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Abstract

:

Glyphosate is the main tool for weed management in Brazilian citrus orchards, where weeds, such as Conyza bonariensis and Digitaria insularis, have been found with resistance to this herbicide. Field prospections have allowed the identification of a possible new case of glyphosate resistance. In this work, the susceptibility levels to glyphosate on three Amaranthus viridis L. populations, with suspected resistance (R1, R2, and R-IAC), collected in citrus orchards from the São Paulo State, Brazil, as well as their accumulation rates of shikimic acid, were determined. The fresh weight of the susceptible population (S) was reduced by 50% (GR50) with ~30 g ea ha−1 glyphosate, while the GR50 values of the R populations were between 5.4 and 11.3 times higher than that for S population. The LD50 (herbicide dose to kill 50% of individuals of a weed population) values of the S population were ≤150 g ea ha−1 glyphosate, while the LD50 of the R populations ranged from 600 to 920 g ea ha−1. Based on the reduction of fresh weight and the survival rate, the R1 population showed the highest level of glyphosate resistance, which had GR50 and LD50 values of 248 and 918 g ea ha−1 glyphosate, respectively. The S population accumulated 240 µg shikimic acid at 1000 µM glyphosate, while the R1, R2, and R-IAC populations accumulated only 16, 43, and 33 µg shikimic acid, respectively (between 5.6 to 15 times less than the S population). Enzyme activity assays suggested that at least one target site-type mechanism was involved in resistance. This result revealed the first report of glyphosate resistance in A. viridis reported in the world.
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1. Introduction


Brazil is the world’s largest producer and exporter of citrus [1]. The State of São Paulo (SP) accounts for ~77% of the national production of orange (Citrus sinensis (L.) Osbeck), being the main exporter of concentrated orange juice [2]. However, the yield of citrus fruit is not the best in the world, mainly due to improper management of the plantations by growers [3]. The average orange yield is 27.6 tons ha−1, occupying the 13th world rankings [4]. Weed presence can be directly or indirectly responsible for up to 30–52% of yield losses in citrus orchards of young and growing trees [3,5]. In mature citrus orchards in full production, weeds do not have a great impact on yield, but they can hinder agricultural operations [6,7].



Small-scale cultural and ecological practices, such as the use of dead covers of Brachiaria shoot residues, are implemented for weed control in Brazilian citrus [3]; however, a chemical method based on the use of herbicides is the most employed by growers [8]. Glyphosate is the most used herbicide and, in some cases, the only weed control tool, which is applied up to four times a year in high doses (≥720 g ae ha−1) [3]. In susceptible plants, this herbicide inhibits the activity of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), causing the accumulation of shikimic acid [9,10]. Extensive and excessive use of glyphosate to control weeds has led to select at least 45 species with resistance to this herbicide in the world [9,11]. Specifically, in Brazilian citrus orchards, Conyza bonariensis, Conyza canadensis, and Digitaria insularis [12,13] have been reported as being resistant to glyphosate. However, species of the genera Amaranthus, Bidens, Chloris, Conyza, Eleusine, Lolium, among others, which present high occurrence rates in citrus orchards [8], have a great risk of evolving resistance not only to glyphosate but also to other herbicides [14].



Growth rate, reproductive capacity, genetic variability, and stress tolerance are all high in Amaranthus species [15,16]. These traits give them a large capacity to evolve resistance to herbicides [15], which makes it difficult to control these species. Slender amaranth (Amaranthus viridis L.) is widely spread over tropical and subtropical regions in more than 80 countries [17]. These species, as well as other Amaranthus species, are the most abundant weeds in the Brazilian south and center-west regions [18]. In 2010, this weed was reported with multiple resistance to the acetolactate synthase (ALS) and photosystem II inhibiting herbicides in cotton in the states of Bahia and Mato Grosso, Brazil [19], and in 2015, Amaranthus palmeri was found with resistance to glyphosate and ALS-inhibiting herbicides in soybean in the state of Mato Grosso, Brazil [20].



