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Abstract

Quizalofop-resistant rice allows for over-the-top applications of quizalofop, a herbicide that
inhibits acetyl-coenzyme A carboxylase. However, previous reports have indicated that quiza-
lofop applied postemergence may cause significant injury to quizalofop-resistant rice.
Therefore, field experiments were conducted to evaluate the response of quizalofop-resistant
rice cultivars to quizalofop applications across different planting dates. Under controlled con-
ditions, the effects of soil moisture content, air temperature, and light intensity on quizalofop-
resistant rice sensitivity to quizalofop were investigated. In the planting date experiment, injury
of more than 11 percentage points was observed on early-planted rice compared with late-
planted rice at the 5-leaf stage, with higher injury observed under saturated soil conditions.
However, quizalofop applications at the labeled rate caused ≤16% reduction in yield regardless
of planting environment. Quizalofop-resistant cultivars exhibited more injury by at least 25
percentage points when soil was maintained at 90% or 100% of field capacity because rice cul-
tivars ‘PVL01’, ‘PVL02’, and ‘RTv7231 MA’ exhibited ≥42%, 30%, and ≥54% injury, respec-
tively, compared with ≤10%, ≤5%, and ≤22% injury, respectively, at 40% or 50% of field
capacity, pooled over rating timing. Greater injury ranging from 18% to 31% was observed
on quizalofop-resistant rice grown under low light intensity (600 μmol m−2s−1) compared with
5% to 14% injury under high light intensity (1,150 μmol m−2s−1). The injury persisted from 7 to
28 d after 5-leaf stage application (DAFT), averaged over quizalofop-resistant cultivars and air
temperatures (20/15 C and 30/25 C day/night, respectively). At 7 DAFT, greater injury (by 5 to
21 percentage points) was observed on quizalofop-resistant cultivars; PVL01, PVL02, and
RTv7231 MA exhibited 33%, 9%, and 58% injury, respectively, under 20/15 C temperature
conditions compared with 13%, 4%, and 37% injury, respectively, under 30/25 C day/night con-
ditions averaged over light intensities. Overall, quizalofop is likely to cause a greater risk for
injury to quizalofop-resistant rice if it is applied under cool, cloudy, and moist soil conditions.

Introduction

Quizalofop-resistant rice was developed to combat troublesome herbicide-resistant grass weed
species, including barnyardgrass [Echinochloa crus-galli (L.) Beauv.] and weedy rice (Oryza
sativa L.; Lancaster et al. 2018; Roma-Burgos et al. 2021). A survey conducted in 2020 that rep-
resented 40% of the total planted rice hectares in Arkansas reported high concern with prob-
lematic herbicide-resistant weeds, and alternative herbicides were the second-most frequent
strategy used to control herbicide-resistant weeds, including barnyardgrass, providing a suitable
fit for quizalofop-resistant rice technology (Butts et al. 2022). Quizalofop-resistant rice is a non-
genetically modified plant that allows for the postemergence application of quizalofop (Guice
et al. 2015). Quizalofop (categorized by the Weed Science Society of America as a Group 1 her-
bicide) is a member of the aryloxyphenoxypropionate herbicide family and inhibits the acetyl-
coenzyme A carboxylase (ACCase). Quizalofop use rates vary from 100 to 138 g ai ha−1 for a
single application. However, the maximum usage rate should not exceed 240 g ai ha−1 annually
in any quizalofop-resistant rice production system (Anonymous 2017). Sequential application
of quizalofop at the 2-leaf rice stage followed by application at the 5-leaf growth stage is neces-
sary for controlling troublesome grass weeds in a quizalofop-resistant rice system (Anonymous
2017, 2021b). A single dominant gene governs the target-site resistance mechanism in quiza-
lofop-resistant rice, but the consistency of the expression of the resistance mechanism is line-
specific and could vary depending on environmental conditions (Camacho et al. 2019, 2020).
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Quizalofop at 120 g ai ha−1 caused up to 26% injury to quizalofop-
resistant rice lines (Camacho et al. 2020). Quizalofop-resistant rice
sensitivity to quizalofop was inconsistent and required further
investigation to evaluate the effect of environmental attributes.

