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Abstract

S-Metolachlor is commonly used by soybean and cotton growers, especially with POST treat-
ments for overlapping residuals, to obtain season-long control of glyphosate- and acetolactate
synthase (ALS)-resistant Palmer amaranth. In Crittenden County, AR, reports of Palmer ama-
ranth escapes following S-metolachlor treatment were first noted at field sites near
Crawfordsville and Marion in 2016. Field and greenhouse experiments were conducted to con-
firm S-metolachlor resistance and to test for cross-resistance to other very-long-chain fatty acid
(VLCFA)-inhibiting herbicides in Palmer amaranth accessions from Crawfordsville and
Marion. Palmer amaranth control in the field (soil <3% organic matter) 14 d after treatment
(DAT) was >94% with a 1X rate of acetochlor (1,472 g ai ha™!; emulsifiable concentrate for-
mulation) and dimethenamid-P (631 g ai ha™!). However, S-metolachlor at 1,064 g ai ha™! pro-
vided only 76% control, which was not significantly different from the 1/2x and 1/4X rates of
dimethenamid-P and acetochlor (66% to 85%). In the greenhouse, Palmer amaranth accessions
from Marion and Crawfordsville were 9.8 and 8.3 times more resistant to S-metolachlor com-
pared with two susceptible accessions based on LDs, values obtained from dose-response
experiments. Two-thirds and 1.5 times S-metolachlor at 1,064 g ha™ were the estimated rates
required to obtain 90% mortality of the Crawfordsville and Marion accessions, respectively.
Data collected from the field and greenhouse confirm that these accessions have evolved a
low level of resistance to S-metolachlor. In an agar-based assay, the level of resistance in the
Marion accession was significantly reduced in the presence of a glutathione S-transferase
(GST) inhibitor, suggesting that GSTs are the probable resistance mechanism. With respect
to other VLCFA-inhibiting herbicides, Marion and Crawfordsville accessions were not
cross-resistant to acetochlor, dimethenamid-P, or pyroxasulfone. However, both accessions,
based on LDs5 values obtained from greenhouse dose-response experiments, exhibited reduced
sensitivity (1.5- to 3.6-fold) to the tested VLCFA-inhibiting herbicides.

Introduction

Very-long-chain fatty acid (VLCFA)-inhibiting herbicides (Group 15) are labeled for use in
numerous crops for residual control of annual grasses and small-seeded broadleaves. Fatty acids
with a carbon chain length of >20 (20 to 34 carbons) are referred to as VLCFAs and are impor-
tant building blocks for cuticular waxes and sphingolipids. Sphingolipids are required for proper
vesicle trafficking and membrane dynamics, especially in dividing cells (Bach et al. 2011; Jenks
et al. 2002; Li-Beisson et al. 2010). VLCFAs are synthesized by a four-enzyme complex, and the
substrate specificity of this complex (fatty acid >18 carbons) is determined by B-ketoacyl-CoA
synthase, otherwise known as fatty acid elongase (FAE) (Joubes et al. 2008; Li-Beisson et al.
2010). FAEs are the molecular target of VLCFA-inhibiting herbicides. In Arabidopsis, the
genome contains 21 FAE-like genes with overlapping expression profiles and protein substrate
specificity (i.e., C22, C24, and C26 VLCFAs). This indicates that VLCFA-inhibiting herbicides
must inhibit different FAE proteins and thus must have multiple target sites (Joubes et al. 2008;
Li-Beisson et al. 2010; Trenkamp et al. 2004).

Several VLCFA-inhibiting herbicides exist and can be grouped into three major chemical fam-
ilies: chloroacetamides such as S-metolachlor, acetochlor, and dimethenamid-P; the pyrazole,
pyroxasulfone; and the oxyacetamide, flufenacet. VLCFA-inhibiting herbicides have been used
for over 60 yr, but resistance appears to be a rare event (Heap 2018). Because of the genetic redun-
dancy of FAEs, the evolution of target-site resistance is predicted to be low and has yet to be iden-
tified in nature. To date, resistance to VLCFA-inhibiting herbicides has only been confirmed in
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flufenacet-resistant blackgrass (Alopecurus myosuroides Huds.)
(Heap 2018) and Italian ryegrass [Lolium perenne subsp. multiflo-
rum (Lam.) Husnot] (Liu et al. 2016), pyroxasulfone-resistant
wild oat (Avena fatua L.) (Mangin et al. 2017), butachlor-resistant
barnyardgrass (Echinochloa crus-galli L. Beauv.) (Juliano et al. 2010),
and chloroacetamide- and pyroxasulfone-resistant rigid ryegrass
(Lolium rigidum Gaud.) (Burnet et al. 1994; Busi et al. 2014).
Interestingly, in the aforementioned weed species, resistance was
found only in multiple-herbicide-resistant accessions, and resis-
tance was not always the result of selection from VLCFA-inhibiting
herbicide use. In these cases, resistance to VLCFA-inhibiting herbi-
cides, just like the tolerance mechanism found in corn (Zea mays L.)
and sorghum (Sorghum bicolor L.), was hypothesized to be conferred
by glutathione S-transferases (GST) (Busi et al. 2014; Deng and
Hatzios 2002; Dixon et al. 1997). Busi et al. (2018) found that pyrox-
asulfone was rapidly detoxified within 24 h in resistant rigid ryegrass
plants by GSTs, and they furthermore identified increased GST
expression that correlated with resistance.