This study hypothesized that slender amaranth might have evolved glyphosate resistance due to the high survival rates in the field after herbicide applications observed in the last cropping seasons. The objectives were to evaluate glyphosate resistance, monitor the accumulation rates of shikimic acid, and check the activity of the EPSPS in three slender amaranth populations with suspected resistance, which were harvested in lemon and sweet orange orchards of Mogi-Mirim and Cordeirópolis municipalities, SP, aiming to confirm a new unique case of herbicide resistance.




2. Materials and Methods


2.1. Biological Material and Seedling Propagation in Greenhouse


Seeds of three slender amaranth populations with suspected resistance to glyphosate were collected from at least 20 plants that survived the last application of glyphosate (≥720 g ea ha−1) in December 2018. The populations R1 and R2 were collected in sweet orange orchards that were 500-m apart in the municipality of Mogi-Mirim, SP, Brazil (22°25′ S, 47°09′ W). The R-IAC population was collected in the citrus experimental field of the Agronomic Institute (IAC) in Cordeirópolis, SP, Brazil (22°32′ S, 47°27′ W). Seeds of a susceptible population (S-Lim) used as control were collected in an organic orchard (without the use of herbicides) of Tahiti acid lime, also in Mogi Mirim [3].



Seeds of each population were germinated in plastic containers (10 × 20 × 8 cm) containing substrate (Insumax, Nova Europa, SP, Brazil) and sand (1:2, v/v) moistened to field capacity. Some of these seeds were deposited and covered with vermiculite (2-mm), and the containers were hermetically sealed. Germinated seedlings were individualized in 250 mL pots filled with substrate, sand, and vermiculite (2:2:1, v/v/v). Two days after transplanting, seedlings were fertilized with ~100 mg (5–6 granules) of 14-14-14 (Forth Cote, Osmocote, Froth Jardim Ltd., Cerquinho, SP. Brazil) and irrigated as needed until use. Seedlings with 3–5 true leaves were used in all experiments, which were kept under greenhouse conditions (25–32 °C, 60 ± 10% relative humidity, and 16-h photoperiod) from germination to evaluations.




2.2. Glyphosate Dose-Response Assays


Plants from the R and S populations were treated with the following doses of glyphosate (Roundup Original DI, 370 g acid equivalent (ae) L−1, Monsanto do Brasil Ltd.): 0, 45.25, 92.5, 185, 370, 740 (reference field dose), 1480, and 2960 g ae ha−1. The glyphosate was sprayed using a pneumatic backpack sprayer equipped with an LBD-110015E nozzle (KGF Bicos para Pulverização, Vinhedo, SP) calibrated to deliver 200 L of ha−1 herbicide mixture at 30 psi (pressure measured with a glycerin manometer (Model GCN, Cotergavi Instrumentos de Medição Ltd., São Paulo, Brazil) coupled to the spray bar). Experimental design (completely randomized) included six replicates per glyphosate dose, and they were repeated. When the dose-response experiments were repeated, the 2960 g ae ha−1 glyphosate dose was deleted, but a dose of 22.63 g ae ha−1 was included. In both experiments, the fresh weight by cutting the plants at ground level and the plant mortality rates were determined 21 days after the treatment. Data were expressed as a percentage in relation to the untreated control, and the effective mean doses that reduce the fresh weigh (GR50) and cause plant mortality (LD50) by 50% were determined by non-linear regression analysis.




