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Abstract

Palmer amaranth is one of the most difficult-to-control weeds in row crop systems and has
evolved resistance to several herbicide sites of action (SOAs). A late-season weed-escape survey
had been conducted earlier to determine the distribution of protoporphyrinogen oxidase–
inhibitor resistant Palmer Amaranth in Arkansas. The objective of this study was to evaluate
the susceptibility of Arkansas Palmer amaranth accessions to commonly used herbicide SOAs.
The SOAs evaluatedwere group 2þ 9, 3, 4, 5, 10, 14, 15, and 27, and the representative herbicide
from each group was imazethapyr þ glyphosate (79þ 860 g ha−1), trifluralin (1,120 g ha−1),
dicamba (280 and 560 g ha−1), atrazine (560 g ha−1), glufosinate (594 g ha−1), fomesafen
(395 g ha−1), S-metolachlor (1,064 g ha−1), and tembotrione (92 g ha−1), respectively. Palmer
amaranth mortality varied among accessions across SOAs. Averaged across accessions, the
mortality rates, by treatment in order from lowest to highest, were as follows: glyphosate þ
imazethapyr (16%), tembotrione (51%), dicamba at 280 g ha−1 (51%), fomesafen (76%),
dicamba at 560 g ha−1 (82%), atrazine (85%), trifluralin (87%), S-metolachlor (96%), and
glufosinate (99.5%). This study provides evidence that Palmer amaranth accessions with low
susceptibility to glyphosate þ imazethapyr, fomesafen, and tembotrione are widespread
throughout Arkansas. Of the remaining SOAs,most Palmer amaranth accessions were sensitive;
however, within each herbicide SOA, except glufosinate, control of some accessions was less
than expected and resistance is suspected.

Introduction

The evolution and spread of herbicide-resistant weeds are partially driven by herbicide use pat-
tern (Kniss 2018). This can be exemplified by the change in soybean [Glycine max (L.) Merr.]
herbicide use patterns in the southern United States for control of herbicide-resistant Palmer
amaranth. Before the development of glyphosate-resistant crops, acetolactate synthase (ALS;
Group 2) and microtubule polymerization-inhibiting (MT; Group 3) herbicides were the pri-
mary site of action (SOA) used to control Palmer amaranth (Gossett et al. 1992; Kniss 2018;
Webster and Coble 1997). By 2000, glyphosate (Group 9) became the dominant herbicide used,
mainly because of its simplicity and effectiveness in glyphosate-resistant crops and the preva-
lence of ALS- andMT-resistant Palmer amaranth (Dill et al. 2008). Glyphosate-resistant Palmer
amaranth was initially confirmed in 2005, and by 2009, nearly all soybean-producing states in
the southern United States were infested with glyphosate-resistant accessions (Heap 2020).
Subsequently, protoporphyrinogen oxidase (PPO)-inhibiting herbicides (Group 14) became
a common PRE and POST option for Palmer amaranth control (Riar et al. 2013), which even-
tually lead to PPO resistance in Palmer amaranth being confirmed in the mid-southern United
States (Copeland et al. 2018; Varanasi et al. 2018).

Herbicide resistance is often a chronic trait, even in the absence of selection; thus, it is not
surprising that reports of Palmer amaranth resistant to multiple SOAs are frequent. In response,
industry has developed new herbicide-resistant traits to enable the use of alternative SOAs for
control of herbicide-resistant Palmer amaranth and other troublesome weeds. Enlist™ (Pioneer,
Johnson, IA) and Xtend® (Asgrow, Monmouth, IL) soybean and cotton (Gossypium hirsutum
L.) cultivars are now commercially available and are resistant to auxinic herbicides (Group 4) such
as 2,4-D or dicamba (Behrens et al. 2007;Wright et al. 2010).Unique traits that confer resistance to
4-hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting herbicides (Group 27) such as
isoxaflutole are now available in soybean and will soon be available in cotton (Dreesen et al.
2018; Hawkes et al. 2010). In addition, with the evolution and widespread occurrence of
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glyphosate-resistant weeds in soybean-producing regions of the
United States, the utility of glyphosate on weeds like Palmer ama-
ranth is becoming limited. Thus, it would be expected that crop traits
that allow for in-crop use of glufosinate (Group 10) will increase in
coming years. In the coming decade, a combination of herbicide-
resistant traits in cotton and soybean, all of which enable the use
of glufosinate, will likely be commercialized to improve control of
herbicide-resistant weed populations (Gage et al. 2019; Nandula
2019), albeit multiple herbicide resistance could jeopardize the util-
ity of technologies involving multiple traits.