Palmer amaranth is one of the most troublesome weeds in row
crops found throughout the United States (Van Wychen 2016).
Seasonal and long-term control of Palmer amaranth is difficult,
because it has a season-long emergence pattern, vigorous seedling
growth, ability to rapidly replenish the soil seed bank, and a ten-
dency to evolve resistance to herbicides (Heap 2018; Horak and
Loughin 2000; Jha and Norsworthy 2009; Keeley et al. 1987;
Norsworthy et al. 2014). A proactive weed management program
that prevents weeds from reaching maturity and replenishing the
soil seed bank, referred to as a “zero-tolerance” threshold, should
be adopted for problematic weeds like Palmer amaranth
(Bagavathiannan and Norsworthy 2012; Neve et al. 2011; Norris
1999; Norsworthy et al. 2014).

In grower fields where glyphosate- and ALS-resistant Palmer
amaranth are prevalent, the use of residual herbicides at planting
and with POST applications to overlap residuals are foundational
steps for season-long control (Culpepper et al. 2009; Norsworthy
et al. 2012; Riar et al. 2013). In soybean and cotton, VLCFA- and
protoporphyrinogen oxidase (PPO)-inhibiting herbicides with
residual activity (Group 14) are commonly used PRE herbicides.
For example, 40% and 56% of the treated 2017 soybean hec-
tares in the United States were treated with either VLCFA- or
PPO-inhibiting herbicides (USDA 2018). However, in the
Mid-South, the evolution and subsequent spread of resistance to
PPO-inhibiting herbicides in Palmer amaranth (Copeland et al.
2018; Varanasi et al. 2018) will undoubtedly increase the use of
VLCFA-inhibiting herbicides and consequently increase the prob-
ability of selecting for resistance to Group 15 herbicides.

In the 2016 and 2017 growing seasons, Palmer amaranth
escapes following S-metolachlor were observed within
Crittenden County, AR, at field locations near Crawfordsville
and Marion. Resistance to S-metolachlor is highly suspected at
those field locations (JK Norsworthy and T Barber, unpublished
data). Therefore, this research had two objectives: to confirm
and quantify the level of resistance to S-metolachlor in the field
and greenhouse, and to test for cross-resistance to other
VLCFA-inhibiting herbicides.

Materials and Methods
Field Study

In 2018, two chloroacetamide efficacy experiments were established at
field sites near Crawfordsville and Marion, AR. Research at
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Crawfordsville was conducted on a Dundee silt loam soil with a
1.95% organic matter content and a pH of 5.39. At Marion, the soil
was a Dubbs sandy loam with a 1.4% organic matter content and a pH
of 5.76. At each site, experiments were a randomized complete block
design with a factorial arrangement of chloroacetamides and herbi-
cide rate. The three chloroacetamides used were S-metolachlor
(Dual Magnum; Syngenta Crop Protection, LLC, Greensboro, NC),
acetochlor (Harness; Monsanto Co., St. Louis, MO), and dimethena-
mid-P (Outlook; BASF, Research Triangle Park, NC). Each herbicide
was applied at 1/4X%, 1/2X, and 1X of their respective field use rate. The
field use rate for S-metolachlor was 1,064 g ai ha™!, acetochlor at 1,472
gha™!, and dimethenamid-P at 631 g ha™'. The labeled field use rates
in this study are congruent with fields with <3% organic matter and a
coarse to medium soil texture. Furthermore, these rates were chosen
to simulate what a typical Mid-South grower would apply PRE and/or
POST. Each experiment had four replications, and plots were 4 by 8 m
long. At Marion, cotton was planted before treatments were applied,
whereas Crawfordsville was fallow. Fields at each location were treated
with glufosinate (595 g ai ha™) and glyphosate (860 g ae ha™!) to con-
trol existing vegetation before experiments were initiated.