2.3. Shikimic Acid Accumulation


Shikimic acid accumulation was determined following two approaches. In the first one, the methodology of Cromartie and Polge [21] was followed. A set of plants of each slender amaranth population was treated with 370 g ae ha−1 glyphosate, and another set of untreated plants was reserved as a control to build the calibration curve with known concentrations of shikimic acid (0, 0.01, 0.05, 0.1, and 0.2). The first and second leaf of treated and untreated plants were cut in small segments 96 h after treatment (HAT). Samples of 50 mg of fresh leaf tissue were placed in tubes containing 1 mL of HCl 0.25 N, frozen in liquid nitrogen, and stored at −40 °C for further analysis. Samples were thawed at room temperature and then incubated for 45 min at 37 °C. Aliquots of 50 µL were transferred to new tubes containing 200 µL of periodic acid 0.25% (w/v) + sodium m-periodate 0.25% (w/v) (Solution 1). Samples were incubated at 37 °C for 30 min, following which, 200 µL of 0.6 N sodium hydroxide + 0.22 N sodium sulfite (Solution 2) was added and, finally, they were homogenized. Volumes of 300 µL were transferred to spectrophotometric cuvettes containing 600 µL of distilled water. Absorbance was measured at 380 nm wavelength in a diode-array spectrophotometer (HP 8425A, Palo Alto, CA, USA). The shikimic acid accumulation was determined from the difference between treated and untreated plants, and the results were expressed as µg of shikimic acid g−1 fresh tissue. Five samples with three technical replicates were analyzed per population in a completely randomized design.



In the second approach, shikimic acid was quantified in vivo, according to Dayan et al. [22], with modifications. Different glyphosate concentrations (0, 10, 50, 100, 200, 500, and 1000 µM) were prepared in 10-mM ammonium phosphate monobasic solution (pH adjusted to 4.4 with 0.1 HCl). Samples of 50 mg young leaf segments (4 × 4 mm) were placed in tubes containing 1 mL of the corresponding glyphosate concentration. Tubes were incubated for 24 h in a BOD (biochemical oxygen demand) chamber at 25 °C under fluorescent lights (150 µM m−2 s−1). After incubation, tubes were rapidly frozen in liquid nitrogen, thawed at room temperature, and incubated at 60 °C for 30 min. Samples received 250 µL of 1.25 N HCl, and they were incubated again at 60 °C for 15 min. Volumes of 75 µL of the samples were transferred to spectrophotometric cuvettes containing 300 µL of solution 1 and incubated at 25 °C for 90 min in a BOD chamber. Finally, samples received 300 µL of solution 2, and the absorbance was measured at 380 nm, as described above. The experiment had a completely random design with three replications (three technical replicates each one) per glyphosate concentration. Results were expressed as µg shikimate per mL HCl solution (µg mL−1).




2.4. EPSPS Enzyme Activity Assays


Five grams of fresh leaf tissue from each A. viridis population was harvested, frozen immediately in liquid N2, and stored at −80 °C. EPSPS enzyme extraction was performed following the protocol described by Dayan et al. [22]. The total soluble protein (TPS) in the extract (EPSPS basal activity in the absence of glyphosate) was determined by the Bradford assay [23]. The specific EPSPS activity was assayed in the presence of glyphosate (0, 1, 10, 100, 1000 µM) using the EnzChek Phosphate Assay Kit (Invitrogen, Carlsbad, CA, USA) to determine the amount of inorganic phosphate (μmol) released by μg−1 TSP min−1 in comparison to the control (basal activity). Three replications per glyphosate concentration were assayed. The results were expressed as the inhibition rate of the EPSPS by 50% (I50).




2.5. Statistical Analysis


The GR50 and LD50 values were calculated using a log-logistic model of four-parameters Y = c + {(d − c)/[1 + (x/g)b]} [24], where: Y = response by 50%; d and c are the upper and lower limits of the curve; b is the slope of the line; x is the herbicide dose, and g is the herbicide rate at the point of an inflection curve. SigmaPlot 10.0 (Systat Sofware Inc. San Jose, CA, USA) was used to obtain those parameters. The resistance factors (RF = R/S) were computed as R-to-S GR50 or LD50 ratios. Because the estimated LD50 and GR50 values for population S differed between repetitions of the dose-response experiments, the results were shown separately for each repetition.



One-way ANOVA was performed for the analysis of shikimic acid accumulation data. Differences of p < 0.05 were considered significant, and Tukey’s test at α = 0.05 probability was conducted for means comparison. Statistical analyses were performed using the Statistics 9.0 software (Analytical Software, Tallahassee, FL, USA).





