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Multiple mutations in the EPSPS 
and ALS genes of Amaranthus 
hybridus underlie resistance 
to glyphosate and ALS inhibitors
Maria J. García1*, Candelario Palma‑Bautista  2, José G. Vazquez‑Garcia  2, 
Antonia M. Rojano‑Delgado2, María D. Osuna3, Joel Torra  4 & Rafael De Prado  2

Amaranthus hybridus is one of the main weed species in Córdoba, Argentina. Until recently, this 
weed was effectively controlled with recurrent use of glyphosate. However, a population exhibiting 
multiple resistance (MR2) to glyphosate and imazamox appeared in a glyphosate resistant (GR) 
soybean field, with levels of resistance up to 93 and 38-fold higher to glyphosate and imazamox, 
respectively compared to the susceptible (S) population. In addition to imidazolinones, MR2 plants 
showed high resistance levels to sulfonylamino-carbonyl (thio) benzoates and moderate resistance 
to sulfonylureas and triazolopyrimidines. Multiple amino acid substitutions were found in both target 
genes, acetolactate synthase (ALS) and 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), 
responsible for conferring high herbicides resistance levels in this A. hybridus population. In the case 
of EPSPS, the triple amino acid substitution TAP-IVS was found. In addition, MR2 plants also showed 
increased EPSPS gene expression compared to susceptible plants. A Ser653Asn substitution was found 
in the ALS sequence of MR2, explaining the pattern of cross-resistance to the ALS-inhibitor herbicide 
families found at the ALS enzyme activity level. No other mutations were found in other conserved 
domains of the ALS gene. This is the first report worldwide of the target site resistance mechanisms to 
glyphosate and ALS inhibitors in multiple herbicide resistance Amaranthus hybridus.

Triazine- and dinitroaniline-resistant weeds that evolved in the 1970s and 1980s were controlled by addition or 
replacement with acetolactate synthase (ALS) and acetyl-coenzyme A carboxylase (ACCase) inhibitors in the 
1980s and 1990s. In fact, with the introduction of soybean in South America, farmers used IMI herbicides (imi-
dazolinones) as their first chemical option in pre-planting and post-emergence of soybean. This high selection 
pressure led to the emergence of ALS-resistant populations in the late 1990s. Between 1993 and 2004, resistance 
to ALS was reported for Bidens pilosa, Bidens subalternans, Euphorbia heterophylla and Amaranthus hybridus in 
countries such as Brazil, Paraguay and Argentina1,2, and these biotypes are now widespread. ALS- and ACCase 
inhibitor-resistant weeds were controlled by the addition of protoporphyrinogen oxidase (PPO) inhibitors or 
glyphosate in glyphosate-resistant (GR) crops3.

Farmers in South America quickly adopted technology packages for GR (glyphosate resistant) crops, mainly 
soybeans and corn. Ninety percent of these two main crops in this region are transgenic GR crops4,5. The low 
costs of technology packages and the limited use of herbicides, specifically in plants affected by glyphosate, 
allowed them to be very competitive in the world market. The basis of this new tool was the use of residual 
herbicide imazethapyr (imidazolinone) and subsequently glyphosate in post-emergence of weeds. For a decade, 
glyphosate was efficiently used to control Amaranthus species, but since 2016, an A. hybridus population multiple 
resistant to synthetic auxins and glyphosate has appeared in GR soybean fields south of Cordoba, Argentina8. 
Abuse of herbicides in GR crops has led to the appearance of a wide range of superweeds resistant mainly to the 
herbicide glyphosate5.

Various attributes such as its high growth rate, high fertility, high genetic variability, stress tolerance, and the 
ability to evolve herbicide resistance confer to Amaranthus species the ability to become a dominant weeds that 
are difficult to control in summer crops6,7. Herbicide resistance in Amaranthus species becomes worrying due to 
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the evolution of multiple resistant biotypes in recent years2. Among them A. hybridus is an annual broad-leaved 
species of American origin, today distributed throughout this continent7. There are 32 reports of resistance cases 
worldwide for this species to herbicides with different sites of action, such as Photosystem II (PSII), ALS, PPO 
and 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitors, as well as synthetic auxins2.