Treatments were applied with a CO,-pressurized backpack
sprayer using AIXR110015 nozzles (Teejet, Wheaton, IL) cali-
brated for an output of 140 L ha™! at 4.83 km h!. PRE treatments
were applied when a rain event was forecasted in the subsequent
days. Rainfall data are summarized in Figure 1. At each location,
visible weed control ratings were taken at 14 and 28 DAT on a scale
from 0 to 100%, with 0 being no control and 100% being comp
lete control. Control ratings were estimated by determining the
reduction of weed emergence and biomass accumulation obs
erved in treated plots in comparison to nontreated plots. At
Crawfordsville, two counts of Palmer amaranth plants per square
meter were recorded per plot at 14 and 28 DAT. To test for micro-
bial breakdown of S-metolachlor, barnyardgrass density and
visible control ratings at Crawfordsville were taken at 14 and 28
DAT. Weed density counts were converted to percent reduction
from the nontreated control. Before analysis, data were tested for
homoscedasticity using a Bartlett’s test. No site-by-treatment inter-
actions were detected, and thus visible control data were pooled
over sites. Data were subjected to ANOVA with site and replication
set as random effects. Means were separated using Fisher’s protected
LSD (a=0.05) in JMP Pro 12 (SAS institute Inc. Cary, NC).

Greenhouse Studies

Greenhouse experiments were conducted to complement the field
study and to characterize the level of resistance to VLCFA-
inhibiting herbicides. Experiments were conducted at the
Altheimer Laboratory at the University of Arkansas, Fayetteville.
In the fall of 2017, inflorescences from Palmer amaranth plants
at Crawfordsville and Marion were collected, threshed, and cleaned
to generate a seed source for further experimentation. Two suscep-
tible accessions that had been originally collected in 2001 by Bond
et al. (2006) were used in all experiments. The susceptible acces-
sions were collected in Miller and Jefferson counties and will be
referred to as ARSE-1 and ARE-8, respectively. All accessions
had >50% germination.

Dose-response experiments were conducted to determine
difference in sensitivity between susceptible and resistant acces-
sions to S-metolachlor (Dual Magnum), acetochlor (Harness),
dimethenamid-P (Outlook), and pyroxasulfone (Zidua SC;
BASF, Research Triangle Park, NC). Similar to the field study,
the 1Xx rates were S-metolachlor at 1,064 g ha™!, acetochlor at
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Figure 1. Rainfall (cm) at Marion and Crawfordsville locations from the initiation to the termination of trial.

1,472 g ha™!, dimethenamid-P at 631 g ha™!, and pyroxasulfone
at 120 g ha™'. The herbicide dosages used for the susceptible
accessions were 0, 1/256, 1/128, 1/64, 1/32, 1/16, 1/8, 1/4,
1/2, and 1X. For the resistant accessions the rates were 0,
1/128, 1/64, 1/32, 1/16, 1/8, 1/4, 1/2, and 1X, except for
S-metolachlor, where 2X and 4x rates were included instead
of the 1/128x rate. Studies were conducted as a completely
randomized experiment with three replications per treatment
and two total runs, except for S-metolachlor, which had three
total runs. A replication consisted of 12.2- by 9.5- by 5.7-cm flats
(Insert TO standard; Hummert International, Earth City, MO)
filled with sieved soil. A silt loam soil collected from the
University of Arkansas Agriculture Research and Extension
Center in Fayetteville with a pH of 6.6 and 2.4% organic matter
content was used in all experiments. Prior to applications, flats
were presoaked, allowed to drain, and, if needed, soil was added
to reach the brim of flats. Afterwards, 100 seeds were scattered
over the soil surface, and seeds were lightly covered with soil.
Treatments were applied using a research track sprayer
equipped with 1100067 nozzles (Teejet, Wheaton, IL) calibrated
to deliver 187 L ha! at 1.6km h™'. Afterwards, flats were
watered over the top to incorporate the PRE herbicides into
the soil solution. For the first 10 d of an experiment, flats were
watered over the top; after that time they were placed in trays
and watered from below.

At 21 DAT, live counts were recorded, and only plants with a
true leaf were considered alive. For each experimental run, live
counts were converted to percent survival based on the number
of seedlings in the nontreated controls. There were no significant
interactions between runs; therefore, data were pooled accordingly
(P> 0.05). Dose-response curves were generated in R using a
four-parameter log-logistic model described as in Equation 1:

— D-C
Y=C+ 1+exp{b[log(x)]—log(LD50)} (1)
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where Y is the response variable, C is the lower limit of Y, D is the
upper limit of Y, b is the slope of the curve around the LDs, (lethal
dose causing 50% mortality), and x is the herbicide dose (Ritz et al.
2015). Estimated LDs, and LDy, values were derived from equa-
tions. Fold-change in sensitivity to each herbicide was determined
by dividing the LDs, value of the resistant accession by the average
LDs, value of the two susceptible accessions.

