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Characterization of Fenoxaprop-P-Ethyl-Resistant Junglerice
(Echinochloa colona) from Mississippi

Alice A. Wright, Vijay K. Nandula, Logan Grier, Kurt C. Showmaker, Jason A. Bond,
Daniel G. Peterson, Jeffery D. Ray, and David R. Shaw*

A population of junglerice from Sunflower County, MS, exhibited resistance to fenoxaprop-P-ethyl.
An 11-fold difference in EDsq (the effective dose needed to reduce growth by 50%) values was
observed when comparing the resistant population (249 g ae ha ') with susceptible plants (20 g ae
ha™") collected from a different field. The resistant population was controlled by clethodim and
sethoxydim at the field rate. Sequencing of the acetyl coenzyme A carboxylase, which encodes the
enzyme targeted by fenoxaprop-P-ethyl, did not reveal the presence of any known resistance-
conferring point mutations. An enzyme assay confirmed that the acetyl coenzyme A carboxylase in
the resistant population is herbicide sensitive. Further investigations with two cytochrome P450
inhibitors, malathion and piperonyl butoxide, and a glutathione-S$-transferase inhibitor, 4-chloro-7-
nitrobenzofurazan, did not indicate involvement of any metabolic enzymes inhibited by these
compounds. The absence of a known target-site point mutation and the sensitivity of the ACCase
enzyme to herbicide show that fenoxaprop-P-ethyl resistance in this population is due to a non—

target-site mechanism or mechanisms.
Nomenclature:
ECHCO

Key words:

metabolism.

Acetyl coenzyme A carboxylase (ACCase) is the
enzyme responsible for the conversion of acetyl CoA
to malonyl CoA in fatty acid biosynthesis pathway
(Burton et al. 1987; Rendina et al. 1988). ACCase
inhibitors, a class of herbicides used to control grass
weeds, are composed of three groups: aryloxyphe-
noxypropionates (APPs, “fops”), cyclohexanediones
(CHDs, “dims”), and phenylpyrazoline (PPZs,
“dens”). The selectivity of these herbicides arises
from a key difference in graminaceous plants. The
difference is that in graminaceous plants, both the
plastidic and cytosolic forms of the enzyme are of
the sensitive eukaryotic form of ACCase, whereas
other plants possess both the eukaryotic (cytosolic)
and prokaryotic (plastidic) forms of the enzyme, the
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latter being insensitive to these inhibitors (Egli et al.
1993; Konishi and Sasaki 1994; Konishi et al.
1996). Thus, insensitivity of the prokaryotic form
of the enzyme allows dicots to survive exposure to
ACCase-inhibiting herbicides.

Herbicide resistance in weeds is a growing
problem that threatens crop yields. Both target-site
and non-—target-site resistance mechanisms have
been reported for ACCase inhibitors. Target-site
resistance can result from a point mutation in the
carboxyltransferase domain of the eukaryotic AC-
Case gene; eight point mutations have been
documented to date (Powles and Yu 2010). Some,
but not all, mutations confer resistance to both
APPs and CHDs and have been documented in
populations of wild oat (Avena fatua L.; Christoffers
et al. 2002), American sloughgrass (Beckmannia
syzigachne Steud.; Li et al. 2013; Pan et al. 2015),
goosegrass (Eleusine indica L. Gaertn.; Cha et al.
2014; Leach et al. 1995), and annual ryegrass
(Lolium rigidum Gaudin; Kaundun 2010; Scarabel
etal. 2011; Zhang and Powles 2006). More difficult
to assess are the non—target-site resistance mecha-
nisms, which can involve metabolism, sequestration,
or reduced translocation of the herbicide (Powles
and Yu 2010). Increased herbicide metabolism has
been reported for blackgrass (Alopecurus myosuroides
Huds) and annual ryegrass. For some resistant
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populations in both species, resistance has been
associated with a glutathione-S-transferase (Cum-
mins et al. 2013).