3. Results


3.1. Fresh Weight Reduction and Plant Survival


The fresh weight reduction was higher in individuals of the S-Lim slender amaranth population than the R populations. In the first experiment, the estimated GR50 for population S was 22 g ea ha−1 (Table 1). Thus, the RF of the R populations ranged were 7.5, 8.7, and 11.3 for the R2, R-IAC, and R1 populations, respectively. After repetition of dose-response experiments, more representative value of GR50 was estimated for the population S-Lim (38 g ea ha−1) due to the smaller dose of glyphosate included; while the GR50 values of the R populations were similar (according to the confidential intervals) to those estimated in the first experiment. Because the GR50 of the S-Lim population was higher in the second experiment, the ratio of glyphosate resistance level in relation to the R populations decreased and ranged from 5.4 to 7.9 (Figure 1).



Based on plant survival, the S-Lim population had LD50 values of 149 and 113 g ea ha−1 in the experiments I and II, respectively. However, individuals of this population did not survive glyphosate doses greater than 370 g ea ha−1. In the resistant populations, although their individuals had a large weight loss in relation to their respective untreated controls, around 50% of their individuals survived to the field dose of 720 g ea ha−1. In addition, plants of the R1 and R-IAC populations survived at 1480 g ea ha−1. Thus, the R populations were between 4.1 and 6.4 times more resistant than the S-Lim population. In both experiments, the R1 population was the most resistant based on its lower weight reduction or the highest survival rate of its individuals (Figure 1, Table 1).




3.2. Shikimic Acid Accumulation


Monitoring the shikimic acid at 96 HAT, the S-Lim population accumulated ~26 µg g−1 fresh weight. This amount of shikimic acid found in the S population was between 6 and 9 times higher than that accumulated in R populations, which accumulated less than 4 µg g−1 fresh weight (Figure 2A). In the in vivo assays, the highest amount of shikimic acid was also found in the S-Lim population that began to accumulate it from the lowest glyphosate concentration (6.4 µg mL−1 at 10-µM glyphosate). The accumulation increased as glyphosate concentrations increased, reaching up ~240-µg shikimic acid mL−1 at 1000 µM glyphosate. R populations began to accumulate shikimic acid only from 50 µM glyphosate; however, such accumulation was much lower than in population S-Lim. At 1000 µM glyphosate, the R1, R2, and R-IAC populations accumulated 16, 43, and 33 µg shikimic acid mL−1, respectively (between 5.6 and 15 times less than the S-Lim population) (Figure 2B).




3.3. EPSPS Activity


Resistant A. viridis populations presented higher EPSPS basal activity than the S population (0.22 μmol Pi μg−1 TSP min−1), but there were differences between them (ranged from 0.38 to 0.52 μmol Pi μg−1 TSP min−1) (Figure 3A). To inhibit the EPSPS activity in the S-Lim population, only 4 µM glyphosate was necessary. The R1 population was 20 times more resistant than to the S-Lim population, and the R2 and R-IAC populations were 9 and 12 times more resistant, respectively (Figure 3B, Table 2).





4. Discussion


The GR50 values found for the S-Lim population of slender amaranth were lower than 100 g ae ha−1 and showed the great susceptibility to glyphosate of this species. Susceptible populations of Amaranthus hybridus [16], A. palmeri [25], and Amaranthus tuberculatus [26] also showed GR50 values less than 100 g ae ha−1 (17, 89, and 61 g ae ha−1, respectively). In general, Amaranthus species are very sensitive to glyphosate, so the recommended label doses by manufacturers range from 370 (initial growth stage) to 740 (adult stage) g ae ha−1, while for other weed species, such as Panicum maximum, Richardia brasiliensis, and Sida rhombifolia, the minimum dose is 1850 g ae ha−1 [27]. Taking into account the phenological stage of the plants used in our experiments (3–5 true leaves), the reference dose must be 370 g ae ha−1. However, a dose of 740 g ae ha−1 was considered as the field reference dose because it is the minimum glyphosate dose sprayed by Brazilian citrus growers [3].