Metabolic Resistance Study

To determine if S-metolachlor resistance could be GST-mediated,
seeds of Marion and ARSE-1 accessions (not surface sterilized)
were placed on agar plates containing S-metolachlor with or with-
out the GST inhibitor 4-chloro-7-nitrobenzofurazan (NBD-CI;
Sigma-Aldrich Ltd., St. Louis, MO). Preliminary experiments
were conducted to determine appropriate rates of S-metolachlor
and NBD-Cl. Medium was made by autoclaving a 1-L solution
containing 2.2 g of Murashige and Skoog (MS) Basal Salt
Mixture (Sigma-Aldrich) and 11 g agar. The pH of the solution
was 5.7 to 5.8. The plates used in all experiments were sterile square
Petri dishes with grids (100 by 100 by 15 mm; Simport). The S-
metolachlor rates in the agar plates were 0.5 and 1 pM, and the
NBD-Cl rate was 50 nM. To obtain the appropriate S-metolachlor
rates, Dual IT Magnum was diluted in DMSO, and NBD-CL was
solubilized and diluted in methanol. DMSO concentration did
not exceed 0.05% v/v. Thirty seeds were plated on each treatment
plate for each accession. After plating seeds, agar plates were
wrapped in surgical tape and placed vertically in growth chambers
(22 C and a 16-h photoperiod). The day after plating was consid-
ered 1 DAT.

At 12 DAT, agar plates were photographed, and Image]
(Schneider et al. 2012) was used to measure root lengths. Pixel
number was converted to centimeters using the grid pattern on
square plates, which have a height of 1.5 cm. Root lengths are
expressed as percent reduction from the nontreated. Three runs
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Table 1. Visible control ratings of Palmer amaranth at Marion and Crawfordsuville, AR, with suspected resistance to VLCFA-inhibiting
herbicides and density reduction of Palmer amaranth and barnyardgrass (BYG) at Crawfordsville only.

Palmer amaranth? BYG
Control Density reduction®
Herbicide Rate 14 DAT 28 DAT 14 DAT 28 DAT 28 DAT
g ai ha! %
S-metolachlor 1,064 76 CD* 34B 71B 74 95
535 68 D
268 34 E
Acetochlor? 1,472 98 A 60 A 91 A 80 94
736 85 BC
368 68 D
Dimethenamid-P 631 94 AB 57A 95 A 89 97
316 75 CD
158 66 D
Herbicide < 0.0001 < 0.0001 0.0008 0.1439 0.2452
Rate < 0.0001 < 0.0001 0.0116 0.0061 0.0418
Herbicide x rate 0.0140 0.9279 0.1673 0.5522 0.7996

2 Palmer amaranth data were pooled over Marion and Crawfordsville location (P > 0.05).

b Density reduction data were only recorded at Crawfordsville in 2018.

¢ Means were separated using Fishers protected LSD values at a =0.05, and different letters within a column indicate a significant difference

between treatments.
4 An emulsifiable concentrate acetochlor formulation was used.

were conducted in time with one treatment plate per run. At least
12 roots were measured for each accession per plate. The root
length of each seedling was considered a replication. The number
of root lengths measured varied, either because of germination
issues or because roots grew into the agar and thus were not mea-
sured. Before analysis, data were tested for homoscedasticity using
a Bartlett’s test. There was no three-way interaction between run,
accession, and treatment (P = 0.18); thus, data were pooled over
runs. After pooling over runs, the total number of root lengths
measured from the Marion accession were 46, 39, 49, 44, and 51
and 38, 40, 45, 52, and 53 for ARSE-1 for the following treatments,
respectively: NBD-CL only, S-metolachlor (0.5 pM), S-metolachlor
(0.5 pM) + NBD-CI, S-metolachlor (1 pM), and S-metolachlor
(1 pM) + NBD-Cl. Data were subjected to ANOVA with run set
as random. Means were separated using Tukey’s HSD (o= 0.05)
in SAS 9.4 (SAS Institute Inc., Cary, NC).