Herbicide resistance in Palmer amaranth is a significant issue
and resistance surveys are commonly used to determine the geo-
graphic magnitude of resistance (Bagavathiannan and Norsworthy
2016; Bond et al. 2006; Copeland et al. 2018; Garetson et al. 2019;
Kumar et al. 2020; Singh et al. 2018; Varanasi et al. 2018;Wise et al.
2009). Alternatively, the efficacy of SOAs can be determined
through resistance surveys, which can aid the development and
evaluation of current weed management programs (Beckie et al.
2000; Burgos et al. 2013). Previous Palmer amaranth resistance sur-
veys inArkansas revealedwidespread resistance to glyphosate, ALS-,
and PPO-inhibiting herbicides (Bagavathiannan and Norsworthy
2016; Singh et al. 2018; Varanasi et al. 2018). The objective of the
current study was to evaluate the susceptibility of different Palmer
amaranth accessions to available SOAs in Arkansas row crops using
many of the same accessions previously screened for fomesafen
resistance (Varanasi et al. 2018).

Materials and Methods

Plant Materials

Palmer amaranth accessions from corn (Zea mays L.), cotton,
soybean, and rice (Oryza sativa L.) fields in Arkansas were col-
lected in the fall 2016. As stated in Varanasi et al. (2018), growers,
crop consultants, extension agents, and graduate students collected
the majority of accessions from soybean fields. At least 10 inflores-
cences were collected from each field (considered one unique
accession) and threshed to make a composite seed sample.

Herbicide Susceptibility Screening

Herbicide screenings were conducted under greenhouse conditions
at the Altheimer Laboratory, University of Arkansas, Fayetteville,
AR. The greenhouse was maintained at 35/25 C day/night temper-
ature and a 16-h photoperiod supplemented with light-emitting

diodes (a semiconductor light source). The herbicides used in this
study are described in Table 1. Total number of Palmer amaranth
accessions screened to a particular herbicide depended on seed
availability; therefore, not every accessionwas evaluated for response
to all tested herbicides. In all experiments, a susceptible accession
collected in 2001 was included (Bond et al. 2006). Experiments
were conducted from spring 2017 to fall 2019. For POST herbicide
screening experiments, seeds from each accession were germinated
in 50-cell plastic trays filled with potting mix (Sunshine Premix
No. 1; Sun Gro Horticulture, Bellevue, WA), and seedlings were
thinned to one plant in each cell. Once plants reached the 4- to
6-leaf stage (7- to 13-cm tall), they were sprayed with the respective
POST herbicide (Table 1). Plant mortality rates were recorded at
14 d after treatment (DAT) for contact herbicides and 21 DAT
for systemic herbicides. A plant was considered alive if a meristem
was green. Each herbicide screen was repeated in time. Fomesafen-
induced mortality rates and target-site resistance mechanisms of
the accessions used in this study were previously determined by
Varanasi et al. (2018) and are included here for complementary
reasons.

For S-metolachlor (PRE) and trifluralin (PPI) herbicides
(Table 1), screens were conducted using 12.2- × 9.5- × 5.7-cm flats
(Insert TO standard; Hummert International, Earth City, MO)
filled with a sieved silt loam soil (pH of 6.6 and 2.4% organic mat-
ter). The soil was collected from the Milo J. Shult Agricultural
Research and Extension Center in Fayetteville, AR. S-metolachlor
screens were conducted following the methodology described by
Brabham et al. (2019). For trifluralin screens, soil-containing flats
were initially sprayed, and soil was subsequently emptied into a
plastic container, capped, shaken to simulate herbicide incorpora-
tion, and poured back into flats. Afterward, 100 seeds were scat-
tered over the soil surface, lightly covered with soil, and watered
over the top until soil saturation. For each PRE and PPI herbicide
treatment and the nontreated control, there were three replications
of each accession, and the experiment was repeated in time. At 21
DAT, the total number of plants with at least one true leaf was
recorded, and mortality percentage values were calculated relative
to emerged plants in the nontreated control.