Target-site resistance-related EPSPS mechanisms have been described in different species from the Ama-
ranthus genus. The first case of glyphosate resistance induced by EPSPS gene copy number occurred in an A. 
palmeri population in 20109. A few years later, in 2014, this mechanism was also found in A. spinosus10 and A. 
tuberculatus11,12; in these cases, high EPSPS gene copy numbers were correlated with EPSPS overexpression. In 
addition to increased gene copy number and gene expression, another target-site resistance mechanism is muta-
tion. Single and double mutations at Pro10613 and Thr10214,15 in the conserved domain of the EPSPS gene have 
also been described in several weed species. Finally, a triple amino acid substitution in the conserved region of 
the EPSPS gene (95LFLGNAGTAMRPL107), involving Thr102Ile, Ala103Val and Pro106Ser, has been very recently 
described as the sole mechanism responsible for a high level of resistance in two A. hybridus populations from 
Córdoba and Santa Fe, Argentina16,17.

Regarding ALS, the main molecular resistance mechanism described is the target-site mutation. To date, 
28 amino acid substitutions endowing ALS resistance at 8 positions (Ala122, Pro197, Ala205, Asp376, Arg377, 
Trp574, Ser653, and Gly654) of the ALS gene in weed species have been identified18,19, with the Pro197 mutation 
being the most frequently observed.

In Amaranthus hybridus, a Trp574Leu substitution was found in 2004 in populations from Massac and Pope 
Counties, Illinois20. A few years later, a new mutation in the ALS gene, Ala122Thr, was also described in A. hybri-
dus from Illinois21. In 2006, the Ser653Asn amino acid substitution was described in several populations from 
USA22. In 2007, a new amino acid substitution in the ALS gene at the Asp376 position was described in a resistant 
A. hybridus population from USA, conferring resistance to the five classes of ALS-inhibiting herbicides, namely, 
imidazolinones (IMIs), triazolopyrimidines (TPs), pyrimidinyl (thio) benzoates (PTBs), sulfonylamino-carbonyl 
triazolinones (STs) and sulfonylureas (SUs)23. Additionally, very recently, two independent mutations in the ALS 
gene sequence, namely, Trp574Leu and Asp376Glu, were found in two A. hybridus populations from Santa Fe 
and Cordoba, Argentina24 and in A. palmeri population from Brazil, in this case the substitution showed were 
Trp574Leu and Ser653Asp25. The Trp574Leu mutation is known to confer resistance to both imidazolinones 
(IMIs) and sulfonylureas (SUs), while the Ser653Asn mutation is known to confer resistance to only IMIs26–30.

Characterizing the mechanisms that confer single, multiple or cross resistance in a weed population is a 
very valuable information tool because it directly influences correct decision-making on weed management. 
Furthermore, the great diversity of resistance mechanisms described highlights the dangers of extrapolating 
the knowledge obtained from one resistant population to others. This work is focused on the molecular charac-
terization of the target-site resistance (TSR) mechanisms in an Amaranthus hybridus population collected in a 
GR soybean field from Cordoba (Argentina). Putative resistance to glyphosate and different ALS inhibitors was 
studied to decipher its TSR mechanisms conferring multiple resistance to glyphosate, imazamox, tribenuron, 
florasulam, flucarbazone and byspiribac.

Materials and methods
Plant material.  Mature seeds of an A. hybridus population suspected of having multiple resistance (MR) to 
imazamox and glyphosate were collected from 25 plants in a soybean field (RR) that had been treated with IMI 
(imidazolinone) herbicides and glyphosate for 20 years in an area of the campus of the University of Córdoba 
(Argentina). The seeds of a susceptible population (S) were also collected from 25 plants in 2016 from a nearby 
garden (300 m between the MR and S plants) in which no herbicide had ever been applied.

Multiple resistance in A. hybridus was corroborated for the MR population. For this purpose, seeds were 
germinated, and a thousand seedlings were transplanted in plots (2 m × 5 m) in the experimental field of the 
University of Córdoba (Spain). The herbicides were applied using a Pulverex backpack sprayer (Agrocor SA, 
Córdoba, Spain) with a T-coupler for the bar equipped with four flat fan nozzles, which were calibrated to 
deliver 200 L ha-1 at a spray pressure of 200 kPa at a height of 50 cm from the level of the plant. When the plants 
reached the four-leaf stage, they were treated with imazamox at 40 g ai ha-1. Two weeks later, the surviving 
plants were treated with glyphosate at 1080 g ae ha-1. Three months later, more than 80% of the plants finished 
their reproductive cycle, and mature seeds with multiple resistance were harvested and used for the next step. 
Approximately 250 seedlings were transplanted in trays (40 cm × 60 cm × 15 cm) that contained sand/peat in a 
ratio of 1:1 (v/v), and the growth and application followed the same conditions described above. Approximately 
95% of the treated plants finished their reproductive cycle. Three months later, the mature seeds were collected, 
cleaned and stored at 4 °C for one month, and the new seeds were designated as the MR2 population. In parallel, 
250 seedlings of the population susceptible to herbicides were treated with imazamox (20 g ai ha-1) and glyphosate 
(360 g ae ha-1) separately as explained above. Twenty-one days after the application of imazamox and glyphosate 
separately, 100% of the plants died, indicating the sensitivity to both herbicides. Both MR2 and S seeds were used 
in dose–response, biochemical and molecular studies to characterize the multiple resistance.