‘PVL01’ (Horizon Ag. LLC, Memphis, TN) was the first quiza-
lofop-resistant rice cultivar derived from crossing ‘Cheniere’, a
long-grain conventional cultivar having japonica traits, and
‘BASF1-5’, a quizalofop-resistant donor line having indica traits.
The cultivar exhibited moderate resistance to lodging, 7,500 kg
ha−1 yield potential, and long-grain rice quality parameters
(Famoso et al. 2019). ‘PVL02’ (Horizon Ag. LLC) is a long-grain
quizalofop-resistant rice cultivar developed by crossing the
Cheniere and BASF1-5 lines. PVL02 has an increased yield
potential compared with that of PVL01 and yields more than
8,095 kg ha−1 (Famoso and Linscombe 2020). The BASF1-5 line
encompasses a gene with mutagenized nucleic acid responsible
for herbicide resistance, encoding a rice plastidic ACCase enzyme
and substituting leucine amino acid residue with an isoleucine
amino acid residue at the 1792 position in the rice ACCase amino
acid sequence (Famoso and Linscombe 2020). The Provisia® (BASF
Corporation, Research Triangle Park, NC) formulation of quizalo-
fop is labeled for PVL01, PVL02, and ‘PVL03’ cultivars
(Anonymous 2017). The ‘RTv7231 MA’ (RiceTec Inc., Alvin,
TX) cultivar was developed using conventional breeding tech-
niques; it contains a mutation at the G2096S position in the car-
boxyl transferase coding region of the ACCase gene, conferring
quizalofop resistance (Hinga et al. 2013). The Highcard™
(ADAMA, Raleigh, NC) safened formulation of quizalofop is
labeled for use on the RTv7231 MA cultivar (Anonymous
2021b). The RTv7231 MA cultivar produced rough rice yields
greater than 10,000 kg ha−1 when assessed in on-farm experiments
in Arkansas (Frizzell et al. 2021). Safeners for aryloxyphenoxypro-
pionate herbicides are derived from isoxadifen-ethyl, which
improves rice tolerance to quizalofop (Shen et al. 2017).
Quizalofop-resistant cultivars PVL01, PVL02, PVL03, and
RTv7231 MA became commercially available to producers in
2018, 2020, 2022, and 2022, respectively (Anonymous 2021a;
Bruce 2019; Hines 2018; McClure 2021).

Climatic factors influence the efficacy of aryloxyphenoxypropi-
onate herbicides by affecting the physiochemical processes of tar-
get plants that involve herbicide absorption, translocation, and
metabolism (Varanasi et al. 2015). More specifically, soil moisture,
light intensity, and air temperature are all known to influence the
efficacy of ACCase inhibitors (Varanasi et al. 2015). For example,
diclofop efficacy was reduced on yellow foxtail [Setaria lutescens
(Weigel) Hubb.], wild oat (Avena fatua L.), little-seed canarygrass
(Phalaris minor Retz.), and barnyardgrass when applied postemer-
gence under low soil moisture conditions (Dortenzio and Norris
1980). Similarly, reduced control of green foxtail [Setaria viridis
(L.) Beauv.] was observed with labeled fenoxaprop, fluazifop,
and haloxyfop rates when low soil moisture conditions persisted
surrounding herbicide applications (Boydston 1990). Fluazifop
also exhibited reduced control of quackgrass [Agropyron repens
(L.) Beauv.] under moisture stress conditions (Kells et al. 1984).

Fluazifop efficacy was reduced on green foxtail when air tem-
perature increased from 18 to 30 C. The reduced efficacy was
attributed to increased herbicide absorption and volatilization
from leaf surfaces at higher temperatures (Smeda and Putnam
1990). Kells et al. (1984) indicated that quackgrass plants had
26% greater absorption and extensive distribution of 14C-fluazi-
fop-butyl at 30 C compared with absorption and distribution at
20 C. Additionally, higher translocation of 14C-fluazifop-butyl

was observed on quackgrass exposed to nonshaded compared to
shaded conditions (Kells et al. 1984). Higher absorption and trans-
location of 14C-sethoxydim have been observed in common ber-
mudagrass [Cynodon dactylon (L.) Pers.] at 35 C than at 18 C
(Wills 1984). Cyclohexanedione herbicides caused higher phyto-
toxicity on oat (Avena sativa L.) and barley (Hordeum vulgare
L.) when applied under low ultraviolet conditions, specifically dur-
ing late evening or dark hours (McMullan 1996). However, the
effect of differential environmental conditions on quizalofop-
resistant rice response to quizalofop remains unaddressed in the
literature. Therefore, we conducted research to evaluate the effects
of air temperature, soil moisture, light intensity, and planting envi-
ronments on the sensitivity of quizalofop-resistant rice to quizalo-
fop applications.