One of the main criteria to consider a weed as a new case of herbicide resistance is that individuals have been survived to a dose normally lethal to individuals of a wild (susceptible) population of the same species, and these individuals are able to reproduce sexually, i.e., the resistance must be inheritable [28,29]. The estimated LD50 values for the R slender amaranth populations were close to 740 g ae ha−1, with RFs ranging from 4.1 to 6.4 in relation to the S-Lim population (LD50 ≤ 150 g ae ha−1). These results demonstrated that the field reference dose did not satisfactorily control ~50% of individuals of R populations. Although not arbitrary, the herbicide amount enough to achieve an acceptable control level in a resistant weed population often requires at least twice its LD50 [30]. However, increasing the herbicide dose is not recommended because the selection pressure also increases, as well as the resistance level, depending on the resistance mechanism involved [31].



Glyphosate is a potent inhibitor of the EPSPS, enzyme responsible for the biosynthesis of the chorismate from shikimic acid [9]. Therefore, glyphosate effect can be measured by monitoring the accumulation of shikimic acid [22]. In both experiments, the R plants of slender amaranth accumulated less shikimic acid than the S-Lim plants, showing the low sensitivity of the R populations to this herbicide. The lower accumulation of shikimic acid in resistant plants is due to glyphosate that does not reach the EPSPS in sufficient amount to inhibit this enzyme [32]. The R1 population had a shikimate accumulation pattern different from those observed in the R2 and R-IAC, suggesting that the mechanisms endowing glyphosate resistance among R populations were different from each other.



Enzymatic activity tests did not directly reveal the mechanism that is involved in resistance but could guide whether it is a target-site or non-target-site mechanism. In this case, the three R populations showed high levels of basal enzyme activity than the susceptible population, which might suggest that an EPSPS overexpression participated in the resistance. This mechanism has been the most common resistance mechanism found in glyphosate-resistant Amaranthus sp., such as A. palmeri, A. tuberculatus, and Amaranthus spinosus, which have presented different EPSPS gene copy numbers, ranging from 5 to more than 160 [33,34,35,36]. This mechanism may confer an unpredictable resistance level to glyphosate [37]; however, the higher I50 of the R1 population suggests that another mechanism is also involved in resistance. Single mutations at 106 position in the EPSPS gene confer low levels of glyphosate resistance (2 to 4 times the recommended dose); reduced glyphosate translocation and vacuole sequestration endow moderate resistance levels (4 to 8 times), and double or triple mutations at 102, 103, and 106 positions confer high resistance levels (>10 times) [16,37,38]. Our results did not allow us to confirm the mechanism(s) that endows glyphosate resistance in the R populations of slender amaranth; therefore, biochemical and molecular studies are necessary to unravel them.




5. Conclusions


These results confirmed that slender amaranth (A. viridis) was selected for glyphosate resistance in Brazilian citrus orchards, being the first case in the world reported for this species. At least one target site-type mechanism participated in this glyphosate resistance; however, further experiments are required to elucidate the resistance mechanisms involved.
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Figure 1. Glyphosate dose-response curves relative to percentages of fresh weight reduction and plant survival of susceptible and resistant slender amaranth (Amaranthus viridis L.) populations collected in citrus orchards from São Paulo State, Brazil. Vertical bars of the fresh weight reduction plots represent the standard error of the mean (n = 6). 
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Figure 2. Shikimic acid accumulation in glyphosate-susceptible and -resistant slender amaranth (Amaranthus viridis L.) populations collected in citrus orchards from São Paulo State, Brazil. (A) Shikimic acid accumulation in sprayed plants with 360 g ae ha−1 at 96 h after treatment. (B) In vivo shikimic acid accumulation at different glyphosate concentrations. Groups of bars with the same letter above them are not different using the Tukey test at 95%. Vertical bars represent the standard error of the mean (n = 9 technical replicates). 
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Figure 3. EPSPS (5-enolpyruvylshikimate-3-phosphate synthase) activity in glyphosate-susceptible and -resistant slender amaranth (Amaranthus viridis L.) populations collected in citrus orchards from São Paulo State, Brazil a. (A) Basal EPSPS activity (absence of glyphosate). Same letter above bars are not different using the Tukey test at 95%. (B) Dose-response curves of the EPSPS enzyme activity, expressed as a percentage of the untreated control, exposed to different glyphosate concentrations (µM). Histograms represent the means, and vertical bars the standard error (n = 3). 
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Table 1. Parameters of the sigmoidal equations 1 used to estimate the effective mean dose (g ea ha−1) of glyphosate required to reduce the fresh weight by 50% (GR50) and to cause plant mortality (LD50) by 50% in resistant (R1, R2 and R-IAC) and susceptible (S-Lim) slender amaranth (Amaranthus viridis L.) populations (Pop.) collected in citrus orchards from São Paulo State, Brazil.
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Pop.