Herbicides were applied using a research-chamber track
sprayer equipped with 1100067 nozzles calibrated to deliver
187 L ha−1 at 1.6 km h−1. Appropriate adjuvants were included
with POST herbicides (Table 1). Percent mortality of all treatments
in each accession was used to obtain descriptive statistics, using
Statistix software (Analytical Software, Tallahassee, FL).

Table 1. Common name, trade name, rate, application timing, and manufacturer information of herbicides used to determine the
susceptibility of Palmer amaranth accessions.

Common name Trade name Rate
Application
timing Manufacturer Location

g ai or ae ha−1

Atrazine AAtrex 560 POST Syngenta Crop Protection, LLC Greensboro, NC
Dicambaa Clarity 560 and 280 POST BASF Corporation Research Triangle Park, NC
Fomesafena Flexstar 395 POST Syngenta Crop Protection, LLC Greensboro, NC
Glufosinate Liberty 594 POST Bayer CropScience Research Triangle Park, NC
Glyphosate
þ
imazethapyra

Roundup Powermax
þ

Newpath

860
þ
79

POST Bayer CropScience
BASF Corporation

Research Triangle Park, NC

S-metolachlor Dual II Magnum 1,064 PRE Syngenta Crop Protection, LLC Greensboro, NC
Tembotrioneb Laudis 92 POST Bayer CropScience Research Triangle Park, NC
Trifluralin Treflan 1,120 PPI Loveland Products, INC Loveland, CO

aA nonionic surfactant at 0.25% vol/vol was included with dicamba, fomesafen, and glyphosate þ imazethapyr.
bA methylated seed oil at 1% vol/vol was used with tembotrione.
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Results and Discussion

Response to Atrazine
The average mortality rate of accessions in response to atrazine
applied POST at 560 g ha−1 was 85% at 14 DAT (Table 2). Of
the 144 accessions screened, 89%, 69%, and 42% of the accessions
had a mortality rate of at least 70%, 80%, and 90%, respectively.
Although most accessions were sensitive to the atrazine rate tested,
a few accessions had less than acceptable mortality values and
require additional study. On the basis of these results, atrazine
remains an effective herbicide on most Palmer amaranth acces-
sions in Arkansas, which is likely a result of corn and grain sor-
ghum [Sorghum bicolor (L.) Moench ssp. bicolor] not being
widely grown in the state (USDA 2019).

Response to Dicamba
Palmer amaranth accessionswere collected before dicamba-resistant
crops were commercially available; therefore, dicamba-resistant
Palmer amaranth was not expected. At 21 DAT, the average mortal-
ity rate of 134 accessions to an application of dicamba at half the
labeled rate (280 g ha−1) was 51%, and the mortality rate never
exceeded 80% (Table 2). Regrowth was evident in numerous plants
from all accessions at 21 DAT (data not shown). Increasing the
dicamba application rate from280 g to 560 g ha−1 decreased the vari-
ability in mortality rates and increased the average mortality rate by
31 percentage points to 82%. Furthermore, 33% of the 127 acces-
sions screened had a mortality rate of 63% to 80%, but some plants
within these accessions were severely injured and apparent regrowth
was not likely. Overall, the Palmer amaranth accessions in this study
were sensitive to dicamba at 560 g ha−1 but not 280 g ha−1. The lack
of control with dicamba at 280 g ha−1 is concerning because the abil-
ity to make timely applications in the field is sometimes difficult,
resulting in treatment of larger-than-labeled weeds or weeds parti-
ally covered by the crop canopy. If the dicamba-resistant technology
is not managed properly, the probability is high for shifting the sen-
sitivity of an accession toward one that will be more difficult to con-
trol. In fact, a dicamba-resistant Palmer amaranth accession has
been reported inKansas (Peterson et al. 2019), and previous research
has shown that low-dose selection for resistance to dicamba in
Palmer amaranth can occur rapidly (Tehranchian et al. 2017).

Response to Glufosinate
All accessions used were susceptible to glufosinate (594 g ha−1). Of
the 185 accessions screened, 93%, 98%, and 100% of the accessions

had a mortality rate of at least 99%, 95%, and 90%, respectively
(Table 2). Averaged across accessions, glufosinate killed 99.5%
of the treated plants. Resistance to this SOA in Palmer amaranth
has not yet been documented, and our findings indicate glufosinate
remains an effective, viable option for the control of Palmer ama-
ranth. Glufosinate use in glufosinate-resistant crops is currently
an underused weed management system in Arkansas (Riar et al.
2013). In the coming decade, glufosinate use is expected to increase
as crops with multiple herbicide-resistance traits, including glufo-
sinate resistance, are introduced to the market. For glufosinate to
remain an effective tool, growers need to take a proactive resis-
tance-management approach by combining or rotating effective
SOAs with glufosinate.