Results and Discussion
Chloroacetamide Field Study

The Palmer amaranth accessions at Crawfordsville and Ma
rion responded similarly to S-metolachlor, acetochlor, and
dimethenamid-P treatments (Table 1). At 14 DAT, both accessions
were controlled >94% with a 1X rate of acetochlor (1,472 g ha™!)
and dimethenamid-P (631 g ha™). Other authors have reported a
similar control of Amaranthus spp. (>90%) with Group 15 herbi-
cides after a precipitation event that incorporated herbicides into
soil solution (Hay et al. 2018; Meyers et al. 2010; Steckel et al. 2002;
Sweat et al. 1998). However, a 1X rate of S-metolachlor at 1,064 g
ha! provided only 76% control. Furthermore, control with the 1x
rate of S-metolachlor was not different from the 1/2X rate (68%) or
the 1/2X and 1/4X rates of dimethenamid-P and acetochlor (66%
to 85%). By 28 DAT, the chloroacetamide used was significant
(P =<0.0001) but the rate interaction was not (P =0.93). The
residual activity of acetochlor and dimethenamid-P, averaged over
rates and herbicides, provided 59% control of both accessions.
Although poor, these herbicides still provided 25% greater control
than S-metolachlor (34%).
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At Crawfordsville only, Palmer amaranth density was
recorded, and both density reduction and visible control data
followed a similar pattern. For example, acetochlor and dimethe-
namid-P, averaged over rates and herbicides at 14 DAT, reduced
Palmer amaranth density by 93%, whereas S-metolachlor only
reduced density by 71% when compared to the nontreated con-
trol (49 plants m~2) (Table 1). The above data highlight how the
accessions from both Marion and Crawfordsville have reduced
sensitivity to S-metolachlor but not acetochlor and dimethena-
mid-P. Interestingly, barnyardgrass control (data not shown)
and density data were also recorded at Crawfordsville, and by
28 DAT, all three chloroacetamides regardless of rate reduced
barnyardgrass density by >94% when compared to the nontreated
control (16 plants m~2). The fact that S-metolachlor still controlled
barnyardgrass, but not Palmer amaranth, suggests that increased
microbial breakdown is probably not a major factor in the low
S-metolachlor activity observed on these accessions.

Confirmation of S-Metolachlor Resistance

To confirm and quantify the level of S-metolachlor resistance in
the Marion and Crawfordsville accessions, seeds were collected
from each location and used to generate dose-response curves
in the greenhouse (Figure 2A and Table 2). At 21 DAT, the two
susceptible accessions, ARE-8 and ARSE-1, had LDs, values of
13 and 20 g ha™!, respectively. Germinating seedlings at higher
rates increasingly exhibited characteristic VLCFA-inhibitor
symptomology of fused or crinkled leaf margins, and as rates
exceeded 100 g ha™!, shoot development was severely suppressed
or completely inhibited (~267 g ha™!). The LDs, values for the
Marion and Crawfordsville accessions were 156 and 133 g ha™!,
respectively. Based on these values, Marion and Crawfordsville
were 9.8 and 8.3 times less responsive to S-metolachlor in com-
parison to the average LDs, value of the susceptible accessions
(16 g ha™!). To obtain 90% mortality of the Crawfordsville and
Marion accessions, it was estimated to require two-thirds and
1.5 times the 1x rate of S-metolachlor (1,064 g ha™!) in the
greenhouse. Furthermore, no seedlings from any accession sur-
vived at a 2X rate.
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Figure 2. The percent survival of Marion, Crawfordsville, ARE-8, and ARSE-1 Palmer amaranth accessions to increasing rates of (A) S-metolachlor, (B) dimethenamid-P, (C) aceto-
chlor, and (D) pyroxasulfone. The Marion and Crawfordsville accessions were suspected to have evolved resistance to VLCFA-inhibiting herbicides, and Sus ARE-8 and Sus ARSE-1
are the susceptible controls. The log-logistic parameters for each herbicide by accession and the rate that causes 50% and 90% mortality (LDs, and LDg) in each accession and

herbicide are listed in Table 2.

Cross-Resistance to VLCFA-Inhibiting Herbicides

Marion, Crawfordsville, ARE-8, and ARSE-1 accessions were sub-
jected to other Group 15 herbicides to determine the specificity of
the S-metolachlor-resistant mechanism(s). The average LDs val-
ues for the susceptible accessions to acetochlor, dimethenamid-P,
and pyroxasulfone were 13, 12, and 3 g ha™l, respectively
(Figure 2B-D and Table 2). A 1.5- to 2.1-fold and a 2.3- to 3.6-fold
increase in herbicide rate was estimated to achieve 50% mortality
for the Crawfordsville and Marion accessions, respectively. All
accessions were either completely killed or severely stunted with
a 1/4X rate of each herbicide.

Metabolic Resistance: GST Inhibition

Crop tolerance and weed resistance to VLCFA-inhibiting herbi-
cides are either known or suspected to be conferred by GSTs
(Busi et al. 2014, 2018; Deng and Hatzios 2002; Dixon et al.
1997; Skipsey et al. 1997). Under this assumption, seeds from
the Marion and the ARSE-1 accessions were germinated on agar
media containing S-metolachlor with or without the GST inhibitor

https://doi.org/10.1017/wet.2019.44 Published online by Cambridge University Press

NBD-CI (50 nM) (Figure 3A, B). The root lengths of Marion seed-
lings were reduced by 20% and by 40% with S-metolachlor at
0.5 pM and 1 pM, respectively. The addition of NBD-Cl with
S-metolachlor at either rate significantly reduced the root growth
of Marion seedlings on average by 19% over S-metolachlor alone.
In the presence of NBD-CI, the root growth inhibition of Marion
seedlings was similar to that of ARSE-1 seedlings at the same
S-metolachlor rate with or without NBD-CI. This observation
suggests that GSTs play some role in conferring resistance to
S-metolachlor in the Marion accession, but more detailed labora-
tory experiments are needed to ascertain this.