Materials and Methods

Planting Date Experiment

Field experiments were conducted to determine the amount of
injury caused by sequential quizalofop applications to quizalo-
fop-resistant rice cultivars across different planting dates.
Experiments were conducted in 2020 and 2021 at the Rice
Research and Extension Center, Stuttgart, AR, on a Dewitt silt-
loam soil (Fine, smectitic, thermic Typic Albaqualfs) with 27%
sand, 54% silt, and 19% clay; pH 5.9; and 1.9% organic matter.
The experiment was implemented as a randomized complete block
with a split-split plot layout with the whole plot factor being site
years (2020 and 2021); the split-plot factor being the planting date
as early (mid-April timing) or late (early June timing); and the
split-split plot factors being a factorial treatment structure of qui-
zalofop-resistant rice cultivars PVL01, PVL02, and RTv7231 MA;
and sequential quizalofop application rate as none, 1×, and 2×,
with four replications. Quizalofop (Provisia® herbicide) was
sequentially applied at the 1× rate (120 g ai ha−1), and 2× rate
(240 g ai ha−1) in combination with 1% vol/vol crop oil concentrate
(Agri-Dex®; Helena Chemical Company, Collierville, TN).
However, overlap that occurs during commercial quizalofop appli-
cations in a grower’s field will deliver a 2× rate of quizalofop along
with 2% vol/vol crop oil concentrate. Highcard™ herbicide, now
labeled for the RTv7231 MA cultivar, was not available in the
2020 growing season; therefore, quizalofop in the form of
Provisia® was the formulated product applied.

PVL01 and PVL02 were planted at 72 seeds m−1 row, while
RTv7231 MA was planted at 52 seeds m−1 row. Rice was planted
at a 1.3-cm depth into 5.2-m-long by 1.8-m-wide plots, and each
plot consisted of nine drill-seeded rows on 19-cm centers. Rice was
planted on April 11, 2020, and April 14, 2021, for the early planting
date and on June 3, 2020, and June 1, 2021, for the late planting
date. Experiments were maintained weed-free with clomazone
(Command™ herbicide; FMC Corporation, Philadelphia, PA)
applied preemergence at 336 g ai ha−1, and quinclorac (Facet L™
herbicide; BASF Corporation, Raleigh, NC) applied early poste-
mergence at 280 g ai ha−1 plus some hand weeding. At the rate
mentioned above, quinclorac was applied at the 4-leaf growth stage
of rice. Quizalofop was sequentially applied at the 2-leaf and 5-leaf
growth stages of rice. Quizalofop at the 2-leaf growth stage was
applied on May 12, 2020, and May 12, 2021, for the early planting
date and on June 16, 2020, and June 16, 2021, for the late planting
date. Quizalofop was applied at the 5-leaf growth stage on May 21,
2020, andMay 31, 2021, for the early planting date and on June 27,
2020, and June 28, 2021, for the late planting date. Weather data,
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including air temperature, rainfall, and solar radiation, were
assessed for a 7-d interval that spanned from 3 d before and 3 d
after each quizalofop application using a weather station (Davis
Instrument Corporation, Hayward, CA) at the experimental site.
All herbicides were applied with a CO2-pressurized backpack
sprayer calibrated to deliver 140 L ha−1 of spray solution at 276
kPa with a hand boom equipped with four Air Induction
Extended Range 110015 spray nozzles (TeeJet® Technologies,
Wheaton, IL). All plots were maintained using standard cultural
practices and fertilized with 130 kg N ha−1 as urea (46-0-0) at
24 h after the 5-leaf stage of quizalofop application, prior to the
establishment of permanent flood (Hardke et al. 2022).

Percent injury was visually evaluated on a scale of 0% to 100%,
with 0% representing no injury and 100% representing plant death.
Visual injury evaluations were taken at the 5-leaf stage application,
14 d after 5-leaf stage application (14 DAFT), and 28 d after 5-leaf
stage application (28 DAFT). Photographs of each plot were taken
with a DJI Phantom quadcopter small unmanned aerial system
(DJI, Shenzhen, China) at the 5-leaf stage application, 14 DAFT,
and 28 DAFT. Images were analyzed using Field Analyzer
(Green Research Services, LLC, Fayetteville, AR) to determine
the proportion of green pixels in each photograph to assess the
amount of groundcover. Dates were noted for each plot when rice
reached the 50% heading stage. All plots were drained 2 wk before
harvesting, rice was harvested with a small-plot combine to quan-
tify grain yield, and rice yields were adjusted to 12% moisture. All
data were subjected to ANOVA as a randomized complete block
with a split-split plot using the GLIMMIX procedure in SAS soft-
ware (version 9.4; SAS Institute Inc., Cary, NC). The main effects
and interaction of year, planting date, cultivar, and quizalofop rate
were considered fixed effects. Block nested within year and plant-
ing date nested within year were considered random effects (Gbur
et al. 2012). Visual evaluation of rice injury was analyzed using beta
distribution, while gamma distribution was used for relative
groundcover and relative yield. Normal distribution was assumed
for relative heading. Means were separated using Fisher’s protected
LSD (P = 0.05). Analysis of variance results for all the evaluated
response variables in the planting date experiment is shown in
Supplementary Table S1.