Response to Glyphosate plus Imazethapyr
In Arkansas, glyphosate and ALS-resistant Palmer amaranth are
already widespread (Bond et al. 2006; Salas et al. 2016; Singh
et al. 2018). Here, we were interested in evaluating Palmer ama-
ranth accessions for multiple-herbicide resistance to both glypho-
sate and imazethapyr. Thus, glyphosate at 860 g ha−1 was applied
in combination with imazethapyr at 79 g ha−1 to plants at the 4- to
6-leaf stage. As expected, 98% of the 140 accessions screened at
21 DAT had less than 80% mortality (Table 2). Most accessions
had mortality rates ranging from 6% to 22%, which highlight
the severity of glyphosate and imazethapyr resistance in Palmer
amaranth accessions in Arkansas. In addition, the ALS-inhibiting
herbicides pyrithiobac and trifloxysulfuron are not reliable options
for controlling glyphosate-resistant Palmer amaranth in Arkansas,
meaning that multiple resistance to Group 2 and Group 9 herbi-
cides is common (Norsworthy et al. 2008). Hence, that 209 of 215
Palmer amaranth accessions showed multiple resistance to glyph-
osate and pyrithiobac was not surprising, as has been reported in
the Mississippi Delta region of eastern Arkansas (Bagavathiannan
and Norsworthy 2016).

Response to S-metolachlor
The average mortality rate of 121 accessions to S-metolachlor at
1,064 g ha−1 was 96%; 74% of these accessions had a mortality rate
of at least 95% (Table 2). Palmer amaranth with a low level of
metabolic resistance to S-metolachlor, but not other Group 15
herbicides, has been reported in Arkansas (Brabham et al.
2019). Brabham et al. (2019) reported the average LD90 values
for the two susceptible and two resistant accessions were 190

Table 2. Susceptibility of Palmer amaranth accessions collected across Arkansas to different herbicide sites of action.a

Herbicideb Rate Accessions screened
25%

Quartile Median Mean
75%

Quartile

g ai or ae ha−1 ————————Mortality (%)————————

Atrazine 560 144 77 87 85 94
Dicamba 560 127 77 83 82 90
Dicamba 280 134 41 50 51 62
Fomesafenc 395 227 62 87 76 98
Glufosinate 594 185 100 100 100 100
Glyphosate þ
Imazethapyr

860þ 79 140 6 10 16 22

S-metolachlor 1,064 121 94 98 96 100
Tembotrione 92 154 36 51 51 64
Trifluralin 1,120 119 82 92 87 98

aDescriptive statistics were generated from mortality rates.
bS-metolachlor and trifluralin are the only herbicides applied PRE and PPI, respectively.
cAn in-depth analysis of fomesafen data is presented in Varanasi et al. (2018).
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and 1,168 g ha−1, respectively. The two resistant accessions from
Brabham et al. (2019) were used in the current study and had an
average 91% mortality rate.

Worryingly, an additional 14 of the 121 accessions screened in
the current study had mortality rates of not more than 91%, indi-
cating the spread of S-metolachlor resistance is still in the early
stages. In Arkansas, S-metolachlor and other Group 15 herbicides
are heavily relied upon to obtain season-long control of Palmer
amaranth. Our findings highlight the need for growers to reduce
the exposure of Palmer amaranth accessions to S-metolachlor by
mixing with other effective SOAs or at least alternating between
Group 15 herbicides. In other experiments carried out in pecan
[Carya illinoinensis (Wangenh.) K. Koch] orchards, the use of
PRE S-metolachlor provided more than 99% control of glypho-
sate-resistant Palmer amaranth accessions (Mohseni-Moghadam
et al. 2013). In North Carolina, S-metolachlor had better efficacy
in controlling glyphosate-resistant Palmer amaranth accessions
than did pendimethalin in soybean cropping systems (Whitaker
et al. 2010). Those findings suggest S-metolachlor is still an effec-
tive chemical alternative for controlling Palmer amaranth and,
likewise, remains an option for controlling Palmer amaranth in
most fields throughout Arkansas.