ACCase inhibitor resistance has also been report-
ed in the Echinochloa genus, having been docu-
mented in late watergrass [Echinochloa phyllopogon
(Stapf.) Koso-Pol.; Fischer et al. 2000], early
watergrass [Echinochloa oryzoides (Ard.) Fritsch;
Altop et al. 2014], barnyardgrass [Echinochloa
crus-galli (L.) P. Beauv.; Heap 2015] and junglerice
(Heap 2015). Of these species, late watergrass has
been investigated further, and evidence suggested a
non—target-site mechanism that is likely metabolic
(Bakkali et al. 2007, Yun et al. 2005). This was
supported by two studies. In the first, fenoxaprop-
P-ethyl pretreatment of seedlings was found to
induce cytochrome P450 activity in microsomes.
Further testing revealed that these induced cyto-
chrome P450s had activity specific to fenoxaprop-P-
ethyl (Yun et al. 2005). In the second, an increase in
metabolism in the resistant biotype compared to the
susceptible was detected and, in particular, an
increase in glutathione conjugates, suggesting
involvement of glutathione-S-transferases in the
resistance mechanism (Bakkali et al. 2007). Both
classes of enzymes, cytochrome P450s and glutathi-
one-S-transferases, are known to be involved in
metabolic mechanisms of resistance (Van Eerd et al.
2003).

A population of junglerice was reported from
Sunflower County, MS, as being difficult to control
with currently available herbicide options. Prelim-
inary screening results revealed that population was
resistant to fenoxaprop-P-ethyl and three other
herbicides: imazamox, quinclorac, and propanil.
Imazamox resistance in this population was deter-
mined to be a non—target-site mechanism (Riar et
al. 2012); however, the mechanisms for fenoxprop-
P-ethyl, quinclorac, and propanil resistance are
unknown. The goal of this study was to characterize
the fenoxaprop-P-ethyl resistance in this popula-
tion.

Materials and Methods

Dose Responses. In all experiments, resistant plants
(R) of a population from a rice field in Sunflower
County were compared with a susceptible plants (S)
from a population that had no known history of
herbicide exposure. These were maintained and
allowed to self-fertilize in the greenhouse. Both
resistant and susceptible plants were grown in
Metromix 360® potting soil (Sun Gro Horticulture,
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Bellevue, WA) and grown under a 12-h photope-
riod with day and night temperatures of 24 C and
21 C, respectively. Seedlings were transplanted to
individual pots and grown to the two- to three-leaf
and three- to four-leaf stage, at which point they
were treated. All dose responses were conducted
with the use of a spray chamber equipped with a
8002E nozzle (Spraying Systems Co, Wheaton, IL).
Herbicide treatments were sprayed at a pressure of
221 kPa and at a volume of 187 L ha . Ricestar®
(fenoxaprop-P-ethyl, Bayer CropScience, Research
Triangle Park, NC) was applied with the adjuvant
Agridex® (Bayer CropScience) at a concentration of
1% v/v. Rates of fenoxaprop-P-ethyl were applied
to both populations at 30. 5 61, 122 (field rate),
244, 488, and 976 g ae ha '. Following spraying,
plants were returned to the greenhouse At 3 wk
after treatment, injury was assessed for each plant on
a scale of 0 to 100%. A rating of 0% indicated no
injury and 100% indicated plant death, with values
in between assessing the degree of injury and growth
inhibition (i.e., a rating of 50 would indicate a 50%
reduction in growth compared to untreated). The
dose responses were performed three times with
four to six plants per treatment group. Data were
analyzed in SAS® 9.4 (Cary, NC) with the use of
PROC GLM. Means and standard error were
plotted in SigmaPlot® 12.5 (Systat Software Inc.,
San Jose, CA) to calculate GRs( values with the use
of nonlinear regression analysis of the sigmoidal
three-parameter form:

y = a/(l —l—exp(— (x—xo)/é>>.

In this equation y represents the percent control, 2
is the upper asymptote, x the herbicide concentra-
tion, xy the EDsg, and & the slope. Six plants of each
population were also treated with Poast® (sethox-
ydim; BASF, Research Triangle Park, NC) and
SelectMax® (clethodim; Valent, Walnut Creek,
CA), with the crop oil concentrate Agndex (1% v/
v), at the field rates of 314 g ai ha ! and 140.2 g al

ha™', respectively. This was done twice.