Soil Moisture Experiment

Greenhouse experiments were conducted at the Milo J. Shult
Agricultural Research and Extension Center, Fayetteville, AR, in
fall 2021 to evaluate the effect of soil moisture levels on the toler-
ance of quizalofop-resistant rice to quizalofop applications. Two
experimental runs were conducted. Each experiment was imple-
mented as a completely randomized, two-factor treatment struc-
ture with three replications. The factors consisted of soil
moisture levels (40%, 50%, 60%, 70%, 80%, 90%, and 100% of pore
space filled with water) and quizalofop-resistant rice variety
(PVL01, PVL02, and RTv7231 MA). The greenhouse was main-
tained at a temperature of 30 C and 25 C day and night, respec-
tively, under a 14-h photoperiod throughout the experiments.

The soil was a leaf silt loam (fine, mixed, active, thermic Typic,
Albaqualts) with 21% sand, 65% silt, 14% clay; pH 6.4, and 2.3%
organic matter. The soil was sieved and dried until it reached
0% moisture. Dried soil weighing 8,000 g was transferred into
9.1-L buckets (24.2-cm diameter by 23.5-cm height; Lowe’s
Companies, Inc., Mooresville, NC). Soil-Plant-Air-Water hydrol-
ogy software (U.S. Department of Agriculture–Agricultural
Research Service, Washington DC) was used to determine the soil

bulk density (1.4 g cm−3) and volumetric field capacity (29.75%).
The amount of water required to achieve the desired moisture level
was calculated using the following equation:

Ww ¼ FC� BD�ML�Ws [1]

where Ww is the amount of water in grams or milliliters added to
each bucket to attain the designated moisture level (ML), FC is the
volumetric field capacity, BD is the matric bulk density of soil, and
Ws is the weight of dried soil in grams placed in each bucket.
Designated soil moisture levels were maintained every day by
weighing the total weight of each bucket after germination until
flooding. Quizalofop was applied sequentially at the recommended
use rate, 120 g ai ha−1, in combination with 1% vol/vol crop oil con-
centrate (Agri-Dex®) at the 2-leaf stage, followed by a subsequent
application at the 5-leaf stage. Moisture levels were maintained
until a permanent flood at a depth of 6 cm was established in each
bucket at 24 h after the 5-leaf stage application.

Air Temperature and Light Intensity Experiment

Experiments were conducted in a growth chamber (Conviron;
Controlled Environments Inc., Pembina, ND) at the Crop
Science Research Center, Fayetteville, AR, in fall 2021 and spring
2022 to assess the influence of air temperature and light intensity
on the tolerance of quizalofop-resistant rice cultivars to sequential
quizalofop applications. The experimental design was a completely
randomized, split-split plot arrangement with three spatial replica-
tions and two temporal replications. The whole-plot factor was air
temperature during the 14-h photoperiod as low (20 C) and high
(30 C); the split-plot factor was light intensity as low (600 μmol
m−2 s−1) and high (1,150 μmol m−2 s−1); and split-split plot factor
was quizalofop-resistant rice cultivars PVL01, PVL02, and
RTv7231 MA. The low and high light intensities were selected
based on photosynthetic photon flux density observed during
the early growth stages of the crop in the rice production acreage.

The growth chamber was separated into two sections with a
curtain to alter the light levels on each side to achieve the desig-
nated light levels. The growth chamber was programmed to a
14-h photoperiod with 20/15 C and 30/25 C day/night tempera-
ture, respectively, for conducting two experimental runs for each
air temperature level. Field soil identified as a leaf silt loam, previ-
ously described for soil moisture level experiments, was sieved and
dried until a 0%moisture level was achieved. Air-dried soil totaling
8,000 g was placed in 9.1-L buckets. Quizalofop was applied
sequentially at 120 g ai ha−1 at the 2-leaf stage, followed by an appli-
cation at the 5-leaf stage. A 1% vol/vol crop oil concentrate was
added to each quizalofop application. All treatments were main-
tained every day at 100% field capacity after germination until
all treatments were flooded at 24 h after the 5-leaf stage application.