S-metolachlor is frequently used by soybean and cotton
growers, especially for overlapping residual activity with POST
treatments, to obtain season-long control of glyphosate- and
ALS-resistant Palmer amaranth (Culpepper et al. 2009;
Norsworthy et al. 2012; Riar et al. 2013). We report here the first
case of VLCFA-inhibiting herbicide resistance in Palmer ama-
ranth. Specifically, both Marion and Crawfordsville accessions,
based on our 1X rate, exhibited low levels of resistance to S-meto-
lachlor (<2-fold based on LDy, values), but not to acetochlor,
dimethenamid-P, and pyroxasulfone. The evolution of a resistance
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Table 2. Dose-response parameter estimates and LD90 values of Marion, Crawfordsville, and the two susceptible accessions ARE-8 and ARSE-1 to S-metolachlor,
acetochlor, dimethenamid-P, and pyroxasulfone. A four-parameter log-logistic function was used to generate dose-response curves.?

Herbicide Accession Dose-response parameters estimates
B C D LDso + SEP LDgo *+ SE
S-metolachlor ARE-8 1.0 -3.16 99.56 13+1 112 £ 23
ARSE-1 0.85 -5.52 100.8 20£2 267 £ 72
Crawfordsville 1.32 -4.46 95.14 133 + 10* 704 £ 119
Marion 0.93 -8.95 98.15 156 + 17* 1,632 + 414
Acetochlor ARE-8 2.33 0.46 100.28 10+ 0.4 26+2
ARSE-1 1.59 -1.27 99.81 15+1 60 + 6
Crawfordsville 1.56 -1.84 99.4 27 £ 1% 110 + 12
Marion 13 -3.81 98.97 45 + 3* 245 + 32
Dimethenamid-P ARE-8 1.44 -2.7 98.54 10+1 47 +6
ARSE-1 1.26 -2.92 98.59 13+1 73+12
Crawfordsville 1.92 0.61 104.0 17+1* 53+6
Marion 0.96 -1.7 99.69 26 + 3* 258 + 69
Pyroxasulfone ARE-8 133 -2.48 99.79 2+0.1 8+1
ARSE-1 1.5 -2.66 97.62 3+£03 13+2
Crawfordsville 151 -3.44 99.26 5+0.3" 17+1
Marion 1.23 -6.45 98.11 7+0.6% 30+4

2Y=C+D - C/(1+ exp{b[log(x)] - log(LDsp)}
b Statistical comparison was only done with LDs, values, and an asterisk indicates a significant difference from both susceptible accessions values.
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Figure 3. The response of Marion and ARSE-1 to S-metolachlor at 0.5 pM and 1 uM with or without the GST inhibitor 4-chloro-7-nitrobenzofurazan (NBD-Cl) in an agar-based
assay. Marion is the resistant accession, and ARSE-1 is the susceptible control. (A) Summary of root length reductions from S-metolachlor with or without NBD-Cl treatments at 12
DAT. The error bars represent 1+ SEM. Means were separated using Tukey’s HSD values, and different letters indicate a significant difference («=0.05). (B) Representative
response of Marion and ARSE-1 accessions to S-metolachlor at 1 uM (left) and S-metolachlor plus NBD-Cl at 50 nM (right).

mechanism(s) that confers field-level resistance to Although the resistance mechanism did not confer cross-
S-metolachlor, shown here to be probably mediated by GSTs, is  resistance to the other tested VLCFA-inhibiting herbicides at
extremely problematic. field-use rates, a 1.5- to 3.6-fold reduction in sensitivity based
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on the susceptible LDs, values was detected. Extrapolating this to
the field, the residual activity provided by dimethenamid-P, pyrox-
asulfone, and acetochlor may be reduced. However, it should be
noted that both acetochlor (1,472 g ha™!) and dimethenamid-P
(631 g ha™!) in the field provided >94% control of both the
Marion and Crawfordsville accessions at 14 DAT (Figure 1). In
any case, the efficacy of all VLCFA-inhibiting herbicides on
Palmer amaranth, especially the S-metolachlor-resistant acces-
sions in this paper, must be managed properly. Otherwise, under
our current management programs, the likelihood of selecting for
resistance or reduced sensitivity to these herbicides is high.
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Acknowledgement. Funding for this research was provided by the Arkansas
Soybean Promotion Board and Syngenta for which we declare a conflict of
interest.

