the GS and GR populations (data not shown).
3.6. [bookmark: EPSPS_Enzyme_Activity_Assay_]EPSPS Enzyme Activity Assay
The concentration of glyphosate required to inhibit the EPSPS activity by 50% (I50) was 11.9 and
12.3 µM in the GS and GR populations, respectively, with no significant difference between the two (Figure 4). In addition, the EPSPS activity in the absence of glyphosate was similar in the GS and GR populations of C. distichophylla, at 0.0524 ± 0.0022 and 0.0504 ± 0.0016 µ mol Pi µg−1 TSP min−1, respectively. Increased EPSPS enzyme activity is a plausible TSR mechanism for glyphosate resistance. However, no differences were apparent between the GS and GR plants for either the EPSPS activity in the absence of glyphosate or the inhibition response to glyphosate (I50).
[image: ]
[bookmark: _bookmark6]Figure 4. Dose–-response curves of the EPSPS enzyme activity of C. distichophylla plants exposed to different glyphosate concentrations (µM), expressed as a percentage of the untreated control (n = 3).


3.7. [bookmark: Assay_with_Alternative_Herbicides_]Assay with Alternative Herbicides
C. distichophylla has been shown to be resistant to glyphosate. The use of other herbicides, with different modes of action, to control this glyphosate resistance was seemingly possible. Both GS and GR populations had chlorosis, 1 DAT with paraquat, 3 DAT with oxyfluorfen and tembotrione, and between 6 and 7 DAT with glufosinate. The action of paraquat was so fast and effective that within the first 7 DAT, the plants were dead (Table 4). Oxyfluorfen applied during the early post-emergence of 3–4 leaves lost efficacy with respect to pre-emergence applications (data not shown), with between 50% and 70% of the plants surviving 28 DAT, which is not acceptable to farmers. The herbicides atrazine and diuron (PS II inhibitors) and grass weed herbicides, such as clethodim and quizalofop, had phytotoxic effects that began to be visible 10 DAT. However, their control was 100% in both the GS and GR populations at 28 DAT. The two sulfonylureas (ALS inhibitors) used had a low efficacy, with plant survival at 100% and a reduction in the growth at the end of the experiment that was not acceptable (Table 4).

[bookmark: _bookmark7]Table 4. Alternative herbicides used to control C. distichophylla GR and GS populations after 28 DAT, visual evaluation, survival plant, and fresh weight (Fw) reduction.

Visual Evaluationa	% Survival Plantb	% Fw Reductionc
Herbicides	MOA
GS
GR
GS
GR
GS
GR
Control
-
0
0
100
100
0 d
0 d
Clethodim
ACCase
100
100
0
0
100 a
100 a
Quizalofop
ACCase
100
100
0
0
100 a
100 a
Iodosulfuron
ALS
0
0
100
100
18 c
15.63 c
Flazasulfuron
ALS
70
70
100
100
41 b
37.5 b
Paraquat
PS I
100
100
0
0
100 a
100 a
Oxyfluorfen
PPO
90
90
50
75
40 b
42.5 b
Glufosinate
GS
100
100
0
0
100 a
100 a
Tembotrione
HPPD
100
100
0
0
100 a
100 a
Diuron
PS II
100
100
0
0
100 a
100 a
Atrazine
PS II
100
100
0
0
100 a
100 a













a The visual evaluation was based on the vigour and chlorosis of the plant, compared to the control, with 0% attributed when there was no injury and 100% when there was total control of the plants by the herbicides. b Control control was considered unsatisfactory when the survival of the plants was greater than or equal to 85%, and satisfactory when less than 15%.c Means with different letters within a column are statistically different at 95% probability, determined by the Tukey´s test.

4. [bookmark: Discussion_]Discussion
Brazil, the world’s second second-largest producer of soybean and third largest for corn, is firmly attached to the use of herbicides, particularly those that are glyphosate-based, which have allowed them to adopt a direct sowing system and become competitive in the world agricultural market. Currently, 90% of the area is planted with glyphosate-resistant soybean. It is estimated that the biggest problems with resistant weeds are in southern Brazil, although it is difficult to affirm these percentages exactly [35]. Glyphosate was introduced in 1974 and presented no weed resistance problems until 1995, when a population of resistant Lolium rigidum was detected in Australia [36]. The intense use of glyphosate contributed to the diffusion of weeds with resistance and/or tolerance to this herbicide in Brazil, including species such as Conyza bonariensis, Conyza canadensis, Coniyza sumatrensis, Lolium multiflorum, Digitaria insularis, Amaranthus palmeri, Chloris elata, C. polydactyla, and Eleusine indica [21]. The appearance of a new resistant species, such as C. distichophylla, demonstrates the difficulty that farmers face due to a lack of knowledge and tools that are as effective as glyphosate available to combat the serious problem of resistance in Brazil. Studies conducted by Nunes et al. [7] and Moraes de Aguiar et al. [8] showed that C. distichophylla had been selected in areas treated with glyphosate, due to its possible natural tolerance. Nevertheless, there have been reports confirming resistance levels or	Comment by Author: Naming authority?	Comment by Author: Naming authorities need to be given at first mention. Please stick to that convention