Methods Common to Both Controlled Condition Experiments

Quizalofop-resistant cultivars were planted at a 1.3-cm depth with
eight seeds per treatment and later thinned to six plants per bucket
after emergence. All treatments were maintained weed-free
through hand weeding and were fertilized with 130 kg N ha−1 at
the 5-leaf growth stage before permanent flood establishment.
Provisia® formulation of quizalofop was used for PVL01 and
PVL02 varieties, whereas Highcard™ formulation of quizalofop
was used for the RTv7231 MA cultivar. All quizalofop applications
were made using a research track sprayer equipped with two flat-
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fan 1100067 spray nozzles (TeeJet® Technologies) calibrated to
deliver 187 L ha−1 at 276 kPa with a speed of 1.61 km h−1.

Visual evaluation of injury began at 7 d after the 2-leaf stage
initial treatment (7 DAIT), at the 5-leaf stage application, and con-
tinued for 7, 14, 21, and 28 d after the 5-leaf stage application
(DAFT) on a scale of 0% to 100%, with 0% indicating no injury
and 100% indicating plant death. Plant height was measured at
the 5-leaf growth stage and 28 DAFT. Photographs were taken
at the 5-leaf rice stage and 28 DAFT, and were analyzed using
Field Analyzer (Green Research Services, LLC) to determine the
groundcover. Aboveground biomass was harvested 28 d after
the 5-leaf stage application and oven-dried for 5 d to constant mass
to evaluate the differences in biomass accumulation among
treatments.

Data Analysis for Controlled Condition Experiments

Response variables, including plant height, groundcover, and dry
biomass data for each treatment, were expressed as a percentage of
the nontreated control. For the soil moisture level experiment, the
main effects of the soil moisture level and cultivar and their inter-
action were fixed effects. For the growth chamber experiment, air
temperature, light intensity, and cultivar main effects and their
interactions were considered fixed effects. The temporal run was
considered a random effect for both experiments. Beta distribution
was used for rice visual evaluation of injury, whereas relative
groundcover, height, and biomass were analyzed with a gamma
distribution. All data were subjected to ANOVA using the
GLIMMIX procedure with SAS software (version 9.4; SAS
Institute, Cary, NC), and means were separated using Fisher’s pro-
tected LSD test (α= 0.05). For the visual injury response variable,
rating timing was considered a repeated-measure variable that
allowed for comparisons across ratings and included as a fixed
effect in the treatment structure. Correlations across ratings for
the fixed effects and residuals were modeled using an independ-
ence covariance structure, because no correlation among ratings
was observed when residuals were evaluated qualitatively (Gbur
et al. 2012).

Results and Discussion

Planting Date Experiment

Overall, greater injury by 8 and 30 percentage points was observed
on PVL01 and RTv7231MA cultivars in 2021 compared with 2020;
however, injury ratings for PVL02 did not differ between 2020 and
2021, averaged over quizalofop rates and planting dates when
evaluated at the 5-leaf stage (Table 1). Greater injury to quizalo-
fop-resistant cultivars could be attributed to higher rainfall and
cloud cover during the 2-leaf quizalofop application in 2021
(Table 2). Xie et al. (1996) also reported that fenoxaprop was more
phototoxic to wild oat under low light intensity because above-
ground biomass was reduced more under low than high light
intensity. Additionally, rice planted early exhibited more injury
by 11 percentage points than late planting when pooled over qui-
zalofop-resistant cultivars, years, and quizalofop application rates
at the 5-leaf stage (Table 1). More rainfall occurred during quiza-
lofop applications at the 2-leaf stage when planted early compared
with no rainfall surrounding the 2-leaf stage application when
planted late, possibly resulting in greater injury at the 5-leaf stage
(Table 2). Low soil moisture before and after applications of fenox-
aprop, fluazifop, haloxyfop, and sethoxydim reduced the control of

green foxtail [Setaria viridis (L.) Beauv.] compared to herbicides
applied under saturated soil conditions (Boydston 1990).

At 14 DAFT, RTv7231 MA (56% injury) exhibited greater
injury by 50 percentage points than PVL01 and PVL02 cultivars,
both of which exhibited 6% injury, averaged over the years, plant-
ing dates, and sequential quizalofop rates (Table 1). The higher
sensitivity of RTv7231 MA to quizalofop resulted in greater visual
injury than other quizalofop-resistant cultivars, when the Provisia®
formulation (unsafened) was used for over-the-top applications.
At 14 DAFT, with data pooled over cultivars and sequential qui-
zalofop application rates, early-planted rice had 20% injury in 2021
compared with 7% injury in 2020, which could be attributed to
higher rainfall in 2021 (Tables 1 and 2). Similarly, pooled over
planting dates and quizalofop-resistant cultivars, sequential quiza-
lofop applications at the 1× rate caused greater injury by 10 per-
centage points in 2021 at 14 DAFT. More rainfall occurred close to
the quizalofop applications in 2021 than in 2020; however, no
differences were observed at 2× sequential quizalofop rates
between 2020 and 2021 at 14 DAFT (Tables 1 and 2).