ACCase Sequencing. The ACCase gene was
sequenced as part of a larger transcriptomics project
to investigate non—target-site acetolactate synthase
(ALS) inhibitor resistance (yet to be published).
Plants for R and S were divided into two groups:
untreated and those treated with imazamox (Be-
yond®, BASF) at 52.7 g ai ha '. Tissue was
harvested from the second leaf of four to six plants
per population per treatment 1 h after imazamox
exposure. RNA was extracted with the use of an
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RNEasy plant mini kit (Qiagen, Valencia, CA) and
DNase treated to remove DNA. Samples were
submitted to the Institute for Genomics, Biocom-
puting & Biotechnology at Mississippi State
University (Mississippi State, MS) for library
construction and sequencing on Illumina MiSeq
and HiSeq platforms. Transcriptomes were assem-
bled for both the S and R populations. Contigs
containing the ACCase transcripts were extracted
from each of these transcriptomes and aligned in
Geneious 7.1.4 (Kearse et al. 2012) to search for
point mutations. The consensus sequences for the R
and S populations have been submitted to GenBank
(accession numbers KX236329 and KX236328,

respectively).

ACCase Enzyme Assay. ACCase was extracted
from the combined meristematic tissue of 24 plants
for each of the S and R populations. The tissue was
frozen in liquid nitrogen and ground into a powder,
5 g of which was added to an extraction buffer (50
mM Tris-HCI pH 8.0, 5 mM DTT, 10% glycerol,
2.5 wlv polyvinylpolypyrolidone, and one complete
protease inhibitor tablet [Sigma Aldrich, St. Louis,
MO] 10 ml™). The dissolved tissue was ground
with a polytron homogenizer for 30 s and then
filtered through Miracloth. Cellular debris was
collected by centrifugation at 30,000 X g for 20
min at 4 C. Ammonium sulfate was added to the
supernatant to produce a 20% w/v solution and the
mixture was incubated on ice for 15 min. The
supernatant was collected after centrifugation, as
before, and saturated to 50% with ammonium
sulfate. After a third centrifugation the supernatant
was discarded and the pellet dried. The pellet was
resuspended in 700 pl of chilled resuspension buffer
(50 mM Tris-HCI, 1 mM DTT, 50 uM EDTA,
10% v/v glycerol, and one complete mini-EDTA
protease inhibitor tablet (Sigma Aldrich)/10 ml).
Any undissolved pellet was removed by centrifuga-
tion at 30,000 X g for 20 min at 4 C. Protein
concentration was determined by a Bradford assay
(Bradford 1976).

For the enzyme assay, the protein solution was
diluted in 50 mM Tris HCI (pH 8.0) with 10% v/v
glycerol. Each reaction contained 10 pg of protein
added to the reaction mix (50 mM Tris HCI pH
8.0, 1 mM DTT, 50 mM KCl, 2.5 mM MgCl,, 1
mM ATP, 10 mM NaHCO;, and 5 pCi mL™
NaC'*HCO3). Reactions were performed in a 96-
well microtiter plate. Fenoxaprop-P-ethyl was added
to each reaction to produce final concentrations of
0.1, 0.5, 1, 5, and 10 uM. Reactions were initiated
with acetyl CoA at a final concentration of 1 mM
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(control reactions omitted the acetyl CoA). Plates
were incubated at room temperature for 60 min and
reactions were stopped by addition of 50 pl of 5 N
HCIl. Two hundred microliters of the assay were
spotted onto a Whatman filter in a scintillation vial.
After being dried overnight, the filter was dissolved
in 500 pl of 50% v/v methanol and 10 ml
EcoLite(H)™ liquid scintillation cocktail (MP
Biomedicals LLC, Solon, OH) for 2 h. The
disintegrations per minute (DPMs) were counted
for each sample for five minutes. Two technical
replicates were performed per experiment and the
experiment was performed twice. Data were plotted
in SigmaPlot® 12.5. No curve was calculated for the
enzyme data, as none were available that fit the data
in SigmaPlot® and there was no significant
difference between the two populations.