References

Bach L, Gissot L, Marion J, Tellier F, Moreau P, Satiat-Jeunemaitre B, Palauqui JC,
Napier JA, Faure JD (2011) Very-long-chain fatty acids are required for cell plate
formation during cytokinesis in Arabidopsis thaliana. ] Cell Sci 124:1-12

Bagavathiannan MV, Norsworthy JK (2012) Late-season seed production in
arable weed communities: management implications. Weed Sci 60:325-334

Bond JA, Oliver LR, Stephenson DO (2006) Response of Palmer amaranth
(Amaranthus palmeri) accession to glyphosate, fomesafen, and pyrithiobac.
Weed Technol 20:885-892

Burnet MWM, Barr AR, Powles SB (1994) Chloroacetamide resistance in rigid
ryegrass (Lolium rigidum). Weed Sci 42:153-157

Busi R, Gaines TA, Vila-Aiub MM, Powles SB (2014) Inheritance of evolved
resistance to a novel herbicide (pyroxasulfone). Plant Sci 217-218:127-134

Busi R, Porri A, Gaines TA, Powles SB (2018) Pyroxasulfone resistance in
Lolium rigidum is metabolism-based. Pestic Biochem Phys 148:74-80

Copeland JD, Giacomini DA, Tranel PJ,Montgomery GB, Steckel LE
(2018) Distribution of PPX2 mutations conferring PPO-inhibitor resis-
tance in Palmer amaranth population of Tennessee. Weed Technol
32:592-596

Culpepper AS, York AC, Robert P, Whitaker JR (2009) Weed control and crop
response to glufosinate applied to ‘PHY 485 WRF cotton. Weed Technol
23:356-362

Deng F, Hatzios KK (2002) Purification and characterization of two glutathione
S-transferase isozymes from indica-type rice involved in herbicide detoxifi-
cation. Pestic Biochem Phys 72:10-23

Dixon D, Cole DJ, Edwards R (1997) Characteristics of multiple glutathione
transferases containing the GST I subunit with activities toward herbicide
substrates in maize (Zea mays). Pestic Sci 50:72-82

Hay MA, Shoup DE, Peterson DE (2018) Palmer amaranth (Amaranthus pal-
meri) and common waterhemp (Amaranthus rudis) control with very-long-
chain fatty acid inhibiting herbicides. Crop, Forage & Turfgrass Management
4:180035

Heap I (2018) The international survey of herbicide resistant weeds.
www.weedscience.org. Accessed: December 26, 2018

Horak M]J, Loughin TM (2000) Growth analysis of four Amaranthus species.
Weed Sci 48:347-355

Jenks MA, Eigenbrode SD, Lemieux B (2002) Cuticular waxes of Arabid
opsis. €0016 in Somerville C Meyerowitz E, eds. The Arabidopsis Book.
Rockville, MD: American Society of Plant Biologists. doi: 10.1199/tab.0016

Jha P, Norsworthy JK (2009) Soybean canopy and tillage effects on emergence of
Palmer amaranth (Amaranthus palmeri) from a natural seed bank. Weed Sci
57:644-651

Joubes ], Raffaele S, Bourdenz B, Garcia C, Laroche-Traineau J, Moreau
P, Domergue F, Lessire R (2008) The VLCFA elongase gene family in
Arabidopsis thialiana: phylogenetic analysis, 3D modelling and expression
profiling. Plant Mol Biol 67:547-566

https://doi.org/10.1017/wet.2019.44 Published online by Cambridge University Press

Brabham et al.: S-metolachlor-resistant AMAPA

Juliano LM, Casimero MC, Llewellyn R (2010) Multiple herbicide resistance in
barnyardgrass (Echinochloa crus-galli) in direct-seeded rice in the
Philippines. Int ] Pest Manage 56:299-307

Keeley PE, Carter CH, Thullen RJ (1987) Influence of planting date
on growth of Palmer amaranth (Amaranthus palmeri). Weed Sci
35:199-204

Li-Beisson Y, Shorrosh B, Beisson F, Andersson MX, Arondel V, Bates PD, Baud
S, Bird D, Debono A, Durrett TP, Frank RB, Graham IA, Katayama K, Kelly
AA, Larson T, Markham JE, Miguel M, Molina I, Nishida I, Rowland O,
Samuels L, Schmid KM, Wada H, Welti R, Xu C, Zallot R, Ohlrogge ]
(2010) Acyl-lipid metabolism. e0133 in Somerville C, Meyerowitz E, eds.
The Arabidopsis Book. Rockville, MD: American Society of Plant
Biologists. doi: 10.1199/tab.0133

Liu M, Hulting AG, Mallory-Smith C (2016) Characterization of multiple-
resistant Italian ryegrass (Lolium perenne subsp. multiflorum) populations
from winter wheat fields in Oregon. Weed Sci 64:331-338

Mangin AR, Hall LM, Beckie HJ (2017) Triallate-resistant wild oat (Avena fatua
L.): unexpected resistance to pyroxasulfone and sulfentrazone. Can J Plant
Sci 97:20-25