Response to Tembotrione
Like atrazine, the selection pressure for resistance to HPPD-inhib-
iting herbicides in Arkansas is presumed to be low; nonetheless,
resistance can be found in nearby states (Heap 2020). Furthermore,
HPPD-inhibitor resistance is often associated with atrazine resis-
tance and is metabolic (Küpper et al. 2018; Ma et al. 2013; Nakka

et al. 2017). Given that most Palmer amaranth accessions in this
study were susceptible to atrazine, we expected effective Palmer
amaranth control with tembotrione at 92 g ha−1. However, we
observed inconsistent control of Palmer amaranth accessions at
21 DAT. The average mortality rate of 154 accessions was 51%,
and 93% of these accessions had a mortality rate less than 80%
(Table 2). The typical plant response to tembotrione within an
accession varied greatly and mimicked a bell-shaped curve that
ranged from healthy to dead plants (data not shown). Moreover,
Singh et al. (2018) reported that 33% of the 172 Palmer amaranth
accessions collected in Arkansas from 2008 to 2016 exhibited
reduced sensitivity to mesotrione (105 g ha−1). The observed vari-
ability in mortality rates in the current study and as reported by
Singh et al. (2018) indicates that difficult-to-control accessions
with triketone herbicides already exist in Arkansas.

Response to Trifluralin
In Arkansas, before the advent of glyphosate-resistant crops, tri-
fluralin was a commonly used herbicide for Palmer amaranth con-
trol, but it is no longer widely used (Gossett et al. 1992; Kniss 2018;
Webster and Coble 1997). The average mortality rate of 119 acces-
sions sprayed with trifluralin at 1,120 g ha−1 was 87%, with 41% of
the accessions having a mortality rate of at least 95% (Table 2).
However, the mortality rate of 22% of accessions was less than
80%, indicating accessions with reduced sensitivity to trifluralin
can be found in Arkansas. The first confirmed case of trifluralin
resistance in Arkansas was reported in an accession collected
in 2016 (Heap 2020). However, trifluralin resistance in Palmer
amaranth was already believed to be prevalent in Arkansas

Figure 1. Mortality (%) heatmap of Palmer amaranth accessions screened for sensitivity to different herbicides. Accessions known to contain a target-site resistance mechanism
to fomesafen were given a 0%mortality value on the basis of data from Varanasi et al. (2018). Abbreviations: Dicamba (H): dicamba high rate; Dicamba (L): dicamba low rate; Glyþ
Ima; glyphosate þ imazethapyr.
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(J.K. Norsworthy, personal communication) and was documented
in 1998 in the neighboring state of Tennessee (Heap 2020).
Nevertheless, only a trifluralin-resistant Palmer amaranth acces-
sion with cross-resistance to benefin, isopropalin, pendimethalin,
and ethalfluralin has been confirmed in South Carolina (Gossett
et al. 1992). Palmer amaranth resistance to trifluralin in Arkansas
needs to be confirmed and characterized in the low-susceptibility
accessions.

Prevalence of Difficult-to-Control Accessions
Based on our results, control of Palmer amaranth with commonly
used SOAs is becoming increasingly difficult in Arkansas.
Accessions with three-way resistance to glyphosate, ALS-, and
PPO-inhibiting herbicides appear to be common (Bond et al.
2006; Salas et al. 2016; Singh et al. 2018; Varanasi et al. 2018).
For example, resistance of the accessions used in this study to
fomesafen was previously determined by Varanasi et al. (2018),
who reported 141 accessions had a target-site mutation that
conferred resistance to fomesafen. In our study, glyphosate þ
imazethapyr did not control any of these accessions (data not
shown). In addition, tembotrione (average mortality rate, 51%)
had poor efficacy on most of these accessions, and nearly one-fifth
of the accessions have suspected resistance to trifluralin (Figure 1).

Of the remaining herbicide SOAs, most Palmer amaranth
accessions were sensitive to glufosinate, atrazine, dicamba (high
rate), and S-metolachlor (Figure 1). However, within each herbi-
cide, except glufosinate, control of some accessions was less than
expected. This highlights the need to use a multitactic approach
for Palmer amaranth management to protect the efficacy of the
remaining effective SOAs and to mitigate and delay the dispersion
of accessions with reduced sensitivity to these SOAs.

Acknowledgments. This research received no specific grant. No conflicts of
interest have been declared.