Seeds from the S and MR2 populations were germinated in Petri dishes containing filter paper that was 
moistened with distilled water. The Petri dishes were placed in a growth chamber at 28/18 °C (day/night) with 
a photoperiod of 16 h, 850 μmol s-1 photosynthetic photon flux and 80% relative humidity. All seedlings were 
transplanted in pots (one plant per pot) containing sand/peat at a ratio of 1:1 (v/v) and placed in a greenhouse 
with the same photoperiod.

Dose–response assays.  To quantify the level of glyphosate and imazamox resistance, seeds of the suscep-
tible (S) and resistant (MR2) populations were germinated as described previously in the Plant material section. 
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Plants from the S and MR2 A. hybridus populations were treated at the 4-leaf growth stage by using a laboratory 
system (SBS-060 De Vries Manufacturing, Hollandale, MN, USA) equipped with 8002 flat fan nozzles delivering 
200 L ha-1 at a height of 50 cm from the plant level. Glyphosate (Roundup Energy® SL, 480 g ae L-1 as isopropyl 
amine salt, Monsanto) was applied at 8 doses (10 plants dose-1), namely, 0, 7.8, 15.6, 31.25, 62.5, 125, 250 and 
500 g ae ha-1, to S plants and at 0, 31.25, 62.50, 125, 250, 500, 1000, 2000 and 4000 g ae ha-1 to MR2 plants. 
Another different group of S and MR2 plants was treated with imazamox (Pulsar® 40 SL, 4 g ai L-1) at different 
doses (10 plants dose-1): 0, 2.5, 5, 10, 20, 40 and 80 g ai ha-1 to S plants and 0, 40, 80, 160, 320, 640 and 1280 g 
ai ha-1 to MR2 plants. Nontreated plants were used as control. The experiments were organized in a completely 
randomized design and were repeated twice.

Plant mortality (LD50) and aerial part dry weight reduction (GR50) were determined at 28 days after treatment 
(DAT). Data are expressed as percentages in relation to the untreated controls.

ALS and EPSPS enzyme activity assays.  For both enzyme activity assays two steps were made: extrac-
tion and enzymatic reaction.

The ALS enzyme activity was measured as previously described Palma-Bautista et al.31 by mean the estimation 
of the product acetolactate after its conversion to acetoin, by decarboxylation in the presence of acid.

Seedling foliar tissue (3.0 g) from the 4–5 leaves growth stage, was frozen in liquid nitrogen and powdered 
with addition of polyvinylpolypyrrolidone (PVPP). The extraction buffer in proportion (4 mL g-1 tissue) was 
added. The extraction buffer contained 1 M potassium phosphate (KH2PO4 ⁄ K2HPO4), pH 7.5, 10 mM sodium 
pyruvate, 5 mM MgCl2, 50 mM thiamine pyrophosphate (TPP), 100 μM flavin adenine dinucleotide (FAD), 
12 mM dithiothreitol (DTT) and glycerol (1:9, v ⁄v). This homogenate was shaken (10 min at 4ºC), filtered 
through four layers of cheesecloth, and centrifuged (15,000 g for 15 min at 4ºC). The supernatant obtained was 
immediately used for ALS enzyme activity assays.

ALS activity was assayed by adding 0.05 mL of enzyme extract to 0.1 mL of freshly prepared assay buffer 
[0.08 M potassium phosphate (KH2PO4 ⁄ K2HPO4), pH 7.5, 0.15 M sodium pyruvate, 1.5 mM MgCl2, 1000 μM 
FAD], and increased concentrations of technical-grade imazamox (0, 0.001, 0.01, 0.1, 10, 100, 1000, 10,000 µM). 
After mixture incubation (37 °C for 1 h), the reaction was stopped by addition of 0.05 mL of H2SO4 (3 M). 
The reaction tubes were then heated (15 min at 60 °C) to facilitate decarboxylation of acetolactate to acetoin. 
Acetoin was detected as a colored complex (520 nm) formed after the addition of 0.25 mL of creatine (5 g L-1, 
freshly prepared in water) and 0.25 mL of α-naphthol (50 g L-1, freshly prepared in 5 M NaOH) and incubated 
(60 °C for 15 min). Background was determined using control vials, in which the reaction was stopped before 
the incubation, and subtracted.