Treatment with Metabolic Inhibitors. Plants from
the R and S populations were each treated with one
of three metabolic inhibitors, malathion, piperonyl
butoxide (PBO; Chem Service, West Chester, PA),
and 4-chloro-7-nitrobenzofurazan (NBD-Cl, Sigma
Aldrich) to test for a metabolic herbicide resistance
mechanism. Plants were grown as described above.
At the two- to three-leaf and three- to four-leaf
stage, plants were divided into four treatment
groups: no treatment, the inhibitor alone, fenox-
aprop-P-ethyl alone, or the inhibitor in combina-
tion with fenoxaprop-P-ethyl. All treatments were
performed in the spray chamber. Fenoxagrop—P-
ethyl was applied at a rate of 122 g ae ha~". PBO
and NBD-Cl were prepared in methanol and
acetone, respectively, and applied at rates of 1,400
g ha ' and 270 g ha™', respectively. Malathion was
applied at a rate of 1,000 g ha '. NBD-Cl was
applied 2 d before, PBO 1 d before, and malathion
at the time of herbicide treatment. Following
herbicide treatment, plants were returned to the
greenhouse. At 3 wk, plants were rated for injury on
a scale of 0 to 100, with 0 being no injury and 100
being plant death. The inhibitor treatments were
performed twice.

Results and Discussion

Herbicide Treatments. Dose-response assays were
performed to determine the level of resistance in the
R population. Plants from both the R population
and the S population were treated with rates ranging
from a quarter (1/4X) of the field rate to eight (8X)
times the field rate of fenoxaprop-P-ethyl (with the
field rate being 122 g ae ha '). The S population
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Figure 1. Dose-response curve for susceptible (closed circles)

and resistant (open circles) populations treated with fenoxaprop-
P-ethyl. Error bars represent standard error.

exhibited sensitivity to the herbicide at the lowest
dose and was completely controlled at the field rate
(Figure 1, closed circles). The resistant biotype
exhibited little injury at the field rate and was
mostly controlled at the highest dose (Figure 1,
open circles). EDsq (the effective dose at which a
50% reduction in growth is achieved) values for the
resistant and susceptible biotypes were 249 * 51
and 20 * 3 g ae ha ', respectively. The R/S ratio
was 10.7, indicating an 11-fold resistance to
fenoxaprop-P-ethyl in the R population compared
to the S population. R/S values of 27.2 and 3.9 have
been reported for blackgrass biotypes exhibiting
non-—target-site resistance (Hall et al. 1997) and an
R/S value of 10 was reported for an late watergrass
biotype with suspected metabolic resistance to
fenoxaprop-P-ethyl (Bakkali et al. 2007). Popula-
tions of American sloughgrass and annual ryegrass
exhibiting target site resistance to fenoxaprop-P-
ethyl had R/S values of 21.73 and 6.3 (Li et al.
2013; Tal and Rubin 2004). The variation of R/S
values for fenoxaprop-P-ethyl resistance demon-
strates that this value is not a good predictor of
resistance mechanism, necessitating the investiga-
tion of both target-site and non—target-site mech-
anisms.

Cross-resistance to another class of ACCase
inhibitors, the CHDs (dims), in the R population
was examined by treating plants with field rates of
clethodim and sethoxydim. These two herbicides
successfully controlled the R population at their
respective field rates (Figure 2). Although APPs like
fenoxaprop-P-ethyl no longer control the R popu-
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Figure 2. Control of resistant population with (A) clethodim at
314 g ai ha™! and (B) sethoxydim at 140.2 g ai ha™'. In both
images, the plant on the left is untreated and the plant on the
right is treated. (Color for this figure is available in the on-line
version of this article.)

lation, CHDs do, leaving the grower the latter class
as an option for controlling junglerice.

ACCase Sequencing. Some of the known resis-
tance-conferring point mutations provide resistance
to APPs, but not CHDs (Délye et al. 2003; Powles
and Yu 2010). To determine if one of these target-
site point mutations is responsible for fenoxaprop-
P-ethyl resistance, the ACCase sequence in the R
population was examined. The ACCase sequence
for the R and S populations was extracted from an
RNA-seq data set (unpublished data) in which the
transcriptomes of both populations had been
sequenced. The amino acid consensus sequences
of residues 1763 through to the carboxy terminus
were aligned for both populations to the amino acid
sequence for blackgrass (accession number
AJ310767). None of the known resistance-confer-
ring point mutations were present (Figure 3).
Because junglerice is hexaploid, all transcripts were
searched for any of the known point mutations;
however, none were found (data not shown).
Nevertheless, the possibility of a novel point
mutation exists. Differences were observed between
S and R in the amino acid sequence of the
carboxyltransferase domain, including S1789R,
Q1976E, and Q2009R. To address this, it was
necessary to determine if the enzyme itself was
resistant to the herbicide.
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3. Alignment of susceptible and resistant ACCase sequences with blackgrass (accession number AJ310767). The region

containing the carboxyltransferase domain is shown. The known resistance-conferring point mutations are annotated in dark blue,

none of which are present in the sequence from the resistant biotype.