Rice that was planted late exhibited more injury, ranging from
22 to 25 percentage points, at the 2× sequential application rate
compared to rice that was planted early, averaged over years
and quizalofop-resistant cultivars, with injury persisting from 14
to 28 DAFT (Table 1). At 28 DAFT, RTv7231 MA exhibited
68% injury from the 2× rate of sequential application in 2020 com-
pared with 44% injury in 2021 averaged over planting dates, which
might be credited to the crop remaining unaffected at differential
environmental conditions when quizalofop was applied at higher
than the labeled use rate (Table 1). One way to overcome the neg-
ative effect of environmental conditions on the efficacy of an ary-
loxyphenoxypropionate herbicide is to increase the use rate
(Dortenzio and Norris 1980; Kells et al. 1984).

Overall, PVL01 and PVL02 exhibited a high level of tolerance to
quizalofop because no differences in injury were observed between
1× and 2× sequential application rates; however, RTv7231 MA
exhibited greater injury at the 2× rate compared to the 1× sequen-
tial rate, averaged over planting dates when evaluated at 28 DAFT
(Table 1). In 2020, PVL01 and RTv7231 MA was injured more
when planted early than late, which was attributed to low solar
radiation and wet soil conditions that persisted during the 5-leaf
stage quizalofop application timing, averaged over sequential
application rates at 28 DAFT (Tables 1 and 2).

At the 5-leaf stage of rice, PVL02 had ≤28% relative ground-
cover when rice was planted early in 2021; however, PVL02 planted
late in 2021 exhibited no reduction in groundcover, regardless of
sequential quizalofop rates (Table 3). At the 5-leaf stage, RTv7231
MA planted early had 11% relative groundcover compared with
62% relative groundcover when planted late in 2021 at the 1× rate
of quizalofop (Table 3). Overall, greater injury to quizalofop-resist-
ant cultivars planted early resulted in a greater reduction in the rel-
ative groundcover of the crop when compared to late planting in
2021, evaluated at the 5-leaf stage. At 14 DAFT, quizalofop-resist-
ant cultivars planted late had 63% relative groundcover compared
with 89% relative groundcover of early planted rice when quizalo-
fop was applied at a 2× rate (Table 3). Higher rates of quizalofop
might overcome the effect of environmental conditions on crop
tolerance to the herbicide. Pooled over quizalofop-resistant culti-
vars, quizalofop rates, and planting dates, a reduction in the relative
groundcover of rice was observed, ranging from 22 to 13 percent-
age points in 2021 compared to 2020, when groundcover was
assessed at 14 and 28 DAFT (Table 3). At 28 DAFT, RTv7231
MA had 84% relative groundcover compared to that of PVL01
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and PVL02, which had ≥97% relative groundcover averaged over
years, planting dates, and sequential quizalofop rates; therefore,
RTv7231 MA was observed to be more sensitive to the Provisia®
formulation than PVL01 and PVL02 (Table 3).

After quizalofop applications at a 2× rate, there was a 2-d delay
before PVL02 recached the 50% heading stage when planted late
compared to early, averaged over years (Table 4). A delay of 2
and 7 d was observed before RTv7231 MA reached the 50% head-
ing stage after quizalofop was applied at 1× and 2× rates, respec-
tively, when rice was planted late (Table 4). As a result, RTv7231
MA planted late had 37% relative yield in 2020 compared with 96%
relative yield in 2021, after quizalofop was applied at the 2× rate. At
28 DAFT, increased injury observed in 2020 to RTv7231 MA

planted late, regardless of quizalofop rate, resulted in a reduction
in yield potential in 2020 (Tables 1 and 4). Similarly, PVL02 exhib-
ited a 70% relative yield at the 2× rate of quizalofop when rice was
planted late in 2021 (Table 4). In 2020, PVL01 and RTv7231 MA
planted late exhibited 77% and 37% relative yield, respectively,
compared with ≥87% relative yield of cultivars planted early when
quizalofop was applied at a 2× rate (Table 4). Overall, ≥84% rel-
ative yield of quizalofop-resistant cultivars was observed when qui-
zalofop was applied sequentially at the labeled rate, regardless of
planting date and year (Table 4). Research findings provide insight
into the potential effects of soil moisture and solar radiation on the
tolerance of quizalofop-resistant rice cultivars to quizalofop appli-
cations. The greater injury was observed under cloudy and wet soil

Table 1. Injury to quizalofop-resistant rice cultivars caused by sequential quizalofop applications over different planting dates.a,b,c