The herbicides concentrations necessaries to reduce the ALS activity by 50% (I50) were estimated as has been 
referred before. The tested herbicides were byspiribac, florasulam, flucarbazone and tribenuron-methyl using 
the same concentrations as the imazamox (except for florasulam in which the maximum was 1000 µM). To know 
the resistance pattern, it was required determine the relationship between the R I50 and the S I50 (R I50/S I50), as 
well as the biotypes resistance factor to each herbicide in-vitro assay. Total protein content was measured using 
the Bradford method32,33. Maximum ALS specific activity (nmol of acetoin mg-1 of protein h-1) was determined 
in the absence of herbicide and expressed as percentage in relation to the control.

For the EPSPS enzyme activity assay the methodology described by Salas et al.34 was followed. Five grams 
of leaf tissue from each population were finely powdered and transferred to tubes with 100 mL of cold extrac-
tion buffer (100 mM MOPS, 5 mM EDTA, 10% glycerol, 50 mM KCl and 0.5 mM benzamidine), 70 μL of 
β-mercaptoethanol and 1% PVPP. After agitation and subsequent centrifugation, (NH4)2SO4 in proportion 45% 
(w/v) was added to the supernatant, the mixture was stirred and then centrifuged. The previous step was repeated 
to precipitate the protein. All pellets were dissolved in 3 mL of extraction buffer and dialyzed in 2 L of dialysis 
buffer (30 mm, 1000-MWC dialysis tubing at 4ºC on a stir plate) over 12 h in cold chamber.

For the determination of EPSPS activity the EnzCheck phosphate assay Kit (Invitrogen, Carlsbad, CA). The 
substrates for the EPSPS enzyme reaction were phosphoenolpyruvate (1.02 mM) and shikimate-3-phosphate 
(0.41 mM), supplied by Sigma-Aldrich (Madrid, Spain). The assay buffer was composed of 1 mM MgCl2, 10% 
glycerol, 100 mM MOPS, 2 mM sodium molybdate and 200 mM NaF. The EPSPS activity from the populations 
was determined without and with glyphosate (0, 0.1, 1, 10, 100 and 1000 μM)32,33. EPSPS activity was measured 
for 10 min at 360 nm in a spectrophotometer (DU-640, Beckman Coulter Inc. Fullerton, USA) to determine the 
amount of inorganic phosphate (μmol) released, measured in μg-1 total soluble protein (TSP) min-1. The proteins 
concentration was determined by the Bradford assay33.

All experiments were conducted with three technical replication of each population per glyphosate and ALS-
inhibiting herbicide concentration and repeated three times. EPSPS and ALS enzyme activity were expressed as 
percentage of enzyme activity in presence of glyphosate or ALS-inhibiting herbicide, respectively, with respect 
to the control.

EPSPS and ALS copy number and gene expression.  EPSPS and ALS gene copy numbers in the A. 
hybridus genomic DNA were determined as previously described by Gaines et al.9. The DNA was purified using 
the Qiagen DNeasy Plant Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. Once 
extracted, the DNA concentration was quantified using NanoDrop™ 1000 spectrophotometers (Thermo Scien-
tific) to ensure that the concentration and purity were sufficient for further assays.

Young leaf tissue from ten individuals of each A. hybridus population was collected. Total RNA was extracted 
using TRI Reagent® solution (Molecular Research Center, Inc., Cincinnati, OH) according to the manufacturer’s 
instructions. RNA was treated using the RNase-free DNase Set (Qiagen, Valencia, CA). M-MLV reverse tran-
scriptase (Promega, Madison, WI) was used to generate cDNA with 3 μg of total RNA as template and random 
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hexamers as primers. The cycle conditions were as follows: 37 °C for 1 h, 42 °C for 30 min, 50 °C for 10 min and 
15 °C for 10 min.