ACCase Enzyme Assay. The ACCase enzyme assay
is a definitive means of determining if the enzyme in
the R population is sensitive to the herbicide. The
assay measures malonyl-CoA production in the
presence of increasing concentrations of herbicide
(0.1, 0.5, 1, 5, and 10 pM) with the use of
radiolabeled bicarbonate. There was a precipitous
drop in enzyme activity between 0.1 and 1 pM
fenoxaprop-P-ethyl, and between 1 and 10 pM
enzyme activity ranged from 20-40% of the
untreated control (Figure 4). This was true for
both the S and R populations. The lack of
differential response between the S and R popula-
tions indicates that the enzyme from the R
population is sensitive to the herbicide. This is
not surprising, as no resistance-conferring point
mutation was detected in any of the ACCase
transcripts. Therefore, the resistance mechanism in
the R population is a non—target-site mechanism.

Metabolic Inhibitors. To investigate the involve-
ment of metabolism in the resistance mechanism,
metabolic inhibitors were applied with fenoxaprop-
P-ethyl. Two cytochrome P450 inhibitors, mala-
thion and piperonyl butoxide (PBO), and a
glutathione-S-transferase inhibitor, 4-chloro-7-ni-
trobenzofurazan (NBD-CI), were applied with or
before application of the herbicide. If these
compounds inhibit activity of an enzyme essential
to the resistance mechanism, the R population
should show a reduction in resistance following
treatment with both the herbicide and the
inhibitor. Malathion, in the absence of fenoxap-
rop-P-ethyl, had no effect on plant growth and did
not reduce resistance to fenoxaprop-P-ethyl in the
R population when applied with the herbicide
(Figures 5A and 5B). This indicates that the

resistance mechanism does not involve a cyto-
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chrome P450 enzyme whose activity would be
inhibited by malathion. Similar results were
observed when PBO and NBD-Cl were applied,
indicating the lack of involvement in resistance by
any enzymes, cytochrome P450 or glutathione-§-
transferase, respectively, inhibited by these two
chemicals (Figures 5C-F). This is in contrast to
some biotypes of blackgrass and annual ryegrass in
which resistance was greatly reduced when the
herbicide was applied following NBD-Cl treatment
(Cummins et al. 2013). In large crabgrass [Dig-
itaria sanguinalis (L.) Scop.], where a metabolic
resistance mechanism has been established, neither
malathion nor PBO inhibited fluazifop metabolism
(Hidayat and Preston 2001). Therefore metabolism
is not ruled out as a mechanism, but enzymes

120
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80 -

60 A

Percent Activity

40

3 4
20 E

Fenoxaprop-P-ethyl concentration (uM)

Figure 4. Percent activity of acetyl coenzyme A carboxylase for
resistant (open circles) and susceptible (closed circles)
populations in the presence of increasing concentrations of
fenoxaprop-P-ethyl. Error bars represent standard error.
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Figure 5. Treatment with metabolic inhibitors malathion (A and B), 4-chloro-7-nitrobenzofurazan (C and D), and piperonyl
butoxide (E and F) for susceptible (A, C, and E) and resistant (B, D, and F) populations. From right to left are untreated (0), inhibitor
only (I), fenoxaprop-P-ethyl alone (F), and inhibitor with fenoxaprop-P-ethyl (IF). (Color for this figure is available in the on-line
version of this article.)

inhibited by these metabolic inhibitors are not  with an R/S value of 10.65. At this level, the
involved in the resistance mechanism. population cannot be controlled with fenoxaprop-