Injury

Factor Year Planting Cultivar Rate 5-Leaf stage 14 DAFT 28 DAFT

g ai ha−1 ———————— % —————————

Year × Planting × Cultivar 2020 Early PVL01 13 3 4 ef
PVL02 7 3 17 c
RTv7231 MA 12 36 15 cd

Late PVL01 2 7 18 c
PVL02 1 8 10 cde
RTv7231 MA 1 73 69 a

2021 Early PVL01 17 10 4 ef
PVL02 8 7 2 f
RTv7231 MA 56 65 38 b

Late PVL01 10 7 5 def
PVL02 4 11 5 def
RTv7231 MA 17 46 31 b

Year × Cultivar × Rate 2020 PVL01 120 4 2 8 ef
PVL01 240 6 11 9 ef
PVL02 120 2 2 5 f
PVL02 240 4 17 9 ef
RTv7231 MA 120 3 30 16 de
RTv7231 MA 240 4 78 68 a

2021 PVL01 120 8 5 2 f
PVL01 240 21 16 9 ef
PVL02 120 6 8 3 f
PVL02 240 6 9 3 f
RTv7231 MA 120 32 47 26 cd
RTv7231 MA 240 36 64 44 b

Year × Cultivar 2020 PVL01 5 c 4 9
PVL02 3 c 5 13
RTv7231 MA 4 c 55 39

2021 PVL01 13 b 9 5
PVL02 6 c 9 3
RTv7231 MA 34 a 55 34

Planting × Rate Early 120 12 8 c 7 b
240 18 18 b 10 b

Late 120 3 7 c 7 b
240 4 40 a 35 a

Year × Rate 2020 120 3 4 c 9
240 5 31 a 30

2021 120 12 14 b 6
240 17 24 a 11

Year × Planting 2020 Early 10 7 b 10
Late 1 21 a 28

2021 Early 22 20 a 7
Late 9 17 a 10

Cultivar PVL01 8 6 b 6
PVL02 4 6 b 6
RTv7231 MA 12 56 a 37

Planting Early 15 a 12 8
Late 4 b 18 17

aAbbreviation: DAFT, days after final treatment at the 5-leaf stage.
bMeans followed by the same letter within the same column are not different based on Fisher’s protected LSD at α= 0.05.
cExperiments were carried out at the Rice Research and Extension Center, Stuttgart, Arkansas.
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Table 2. Air temperature, rainfall, and solar radiation data near the experiment site.a,b

Year Planting date Application timing

Air temperature Rainfall Solar radiation

Average Average minimum Average maximum Average day−1 Total Average day−1 Total

————————— C ———————— ——— cm ——— ——— W m−2
———

2020 Early 2-leaf 17 12 22 0.19 1.35 236 1,649
5-leaf 21 16 26 0.36 2.54 263 1,841

Late 2-leaf 25 19 31 0 0 328 2,296
5-leaf 25 22 29 0.38 2.67 206 1,442

2021 Early 2-leaf 17 12 22 0.31 2.16 221 1,548
5-leaf 20 16 25 0.85 5.94 231 1,617

Late 2-leaf 28 23 33 0 0 307 2,150
5-leaf 28 23 33 0 0.02 283 1,981

aWeather data were recorded for a 7-d interval from 3 d prior to each application to 3 d past each quizalofop application.
bExperiments were carried out at the Rice Research and Extension Center, Stuttgart, Arkansas.

Table 3. Rice relative groundcover compared with the nontreated control after sequential quizalofop applications.a,b,c

Relative groundcover

Factor Year Planting Cultivar Rate 5-Leaf stage 14 DAFT 28 DAFT

g ai ha−1 ———————— % —————————

Year × Planting × Cultivar × Rate 2020 Early PVL01 120 106 ab 107 110
PVL01 240 100 ab 110 106
PVL02 120 105 ab 116 101
PVL02 240 54 bcd 113 105
RTv7231 MA 120 90 abc 106 99
RTv7231 MA 240 47 bcd 76 94

Late PVL01 120 118 a 116 108
PVL01 240 85 abc 103 103
PVL02 120 99 ab 88 105
PVL02 240 86 abc 96 104
RTv7231 MA 120 80 abc 81 113
RTv7231 MA 240 53 bcd 42 70

2021 Early PVL01 120 96 ab 83 97
PVL01 240 61 bc 90 97
PVL02 120 28 cde 75 73
PVL02 240 11 e 89 95
RTv7231 MA 120 11 e 76 81
RTv7231 MA 240 12 e 64 74