Meyers SL, Jennings KM, Schultheis JR, Monks DW (2010) Evaluation of flu-
mioxazin and S-metolachlor rate and timing for Palmer amaranth
(Amaranthus palmeri) control in sweetpotato. Weed Technol 24:495-503

Neve P, Norsworthy JK, Smith KL, Zelaya IA (2011) Modeling glyphosate resis-
tance management strategies for Palmer amaranth (Amaranthus palmeri) in
cotton. Weed Technol 25:335-343

Norris RF (1999) Ecological implications of using thresholds for weed manage-
ment. Pages 31-58 in Buhler DD, ed. Expanding the Context of Weed
Management. New York: The Haworth Press

Norsworthy JK, Griffith G, Griffin T, Bagavathiannan M, Gbur EE (2014) In-
field movement of glyphosate-resistant Palmer amaranth (Amaranthus pal-
meri) and its impact on cotton lint yield: evidence supporting a zero-thresh-
old strategy. Weed Sci 62:237-249

Norsworthy JK, Ward SM, Shaw DR, Llewellyn RS, Nichols RL, Webster TM,
Bradley KW, Frisvold G, Powles SB, Burgos NR, Witt WW, Barrett M (2012)
Reducing the risks of herbicide resistance: best management practices and
recommendations. Weed Sci 60(SII):31-62

Riar DS, Norsworthy JK, Steckel LE, Stephenson DO, Eubank TW, Scott RC (2013)
Assessment of weed management practices and problem weeds in the midsouth
United States-soybean: a consultant’s perspective. Weed Technol 27:612-622

Ritz C, Baty F, Streibig JC, Gerhand D (2015) Dose-response analysis using R.
PLoS ONE 10(12): e01460251. doi: 10.1371/journal.pone.0146021

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to Image]: 25 Years
of image analysis. Nature Methods 9:671-675

Skipsey M, Andrews CJ, Townson JK, Jepson I, Edwards R (1997) Substrate and
thiol specificity of a stress-inducible glutathione transferase from soybean.
FEBS Lett 409:370-374

Steckel LE, Sprague CL, Hager AG (2002) Common waterhemp (Amaranthus
rudis) control in corn (Zea mays) with single preemergence and sequential
applications of residual herbicides. Weed Technol 16:755-761

Sweat JK, Horak MJ, Peterson DW, Lloyd RW, Boyer JE (1998) Herbicide effi-
cacy on four Amaranthus species in soybean (Glycine max). Weed Technol
12:315-321

Trenkamp S, Martin W, Tietjen K (2004) Specific and differential inhibition of
very-long-chain-fatty acid elongases from Arabidopsis thaliana by different
herbicides. PNAS 101:11903-11908

[USDA-NASS] U.S. Department of Agriculture-National Agricultural Statistics
Service (2018) https://www.nass.usda.gov/Data_and_Statistics/Pre-Defined
_Queries/2017_Cotton_Soybeans_Wheat/index.php. Accessed: December
20, 2018

Varanasi VK, Brabham C, Norsworthy JK, Nie H, Young BG, Houston M,
Barber T, Scott RC (2018) A statewide survey of PPO-inhibitor resistance
and the prevalent target-site mechanisms in Palmer amaranth
(Amaranthus palmeri) accession from Arkansas. Weed Sci 66:149-158

Van Wychen L (2016) 2016 survey of the most common and troublesome
weeds in broadleaf crops, fruits & vegetables in the United States and
Canada. Weed Science Society of America Nation Weed Survey Dataset.
http://wssa.net/wp-content/uploads/2016-Weed-Survey_Broadleaf-crops.
xlsx. Accessed: December 21, 2018


https://orcid.org/0000-0002-0076-7602
https://orcid.org/0000-0002-0076-7602
https://www.weedscience.org
https://doi.org/10.1199/tab.0016
https://doi.org/10.1199/tab.0133
https://doi.org/10.1371/journal.pone.0146021
https://www.nass.usda.gov/Data_and_Statistics/Pre-Defined_Queries/2017_Cotton_Soybeans_Wheat/index.php
https://www.nass.usda.gov/Data_and_Statistics/Pre-Defined_Queries/2017_Cotton_Soybeans_Wheat/index.php
https://wssa.net/wp-content/uploads/2016-Weed-Survey_Broadleaf-crops.xlsx
https://wssa.net/wp-content/uploads/2016-Weed-Survey_Broadleaf-crops.xlsx
https://doi.org/10.1017/wet.2019.44

	Confirmation of S-metolachlor resistance in Palmer amaranth (Amaranthus palmeri)
	Introduction
	Materials and Methods
	Field Study
	Greenhouse Studies
	Metabolic Resistance Study

	Results and Discussion
	Chloroacetamide Field Study
	Confirmation of S-Metolachlor Resistance
	Cross-Resistance to VLCFA-Inhibiting Herbicides
	Metabolic Resistance: GST Inhibition

	References