The R population of junglerice identified in  P-ethyl, necessitating the use of different control
Sunflower County is resistant to fenoxaprop-P-ethyl ~ options such as other herbicides. CHDs, another
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class of ACCase inhibitors, effectively control this
weed. The resistance mechanism has been difficult
to determine. No known point mutations respon-
sible for resistance were found in the ACCase
sequence and the enzyme assay confirmed sensitivity
of the enzyme to fenoxaprop-P-ethyl. None of the
tested metabolic inhibitors affected resistance.
Additional work will be required to determine what
non—target-site mechanism is responsible for resis-
tance. This may include metabolic studies to
identify differences between R and S in the types
and amount of metabolites produced. Monitoring
uptake and translocation of the herbicide in R and S
populations could determine if there are any
differences in movement of the herbicide into and
within the plant. RNA-seq analy51s will provide the
sequence and gene expression data needed to
identify candidate resistance genes for further study.
These experiments will aid in elucidating the non—
target-site mechanism present in this population.

Acknowledgments

The funding provided by BASF for this research
is greatly appreciated. The authors are grateful to
the U.S. Department of Agriculture for allowing use
of the equipment and facilities to conduct part of
this research. We also thank Shane Hardin and
Steve Breazeale for their assistance in the ACCase
enzyme assay.

Literature Cited

Altop EK, Mennan H, Streibig JC, Budak U, Rizz C (2014)
Detecting ALS and ACCase herbicide tolerant accession of
Echinochloa oryzoides (Ard.) Fritsch. in rice (Oryza sativa L.)
fields. Crop Prot 65:202-206

Bakkali Y, Ruiz-Santaella JP, Osuna MD, Wagner ], Fischer A],
De Prado R (2007) Late watergrass (Echinochloa phyllopogon):
mechanisms involved in the resistance to fenoxaprop-p-ethyl. J
Agric Food Chem 55:4052-4058

Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 72:248-254

Burton JD, Gronwald JW, Somers DA, Connelly JA, Gengen-
bach BG, Wyse DL (1987) Inhibition of plant acetyl-
coenzyme A carboxylase by the herbicides sethoxydim and
haloxyfop. Biochem Biophys Res Commun 148:1039-1044

Cha TS, Najihah MG, Sahid IB, Chuah TS (2014) Molecular
basis for resistance to ACCase-inhibiting fluazifop in Eleusine
indica from Malaysia. Pestic Biochem Physiol 111:7-13

Christoffers MJ, Berg ML, Messersmith CG (2002) An
isoleucine to leucine mutation in acetyl-CoA carboxylase
confers herbicide resistance in wild oat. Genome 45:1049—
1056

Cummins I, Wortley DJ, Sabbadin F, He Z, Coxon CR, Straker
HE, Sellars JD, Knight K, Edwards L, Hughes D, Kaundun

594 e Weed Science 64, October—December 2016

https://doi.org/10.1614/WS-D-16-00024.1 Published online by Cambridge University Press

SS, Hutchings S], Steel PG, Edwards R (2013) Key role for a
glutathione transferase in multiple-herbicide resistance in grass
weeds. Proc Natl Acad Sci USA 110:5812-5817

Délye C, Zhang XQ, Chalopin C, Michel S, Powles SB (2003)
An isoleucine residue within the carboxyl-transferase domain
of multidomain acetyl-coenzyme A carboxylase is a major
determinant of sensitivity to aryloxphenoxypropionate but not
to cyclohexanedione inhibitors. Plant Physiol 132:1716-1723

Egli MA, Gengenbach BG, Gronwald JW, Somers DA, Wyse
DL (1993) Characterization of maize acetyl-coenzyme A
carboxylase. Plant Physiol 101:499-506

Fischer AJ, Atech CM, Bayer DE, Hill JE (2000) Herbicide-
resistant Echinochloa oryzoides and E. phyllopogon in California
Oryza sativa fields. Weed Sci 48:225-230

Hall LM, Moss SR, Powles SB (1997) Mechanisms of resistance
to aryloxyphenoxypropionate herbicides in two resistant
biotypes of Alopecurus myosuroides (blackgrass): herbicide
metabolism as a cross-resistance mechanism. Pestic Biochem
Physiol 57:87-98

Heap, I. International Survey of Herbicide Resistant Weeds.
www.weedscience.org. Accessed July 11, 2015.