References

Bagavathiannan MV, Norsworthy JK (2016) Multiple-herbicide resistance is
widespread in roadside Palmer amaranth populations. PLoS One 11:
e0148748

Beckie HJ, Heap IM, Smeda RJ, Hall LM (2000) Screening for herbicide resis-
tance in weeds. Weed Technol 14:428–445

Behrens MR, Mutlu N, Chakraborty S, Dumitru R, Jiang WZ, LaVallee BJ,
Herman PL, Clemente TE, Weeks DP (2007) Dicamba resistance: enlarging
and preserving biotechnology-based weed management strategies. Science
316:1185–1188

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

Brabham C, Norsworthy JK, Houston MM, Varanasi VK, Barber T (2019)
Confirmation of S-metolachlor resistance in Palmer amaranth (Amaranthus
palmeri). Weed Technol 33:720–726

Burgos NR, Tranel PJ, Streibig JC, Davis VM, Shaner D, Norsworthy JK, Ritz C
(2013) Review: confirmation of resistance to herbicides and evaluation of
resistance levels. Weed Sci 61:4–20

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

Dill GM, CaJacobCA, Padgette SR (2008) Glyphosate-resistant crops: adoption,
use and future considerations. Pest Manag Sci 64:326–331

Dreesen R, Capt A, Oberdoerfer R, Coats I, Pallett KE (2018) Characterization
and safety evaluation of HPPDW336, a modified 4-hydroxyphenylpyruvate
dioxygenase protein, and the impact of its expression on plant metabolism
in herbicide-tolerant MST-FGØ72-2 soybean. Regul Toxicol Pharmacol
97:170–185

Gage KL, Krausz RF,Walters SA (2019) Emerging challenges for weed manage-
ment in herbicide-resistant crops. Agriculture 9:180

Garetson R, Singh V, Singh S, Dotray P, BagavathiannanM (2019) Distribution
of herbicide-resistant Palmer amaranth (Amaranthus palmeri) in row crop
production systems in Texas. Weed Technol 33:355–365

Gossett BJ, Murdock EC, Toler JE (1992) Resistance of Palmer amaranth
(Amaranthus palmeri) to the dinitroaniline herbicides. Weed Technol
6:587–591

Hawkes TR, Langford MP, Viner RC, Vernooij BTM, Dale R, inventors;
Syngenta Participation AG (2010) Mutant hydroxyphenylpyruvate dioxyge-
nase polypeptides and methods of use. US patent 9,388,393. http://patft.
uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2
Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&
d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes
þANDþAANM/Langford&RS=AANM/HawkesþANDþAANM/Langford.
Accessed: May 28, 2020

Heap I (2020) International Herbicide-Resistant Weed Database. www.
weedscience.org. Accessed: January 12, 2020

Kniss AR (2018) Genetically engineered herbicide-resistant crops and herbi-
cide-resistant weed evolution in the United States. Weed Sci 66:260–273

Kumar V, Liu R, Stahlman PW (2020) Differential sensitivity of Kansas Palmer
amaranth populations to multiple herbicides [published online ahead of
print February 2, 2020]. Agron J https://doi.org/10.1002/agj2.20178

Küpper A, Peter F, Zöllner P, Lorentz L, Tranel PJ, Beffa R, Gaines TA (2018)
Tembotrione detoxification in 4-hydroxyphenylpyruvate dioxygenase (HPPD)
inhibitor-resistant Palmer amaranth (Amaranthus palmeri S. Wats.). Pest
Manag Sci 74:2325–2334

Ma R, Kaundun SS, Tranel PJ, Riggins CW, McGinness DL, Hager AG, Hawkes
T, McIndoe E, Riechers DE (2013) Distinct detoxification mechanisms con-
fer resistance tomesotrione and atrazine in a population of waterhemp. Plant
Physiol 163:363–377

Mohseni-MoghadamM, Schroeder J, Heerema R, Ashigh J (2013) Resistance to
glyphosate in Palmer amaranth (Amaranthus palmeri) populations from
New Mexico pecan orchards. Weed Technol 27:85–91

Nakka S, Godar AS, Wani PS, Thompson CR, Peterson DE, Roelofs J, Jugulam
M (2017) Physiological and molecular characterization of hydroxyphenyl-
pyruvate dioxygenase (HPPD)-inhibitor resistance in Palmer amaranth
(Amaranthus palmeri S. Wats.). Front Plant Sci 8:555