mechanisms involved that classify it as resistant or tolerant, which is a function of whether there is a population considered susceptible.
The first case of resistance of C. distichophylla was based on the resistance factor (GR50R/GR50S)
which must be greater than 4, following the resistance definition [21]. In addition, the LD50 parameter was used to define the herbicide dose that was necessary to reduce the number of individuals in a population to 50%. The field dose of glyphosate used in Brazil is 720 g ae ha−1, which was sufficient to fully control the GS populationcontrol the GS population fully, but not the GR population of C. distichophylla (Table 2). From an agronomic perspective, referring to a resistant population by the LD50 value is quite subjective, since the
dose used in the field varies according to the environmental conditions of each country [10,11,22–25]. In addition, the sensitivity of weed species to herbicides varies among species [37].
The leaf disc experiment may be affected by the ability of glyphosate to penetrate and move into the chloroplast or by the greater or lesser ability of the herbicide to bind to its EPSPS target site [10,17,23]. The shikimic acid accumulation was significantly higher in GS plants than in GR plants, especially at the highest concentrations (Figure 2). The different levels of shikimic acid accumulation in GR and GS weeds have been accepted as a quick and easy indicator for determining the level of glyphosate resistance [29]. In our study, GS C. distichophylla plants showed 6.2 times more shikimate accumulation than GR plants, which agrees with previously obtained results in experiments using whole plants. However, these results do not allow us directly to conclude what kind of mechanisms are responsible for glyphosate resistance. Thus, we need to continue our research.
With the evolution of glyphosate-resistant weeds, one of the first research focuses has been a comparison of the absorption and/or translocation of glyphosate in GR and GS species using 14C-glyphosate [11,22,23,25,27,31,38,39]. Studies conducted on five Chloris species collected in Australia, Cuba, Mexico, and Brazil do not follow the same pattern. Two populations of C. elata harvested from Cuba and Brazil show differences in glyphosate absorption or translocation between GR and GS plants [10,25]. Nevertheless, C. truncate and C. virgata, originally from South Australia, exhibited no differences in glyphosate absorption or translocation between GR and GS plants [22,23]. Finally, a recently published new species of C. barbata collected in Colima state, Mexico, did not show any differences in 14C-glyphosate absorption between GR and GS populations, but the GR plants translocated less herbicide to the rest of the plant and roots [11]. These results show that the patterns concerning the penetration and movement of glyphosate within different species of the same genus are not the same. In addition, these species, collected from crops in different countries, have different selection pressures due to the use of glyphosate, including both abiotic and biotic factors, which could cause these species to have different glyphosate resistance mechanisms.
Glyphosate metabolism has not been identified as a main mechanism of resistance in plants [20,40,41]. However, recently, Powles´s group has published that Echinochloa colona is able to metabolize glyphosate via aldo-keto reductase [42]. Only in a few cases has it been shown that metabolism is a secondary mechanism in glyphosate resistance (e.g., Cologania broussonetii [43], Ipomoea lacunosa [44], C canadensis [45], Digitaria insularis [31], and Parthenium hysterophorus [46], among others). Our research confirms that the absorbed glyphosate (>90%) remains unmetabolized in the GR and GS plants (Table 3). This unmetabolized glyphosate makes it possible for C. distichophylla to decrease its EPSPS activity by inhibition in both populations (Figure 4). Given the small extent of glyphosate metabolism, the importance of this result is unlikely to be biologically significant for glyphosate resistance in this species.	Comment by Author: Give Botanical naming authories at first mention
Differences in the EPSPS enzyme activity could involve alterations in the gene that encodes the target protein [20,23,47]. However, the similar basal activities of the GR and GS C. distichophylla populations suggest that there was no EPSPS genetic amplification in the GR plants, despite this mechanism being characterized as the principal factor associated with resistance to glyphosate in other grasses [38]. In the absence of any differences in the EPSPS basal activity, similar values of I50 between both C. distichophylla and C. elata populations from Brazil reveal the nonexistence of


mutations in the EPSPS gene coding [25]. However, in other species of the genus Chloris, mutations were found mutations have been found and reported in other species of the genus Chloris [11,22,23].
Worldwide, C. distichophylla has never been reported as resistant to an herbicide. However, in addition to the results of our work, works such as that of Nunes et al. [7] have shown that the use of different herbicides, such as paraquat and atrazine, remains a good alternative  in addition to glyphosate. Additionally, studies on other grasses, such as Lolium multiflorum [48], have shown that the use of clethodim and diuron in conjunction with glyphosate is a potential control tool. Recent studies on glyphosate-resistant weeds such as Echinochloa colona and Chloris virgata [49] have shown that HPPD inhibitor herbicides, ACCase inhibitors, and photosystem I and II inhibitors have been highly effective for control when used together. Our work shows that, for now, herbicides are good alternatives for the control of C. distichophylla. ALS inhibitor herbicides such as iodosulfuron are products that work best when applied in an admixture with other products, not individually. Conversely, flazasulfuron is an herbicide that acts considerably better when used during pre-emergence or early post-emergence [50]. From the results obtained in other countries after the excessive use of glyphosate, where they adopt strategies with and without the use of herbicides, it is clear that the only way to combat resistance is the use of herbicides with different mechanisms of action [50].
5. [bookmark: Conclusions_][bookmark: References]Conclusions
The continuous application of glyphosate increases the tolerance and promotes selection for resistance in C. distichophylla.  Our study confirmed the first case of glyphosate resistance in
C. distichophylla; this resistance was due to impaired uptake and translocation of glyphosate in
the evaluated population. Chemical control with different MOA herbicides could be one option for an IWM program. The best chemical controls for both C. distichophylla populations were ACCase (quizalofop and clethodim), GS (glufosinate), PS I (paraquat), PS II (diuron and atrazine), and HPPD (tembotrione) inhibitor herbicides. The idea that nonchemical controls could be used for the control of this species in cultivated and uncultivated areas in the regions of Rio Grande do Sul is not ruled out.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/3/377/s1, Figure S1. Visualization of 14C-glyphosate in the GS and GR populations of C. distichophylla plants at 96 HAT. The highest concentration of 14C-glyphosate is highlighted in red. Arrows indicate the treated leaves.
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