Hidayat I, Preston C (2001) Cross-resistance to imazethapyr in a
fluazifop- P-butyl-resistant population of Digitaria sanguinalis.
Pestic Biochem Physiol 71:190-195

Kaundun SS (2010) An aspartate to glycine change in the
carboxyl transferase domain of acetyl CoA carboxylase and
non—target-site mechanism(s) confer resistance to ACCase
inhibitor herbicides in a Lolium multiflorum population. Pest
Manag Sci 66:1249-1256

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M,
Sturrock S, Buxton S, Cooper A, Markowitz S, Duran C,
Thierer T, Ashton B, Mentjies P, Drummond A (2012)
Geneious Basic: an integrated and extendable desktop software
platform for the organization and analysis of sequence data.
Bioinformatics 28:1647-1649

Konishi T, Sasaki Y (1994) Compartmentalization of two forms
of acetyl-CoA carboxylase in plants and the origin of their
tolerance towards herbicides. Proc Natl Acad Sci USA
91:3598-3601

Konishi T, Shinohara K, Yamada K, Sasaki Y (1996) Acetyl-CoA
carboxylase in higher plants: most plants other than
Gramineae have both the prokaryotic and the eukaryotic
forms of this enzyme. Plant Cell Physiol 37:117-122

Leach GE, Devine MD, Kirkwood RC, Marshall G (1995)
Target enzyme-based resistance to acetyl-coenzyme A carbox-
ylase inhibitors in Eleusine indica. Pestic Biochem Physiol
51:129-136

Li L, Bi Y, Liu W, Yuan G, Wang J (2013) Molecular basis for
resistance to fenoxaprop-p-ethyl in American sloughgrass
(Bechmannia syzigachne Steud.). Pestic Biochem Physiol
105:118-121

Pan L, Li J, Xia W, Zhang D, Dong L (2015) An effective
method, composed of LAMP and dCAPS to detect different
mutations in fenoxaprop-P-ethyl-resistant American slough-
grass (Bechmannia syzigachne Steud.) populations. Pestic
Biochem Physiol 117:1-8

Powles SB, Yu Q (2010) Evolution in action: plants resistant to
herbicides. Annu Rev Plant Biol 61:317-347

Rendina AR, Felts JM, Beaudoin JD, Craig-Kennard AC, Look
LL, Paraskos SL, Hagenah JA (1988) Kinetic characterization,
steroselectivity, and species selectivity of the inhibition of plant
acetyl-CoA carboxylase by the aryloxphenoxypropionic acid
grass herbicides. Arch Biochem Biophys 265:219-225


https://doi.org/10.1614/WS-D-16-00024.1

Riar DS, Norsworthy JK, Srivastava V, Nandula V, Bond JA,
Scott RC (2012) Physiological and molecular basis of
acetolactate synthase-inhibiting herbicide resistance in barn-
yardgrass (Echinochloa crus-galli). ] Agric Food Chem 61:278—
289.

Scarabel L, Panozzo S, Varotto S, Sattin M (2011) Allelic
variation of the ACCase gene and response to ACCase-
inhibiting herbicide in pinoxaden-resistant Lolium spp. Pest
Manag Sci 67:932-941

Tal A, Rubin B (2004) Molecular characterization and
inheritance of resistance to ACCase-inhibiting herbicides in
Lolium rigidum. Pest Manag Sci 60:1013-1018

Van Eerd LL, Hoagland RE, Zablotowicz RM, Hall JC (2003)
Pesticide metabolism in plants and microorganisms. Weed Sci

51:472-495.

https://doi.org/10.1614/WS-D-16-00024.1 Published online by Cambridge University Press

Yun M-S, Yogo Y, Miura R, Yamasue Y, Fischer AJ (2005)
Cytochrome P-450 monooxygenase activity in herbicide-
resistant and -susceptible late watergrass (Echinochloa phyllo-
pogon). Pestic Biochem Physiol 83:107-114.

Zhang XQ, Powles SB (2006) Six amino acid substitutions in the
carboxyl-transferase domain of the plastidic acetyl-CoA
carboxylase gene are linked with resistance to herbicides in a
Lolium rigidum population. New Phytol 172:636-645

Received February 13, 2016, and approved June 15, 2016.

Associate editor for this paper: Marie A. Jasieniuk,
University of California, Davis.

595

Wright et al.: Fenoxaprop-resistant Echinochloa


https://doi.org/10.1614/WS-D-16-00024.1