The EPSPS and ALS primer pairs used for copy number and gene expression assays were previously described 
by Gaines et al.9. Reactions were performed by using a qRT-PCR Bio-Rad CFX Connect thermal cycler and the 
following amplification profile: 50 °C for 2 min; 95 °C for 10 min; 40 cycles of 95 °C for 15 s and 60 °C for 1 min; 
and 95 °C for 15 s. PCRs were set up in 20 µl of SYBR Green PCR Master Mix (BIO-RAD). The ALS and Actin 
genes were used as reference genes to normalize the EPSPS and ALS qRT-PCR results, respectively. The relative 
expression levels were calculated from the threshold cycle (Ct) values and the primer efficiencies by the Pfaffl 
method35.

To determine EPSPS and ALS gene copy numbers, the ALS and actin genes were examined as reference genes 
by the Pfaffl method35. Triplicate technical replications were used to calculate the mean and standard error of 
the increase in EPSPS/ALS gene copy number relative to the ALS/Actin copy number.

Standard dilution curves were prepared for each primer pair to confirm the appropriate efficiency of ampli-
fication (E = 100 ± 10%).

EPSPS and ALS gene sequencing.  To achieve the EPSPS and ALS gene sequencing, ten plants from the 
susceptible (S) and the resistant (MR2) population were used.

A 196-bp DNA fragment from the conserved region of the EPSPS gene was amplified by RT-PCR as previously 
described by García et al.16. EPSPS gene sequencing was conducted by the Sanger method at the SCAI (“Central 
Service for Research Support”) of the University of Córdoba.

A pair of primers previously reported by Osuna et al.36 was used to amplify the A. hybridus ALS gene frag-
ments containing all the known mutations. Sequencing of the purified genomic DNA was performed in the 
Genomic Unit Investigation Central Service of Badajoz University, Spain.

Statistical analysis.  The herbicide concentration that caused 50% dry weight reduction (GR50) and plant 
mortality (LD50) and the herbicide concentration that caused 50% inhibition of enzyme activity (I50) were calcu-
lated by analysis of nonlinear regression using the following logistic equation: Y = c + {(d-c)/[1 + (x/g)b]}, where Y 
is the dry weight, mortality and enzymatic inhibition in relation to the control, d is the coefficient corresponding 
to the limit of the upper asymptote, c is the limit of the coefficient of the lower asymptote (fixed at 0 for GR50 and 
LD50), b is the slope of the curve, g is the herbicide concentration required to inhibit shoot growth by 50%, and x 
is the herbicide dose37. Nonlinear regression analysis was performed in the R program 3.6.2 with the drc package 
(Statistical Software)37,38. The resistance indices (RI = MR2/S) were computed as MR2-to-S ratios.

Results
Dose–response assays.  Amaranthus hybridus plants of the population MR2 exhibited resistance to glypho-
sate and imzamox in dose–response experiments. As shown in Fig. 1, plant survival and dry weight decreased 
as the dose of glyphosate increased. The susceptible population was eliminated by using lower glyphosate doses 
than those commonly used by Argentinian farmers (960 g ae ha−1). The GR50 and LD50 values estimated for the 
MR2 population were 2222 and 4508 g ae ha−1 glyphosate, respectively. According to the GR50 parameter, the RI 
of the MR2 population was 126 times higher than that of the S population (Table 1).

For the imazamox herbicide (field dose 40 g ai ha-1), the results obtained were similar to those obtained with 
glyphosate; as the imazamox dose increased, plant survival and dry weight decreased (Fig. 2), and the GR50 
and LD50 values obtained for the MR2 populations were 403 and 798, respectively. In this case, the RI of the 
MR2 population was 39, indicating that the MR2 population was 46-fold more resistant to imazamox than the 
S population (Table 2).

Figure 1.   Glyphosate dose–response of dry weight (A) and survival (B) expressed as percentage of the mean 
dry weight (MR2 0.371 g-1 and S 0.369 g-1) of untreated control plants. The vertical bars represent the standard 
error of the mean (n = 10).
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Table 1.   Parameters of the log-logistic equationsa used to calculate the glyphosate rates required for 50% 
dry weight (GR50) and reduction survival (LD50), expressed as percentage of the mean untreated control of 
the A. hybridus population. a  Y = c + {(d-c)/[1 + (x/g)b]}, where d is the coefficient corresponding to the upper 
asymptote, c is the limit of the coefficient of the lower asymptote (fixed at 0 for GR50 and LD50), b is the slope of 
the line, x is the herbicide dose, and g is the dose at the inflection point and hence the GR50 or LD50. ± SE is the 
standard error of the mean (n = 10). The P-value is the level of significance of the non-linear regression model. 
b RI (resistance index) = GR50, or LD50 (MR2)/GR50, or LD50 (S).