	
Fresh Weight Reduction

	
Plant Mortality




	
c

	
d

	
b

	
GR50 ± CI

	
RF 2

	
c

	
d

	
b

	
LD50 ± CI

	
RF 2






	
Experiment I




	
S-Lim

	
0.3

	
99.9

	
0.9

	
22.0 ± 7.4

	
-

	
1.9

	
102.2

	
2.8

	
149.5 ± 11.8

	
-




	
R1

	
1.8

	
100.2

	
2.2

	
248.4 ± 17.7

	
11.3

	
1.1

	
100.7

	
3.4

	
918.9 ± 31.4

	
6.1




	
R2

	
0.6

	
100.1

	
1.9

	
165.9 ± 16.1

	
7.5

	
2.2

	
100.3

	
3.4

	
607.8 ± 15.1

	
4.1




	
R-IAC

	
2.9

	
101.3

	
1.9

	
192.2 ± 17.4

	
8.7

	
4.1

	
101.1

	
2.3

	
768.3 ± 32.6

	
5.1




	
Experiment II




	
S-Lim

	
1.7

	
100.0

	
1.6

	
38.1 ± 3.8

	
-

	
0.4

	
101.4

	
3.4

	
113.1 ± 8.1

	
-




	
R1

	
0.4

	
98.4

	
2.1

	
301.8 ± 39.4

	
7.9

	
0

	
99.4

	
3.4

	
706.3 ± 45.4

	
6.2




	
R2

	
5.5

	
98.4

	
1.4

	
205.5 ± 42.5

	
5.4

	
4.6

	
96.7

	
3.6

	
639.7 ± 75.1

	
5.7




	
R-IAC

	
3.7

	
97.9

	
1.5

	
259.5 ± 52.4

	
6.8

	
4.9

	
97.0

	
2.7

	
726.7 ± 59.2

	
6.4








1Y = c + {(d − c)/[1 + (x/g)b]}, where Y = fresh weight reduction or plant mortality by 50% with respect to the control, c = lower limit, d = upper limit, b = slope of the curve, g = herbicide dose at the inflection point (i.e., GR50 or LD50), and x = herbicide dose. CI values are the 95% limits of the confidence intervals (n = 6). 2 Resistance factors are the R-to-S GR50 or LD50 ratios.
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Table 2. Parameters of the sigmoidal equations 1 used to estimate the glyphosate concentration (µM) required to inhibit the EPSPS by 50% (I50) in glyphosate-resistant and -susceptible slender amaranth (Amaranthus viridis L.) populations (Pop.) collected in citrus orchards from São Paulo State, Brazil.
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	Pop.
	c
	d
	b
	I50 ± CI
	RF 2





	S-Lim
	0.5
	99.9
	1.1
	4.0 ± 0.3
	-



	R1
	1.1
	99.2
	0.9
	82.4 ± 6.3
	20.6



	R2
	2.6
	99.4
	0.9
	36.4 ± 3.6
	9.1



	R-IAC
	2.1
	98.9
	1.0
	48.4 ± 4.4
	12.1







1Y = c + {(d − c)/[1 + (x/g)b]}, where Y = EPSPS inhibition by 50% with respect to the control, c = lower limit, d = upper limit, b = slope of the curve, g = herbicide concentration at the inflection point (i.e., I50), and x = herbicide dose. CI values are the 95% limits of the confidence intervals (n = 3). 2Resistance factors are the R-to-S GR50 or LD50 ratios.
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