Nandula VK (2019) Herbicide resistance traits in maize and soybean: current
status and future outlook. Plants 8:337

Norsworthy JK, Griffith GM, Scott RC, Smith KL, Oliver LR (2008)
Confirmation and control of glyphosate-resistant Palmer amaranth
(Amaranthus palmeri) in Arkansas. Weed Technol 22:108–113

PetersonD, JugulamM, ShyamC, Borgato E (2019) Palmer amaranth resistance
to 2,4-D and dicamba confirmed in Kansas. eUpdate 734. https://webapp.
agron.ksu.edu/agr_social/eu_article.throck?article_id=2110. Accessed: May
29, 2020

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

Salas RA, Burgos NR, Tranel PJ, Singh S, Glasgow L, Scott RC, Nichols RL
(2016) Resistance to PPO-inhibiting herbicide in Palmer amaranth from
Arkansas. Pest Manag Sci 72:864–869

Singh S, Roma-Burgos N, Singh V, Alcober EAL, Salas-Perez R, Shivrain V
(2018) Differential response of Arkansas Palmer amaranth (Amaranthus
palmeri) to glyphosate and mesotrione. Weed Technol 32:579–585

Tehranchian P, Norsworthy JK, Powles S, Bararpour MT, Bagavathiannan MV,
Barber T, Scott RC (2017) Recurrent sublethal-dose selection for reduced
susceptibility of Palmer amaranth (Amaranthus palmeri) to dicamba.
Weed Sci 65:206–212

[USDA] US Department of Agriculture (2019) Acreage. ISSN: 1949-1522.
https://www.nass.usda.gov/Publications/Todays_Reports/reports/acrg0619.
pdf. Accessed: May 28, 2020

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) accessions from Arkansas. Weed Sci 66:149–158

774 González-Torralva et al.: AMAPA herbicide susceptibility

https://doi.org/10.1017/wet.2020.56 Published online by Cambridge University Press

http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=Hawkes.AANM.&s2=Langford.AANM.&OS=AANM/Hawkes+AND+AANM/Langford&RS=AANM/Hawkes+AND+AANM/Langford
https://www.weedscience.org
https://www.weedscience.org
https://doi.org/10.1002/agj2.20178
https://webapp.agron.ksu.edu/agr_social/eu_article.throck?article_id=2110
https://webapp.agron.ksu.edu/agr_social/eu_article.throck?article_id=2110
https://webapp.agron.ksu.edu/agr_social/eu_article.throck?article_id=2110
https://www.nass.usda.gov/Publications/Todays_Reports/reports/acrg0619.pdf
https://www.nass.usda.gov/Publications/Todays_Reports/reports/acrg0619.pdf
https://doi.org/10.1017/wet.2020.56


Webster TM, Coble HD (1997) Changes in the weed species composition of the
Southern United States: 1974 to 1995. Weed Technol 11:308–317

Whitaker JR, York AC, Jordan DL, Culpepper AS (2010) Palmer amaranth
(Amaranthus palmeri) control in soybean with glyphosate and conventional
herbicide systems. Weed Technol 24:403–410

Wise AM, Grey TL, Prostko EP, Vencill WK, Webster TM (2009) Establishing
geographic distribution level of acetolactate synthase resistance of Palmer

amaranth (Amaranthus palmeri) accessions in Georgia. Weed Technol
23:214–220

Wright TR, Shan G, Walsh TA, Lira JM, Cui C, Song P, Zhuang M, Arnold NL,
Lin G, Yau K, Russell SM, Cicchillo RM, Peterson MA, Simpson DM, Zhou
N, Ponsamuel J, Zhang Z (2010) Robust crop resistance to broadleaf and
grass herbicides provided by aryloxyalkanoate dioxygenase transgenes.
Proc Natl Acad Sci 107:20240–20245

Weed Technology 775

https://doi.org/10.1017/wet.2020.56 Published online by Cambridge University Press

https://doi.org/10.1017/wet.2020.56

	Susceptibility of Arkansas Palmer amaranth accessions to common herbicide sites of action
	Introduction
	Materials and Methods
	Plant Materials
	Herbicide Susceptibility Screening
	Results and Discussion
	Response to Atrazine
	Response to Dicamba
	Response to Glufosinate
	Response to Glyphosate plus Imazethapyr
	Response to S-metolachlor
	Response to Tembotrione
	Response to Trifluralin
	Prevalence of Difficult-to-Control Accessions


	References