Growth reduction (GR50)

Population D b GR50 (g ae ha-1) ± SE P-value RIb

MR2 97.0 2.9 2222.0 ± 49.6  < 0.001 125.5

S 100.8 1.5 17.7 ± 0.8  < 0.001 –

Plant survival (LD50)

Population d b LD50 (g ae ha-1) ± SE P-value RI

MR2 98.8 4.7 4508.3 ± 57.2  < 0.001 93.6

S 100.9 4.1 48.2 ± 3.7  < 0.001 –

Figure 2.   Imazamox dose–response of dry weight (A) and survival (B) expressed as percentage of the mean dry 
weight (MR2 0.372 g-1 and S 0.371 g-1) of untreated control plants. The vertical bars represent the standard error 
of the mean (n = 10).

Table 2.   Parameters of the log-logistic equationsa used to calculate the imazamox rates required for 50% 
dry weight (GR50) and reduction survival (LD50), expressed as percentage of the mean untreated control of 
the A. hybridus population. a Y = c + {(d-c)/[1 + (x/g)b]}, where d is the coefficient corresponding to the upper 
asymptote, c is the limit of the coefficient of the lower asymptote (fixed at 0 for GR50 and LD50), b is the slope 
of the line, x is the herbicide dose, and g is the dose at inflection point and hence the GR50 or LD50. ± SE is the 
standard error of the mean (n = 10). The P-value is the level of significance of the non-linear regression model. 
b RI (resistance index) = GR50 or LD50 (MR2)/GR50, or LD50 (S).

Growth reduction (GR50)

Population d b GR50 (g ai ha-1) ± SE P-value RIb

MR2 95.8 3.4 403.5 ± 9.7 0.010 45.6

S 101.1 1.9 8.9 ± 0.2  < 0.001 –

Plant survival (LD50)

Population d b LD50 (g ai ha-1) ± SE P-value RI

MR2 100.2 3.1 798.4 ± 45.3  < 0.001 38.6

S 99.7 2.9 20.7 ± 1.4  < 0.001 –
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EPSPS and ALS enzyme activity assays.  The EPSPS basal activity profiles in the S and MR2 A. hybri-
dus plants differed significantly (Fig. 3A). As shown in Fig. 3B, EPSPS activity was inhibited in both S and MR2 
plants as glyphosate concentrations increased, but this EPSPS activity inhibition occurred at different herbicide 
concentrations (Fig. 3B), namely, 0.5 and 59 µM glyphosate for the S and MR2 populations, respectively, result-
ing in an RI (R-to-S ratio) of 111 (Table 3).

The A. hybridus S and MR2 plants presented similar ALS basal activity profiles (Fig. 4A). Imazamox inhibited 
ALS activity in both cases being the dose needed to do that higher in MR2 plants (Fig. 4B). These concentrations 
were 117 and 3171 µM imazamox for the S and MR2 populations, respectively, resulting in an RI (R-to-S ratio) 
of 27. (Table 4).

EPSPS and ALS copy number and gene expression.  No significant differences were observed in the 
EPSPS and ALS gene copy numbers between S and MR2 A. hybridus plants (Fig. 5). Nevertheless, EPSPS gene 
expression was higher in MR2 plants compared to S population, with expression levels up to 4 times higher 
(Fig. 6). In most cases an increase in the expression levels of a gene is usually correlated with a higher copy 
number of the gene, but this is not the current case. In MR2 population the high EPSPS expression levels are 
not correlated with an EPSPS copy number increment, this suggests that EPSPS gene expression is subjected to 
a regulation mechanism at transcriptional level.

Mutations in the EPSPS and ALS coding sequences.  The point mutations found both in EPSPS and 
ALS genes corroborated the resistance to glyphosate and imazamox from whole plant experiments. The multiple 
resistant A. hybridus population showed the EPSPS triple amino acid substitution Thr102Ile, Ala103Val and 
Pro106Ser which was previously described by our group16 with another A. hybridus population that was resistant 
only to glyphosate, data not shown (GenBank accession number MG595171).

Only a nucleotide point mutation (AGC to AAC) was found in the ALS sequence of MR2 when compared with 
the corresponding sequence in the S population, resulting in a Ser653Asn substitution (Fig. 7). This explains the 
pattern of cross-resistance to the ALS-inhibitor herbicide families found at the ALS enzyme activity level among 
these accessions. No other mutations were found in other conserved domains of the ALS gene (data not shown).

Figure 3.   EPSPS activity in MR2 and S populations of A. hybridus from Córdoba, Argentina. (A) EPSPS 
enzyme basal activity, Histograms represent the means ± SEs (n = 9). (B) Dose–response curves of EPSPS 
enzyme activity expressed as a percentage of the untreated control. Mean ± SE. (n = 9).

Table 3.   Parameter estimates of the equationa used to calculate the glyphosate concentration (µM) needed to 
reduce the activity of the EPSPS enzyme by 50% (I50) in the two Amaranthus hybridus biotypes (MR2 and S). 
a Y = c + {(d–c)/[1 + (x/g)b]}, where c and d are the coefficients corresponding to the upper and lower asymptote, 
respectively; x is the glyphosate concentration; b is the slope of the line; and g is the glyphosate concentration at 
inflection point (I50). ± SE is the standard error of the mean. The P-value is the level of significance of the non-
linear regression model. b RI (resistance index) = I50 MR2/I50 S.

Species Biotype c d b I50 (μM) ± SE P-value RIb

A. hybridus
MR2 8.5 99.3 0.9 59.1 ± 6.7  < 0.001 111.5

S 0.8 100.6 1.0 0.5 ± 0.0  < 0.001 –
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Figure 4.   ALS activity in MR2 and S populations of A. hybridus from Córdoba, Argentina. (A) ALS enzymatic 
basal activity, Histograms represent the means ± SE (n = 9). (B) Dose–response curves of ALS enzymatic activity 
expressed as a percentage of the untreated control. Mean ± SE. (n = 9).

Table 4.   Parameter estimations of the equation used to calculate the concentration (µM) of the ALS inhibitor 
herbicides necessary to reduce the activity of the ALS enzyme by 50% (I50) in the two Amaranthus hybridus 
biotypes (MR2 and S). a  Y = c + {(d–c)/[1 + (x/g)b]}, where c and d are the coefficients corresponding to the 
upper and lower asymptote, respectively; x herbicide concentration; b is the slope of the line; and g is the 
herbicide concentration at inflection point (I50). ± SE is the standard error of the mean. The P-value is the level 
of significance of the non-linear regression model. b  RI (resistance index) = I50 MR2/I50 S.

Herbicide Population c d b I50 (μM) ± SE P-value RIb

Tribenuron
MR2 1.5 97.7 0.7 272.7 ± 26.0  < 0.001 5.7

S 0.1 94.2 0.8 47.5 ± 6.3 0.008 –

Florasulam
MR2 − 0.2 99.1 0.8 56.5 ± 9.0  < 0.001 3.2

S 1.9 99.0 1.5 17.4 ± 1.4  < 0.001 –

Flucarbazone
MR2 0.7 98.6 1.2 144.7 ± 11.5  < 0.001 149.2

S 0.9 98.3 0.8 1.0 ± 0.1  < 0.001 –

Byspiribac
MR2 1.7 98.4 0.6 2728.4 ± 80 0.011 59.5

S − 0.9 98.7 0.8 45.9 ± 8.0  < 0.001 –

Imazamox
MR2 − 1.5 100.0 1.1 3171.8 ± 111.9 0.016 27.1

S 1.9 99.3 1.2 117.0 ± 9.1  < 0.001 –

Figure 5.   EPSPS and ALS gene copy numbers in A. hybridus S and MR2 populations from Córdoba, Argentina. 
Values represent the average of ten independent plants and the standard error.
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Discussion
Multiple resistance to glyphosate and ALS inhibitor, namely imazethapyr, was previously found in an A. hybri-
dus population from Argentina in 20142. Several years later, in 2018, an A. hybridus population with multiple 
resistance to glyphosate and to the ALS inhibitor chlorimuron-ethyl, was described in Brazil2. Nevertheless, the 
resistance mechanisms were not described. In this study, multiple resistance to glyphosate and ALS inhibitors in 
the A. hybridus population from Córdoba, Argentina, has been studied and characterized to decipher the TSR 
mechanism underlying the high resistance levels shown for the first time. The GR50 value relative to glyphosate 
shown by this MR2 population (2222 g ae ha−1 glyphosate) was higher than that of the previous resistant popu-
lation (Glyphosate-resistant) (1395 g ae ha−1 glyphosate), the results for which were previously published16. 
These two different populations, MR2 and GR2 (glyphosate resistant population which results were previously 
published in García et al.16) are carriers of the novel triple amino acid substitution in the conserved region of 
the EPSPS gene. The difference between them lies in the increased EPSPS gene expression shown by the MR2 
population, which was up to 4 times higher in the MR2 population than in the S population. This increment 
in the EPSPS gene expression was not correlated with an increase in the EPSPS gene copy number. Assuming 
no differences between S and R plants in copy number, changes in transcriptional regulation might explain the 
EPSPS overexpression found in this particular population, which would be quite novel16. The first case of her-
bicide resistance induced by EPSPS gene copy number occurred in an A. palmeri population in 20107. In this 
work, the authors found a 100-fold increase in EPSPS gene copy number, resulting in an up to 40-fold increase 
in EPSPS expression. These mechanisms, that is, EPSPS overexpression due to increased copy number, have also 
been described in other species of the Amaranthus genus, such as A. tuberculatus12 and A. spinosus10, as well as 
in multiple weed species39,40.

Mutations in the conserved region of EPSPS conferring glyphosate resistance have been previously reported 
in both mono- and dicotyledonous weeds. The single amino acid substitutions at Pro106 confer glyphosate 
resistance in several weeds, such as Digitaria insularis, Lolium multiflorum, Amarantus spinosus, A. palmeri 
and Lolium rigidum9,41–43. Single substitutions at Gly101 and Thr102 confer high levels of glyphosate resistance 
but decrease the volume of the glyphosate–PEP binding site, reducing affinity for PEP44,45. The artificial double 
amino acid change in EPSPS (Thr102Ile and Pro106Ser) known for conferring high glyphosate resistance levels 
in commercial transgenic maize lines, has also been reported in Eleusine indica15,46 and Bidens pilosa47. Very 
recently, Takano et al. (2020) found a double different substitution in EPSPS gene (Thr102Ile and Pro106Thr) 
in Bidens subalternans population from Paraguay48. The triple amino acid substitution in the EPSPS gene was 
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Figure 6.   EPSPS and ALS relative gene expression in A. hybridus S and MR2 populations from Córdoba, 
Argentina. Values represent the average of ten independent plants and the standard error.

Figure 7.   Sequence alignment of a region of the ALS gene from susceptible (S and GenBank: MH036304.1) and 
ALS-resistant (MR) A. hybridus populations. The sequences presented here show the site of domain E of the ALS 
gene. The amino acid numbering is based on the Arabidopsis thaliana ALS sequence.
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reported for the first time in an A. hybridus population from Cordoba, Argentina16, and this mechanism was 
the only mechanism responsible for the high resistance level (GR50 of 1395 g ae ha−1) shown in this case16. The 
higher resistance level developed by the MR2 population (GR50 of 2222 g ae ha−1) must be due to the presence 
of an alternative second mechanism, as the EPSPS gene expression level was up to four times higher in MR2 
plants than in S plants.

ALS point mutations have been widely described in numerous weed species, particularly at 8 positions 
of the ALS gene19. Depending on the ALS amino acid position affected and the specific substitution, variable 
patterns of cross-resistance between ALS inhibitor classes can occur49. Amino acid substitutions of Ala122 or 
Ser653 conferred resistance to IMI herbicides with low-level resistance to SUs27,50–52, whereas substitution of 
Pro197 conferred resistance to SUs53 but low or no cross-resistance to IMIs. Substitution of Trp574 or Ala205 
conferred broad cross-resistance;50,54 however, substitution of Ala205 conferred much lower levels of resistance 
than substitution of Trp574.

In MR2 plants, the single amino acid substitution Ser653Asn is responsible for the high resistance level to 
IMIs. Although the Ser653 substitution has been described to confer resistance only to IMIs, there are some 
cases in which broad cross-resistance has been observed. Whaley et al.22,23 found that the Ser653Asn amino acid 
substitution conferred resistance to IMIs, pyrimidinyl (thio) benzoates (PTBs) and triazolopyrimidines (TPs) 
in several Amaranthus hybridus biotypes.

This is the first time that TSR mechanisms by means of point mutations for both glyphosate and ALS inhibi-
tors are reported in Amaranthus hybridus. Moreover, an additional TSR mechanism to glyphosate has been found, 
because MR2 population showed increased EPSPS gene expression. In this regard, new management alternatives 
must be used, both chemical and non-chemical, to control this A. hybridus population from Córdoba, Argentina. 
Among chemical options, photosystem I and II, protoporphyrinogen oxidase (PPO) and 4-hydroxyphenylpyru-
vate dioxygenase (HPPD) inhibitors or auxin-mimic herbicides should be considered to ensure the sustainability 
of the crop production system.
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