Late PVL01 120 91 abc 78 106
PVL01 240 67 bc 67 89
PVL02 120 104 ab 76 99
PVL02 240 104 ab 73 101
RTv7231 MA 120 62 bc 79 80
RTv7231 MA 240 18 de 31 73

Cultivar × Rate PVL01 120 114 95 a 105
240 77 91 a 98

PVL02 120 74 87 a 94
240 48 91 a 101

RTv7231 MA 120 37 85 a 92
240 27 50 b 77

Planting × Rate Early 120 52 92 a 93
240 36 89 a 95

Late 120 90 85 a 101
240 60 63 b 89

Cultivar PVL01 93 93 102 a
PVL02 60 89 97 a
RTv7231 MA 32 65 84 b

Year 2020 82 93 a 101 a
2021 39 71 b 88 b

aAbbreviation: DAFT, days after final treatment at 5-leaf stage.
bMeans followed by the same letter within the same column are not different based on Fisher’s protected LSD at α= 0.05.
cExperiments were carried out at the Rice Research and Extension Center, Stuttgart, Arkansas.
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conditions. However, quizalofop-resistant cultivars recovered
from injury caused by sequential quizalofop applications under
differential planting environments, because a ≤16% reduction in
relative yield was observed when the labeled rate of quizalofop
was applied to the crop.

Soil Moisture Experiment

A significant interaction between cultivar and soil moisture level
was observed for all the evaluated response variables
(Supplementary Table S2). Additionally, the interaction of cultivar
by rating timing was significant for the visual injury response var-
iable (Supplementary Table S2). In general, greater injury to qui-
zalofop-resistant cultivars was observed at 7 and 14 DAFT,
averaged over soil moisture levels (Table 5). After the 5-leaf stage
quizalofop application, the greatest injury was observed on
RTv7231 MA, followed by PVL01 and PVL02, regardless of rating
timings, averaged over soil moisture levels (Table 5). Differences in
visual injury among quizalofop-resistant cultivars were not
observed at the 5-leaf stage (Table 5), because quizalofop takes 1
to 3 wk after application to cause chlorotic and necrotic

symptomology (Shaner 2014). PVL01, PVL02, and RTv7231
MA exhibited ≥42%, 30%, and ≥54% injury, respectively, after
sequential quizalofop applications when the cultivars were main-
tained at 90% or 100% of field capacity (Table 6). However, PVL01,
PVL02, and RTv7231MA exhibited≤10%,≤5%, and≤22% injury,
respectively, when quizalofop was applied sequentially to the cul-
tivars maintained at 40% or 50% of field capacity (Table 6).

The greater injury observed on quizalofop-resistant cultivars at
higher moisture levels resulted in more reduction in relative
groundcover and crop height than cultivars maintained under
low moisture levels. At 28 DAFT, a reduction in relative ground-
cover of ≥28, ≥20, and ≥25 percentage points of PVL01, PVL02,
and RTv7231 MA, respectively, was observed at 90% or 100% of
field capacity when compared with 40% or 50% of field capacity
level (Table 6). At the 5-leaf rice stage, PVL01, PVL02, RTv7231
MA exhibited a reduction of at least 20, 24, and 13 percentage
points in relative height when maintained at 90% or 100% of field
capacity compared to cultivars that weremaintained at 40% or 50%
of field capacity (Table 6). However, PVL01, PVL02, and RTv7231
MA exhibited a reduction of 24, 12, and 30 percentage points or
greater in relative height when maintained at 90% or 100% of field

Table 4. Relative heading and relative yield of quizalofop-resistant rice compared with the nontreated control for the planting date experiments.a,b

Factor Year Planting Cultivar Rate Relative headingc Relative yieldd

g ai ha−1 days %
Year × Planting × Cultivar × Rate 2020 Early PVL01 120 2 103 a-d

PVL01 240 1 113 abc
PVL02 120 0 104 a-d
PVL02 240 2 96 a-e
RTv7231 MA 120 0 98 a-e
RTv7231 MA 240 2 87 b-e

Late PVL01 120 0 84 cde
PVL01 240 1 77 de
PVL02 120 0 95 a-e
PVL02 240 1 109 a-d
RTv7231 MA 120 2 89 b-e
RTv7231 MA 240 8 37 f

2021 Early PVL01 120 0 94 a-e
PVL01 240 1 99 a-e
PVL02 120 -1 134 a
PVL02 240 -1 122 abc
RTv7231 MA 120 -1 100 a-e
RTv7231 MA 240 -1 103 a-d

Late PVL01 120 0 112 a-d
PVL01 240 2 91 b-e
PVL02 120 2 124 ab
PVL02 240 3 70 e
RTv7231 MA 120 1 103 a-d
RTv7231 MA 240 7 96 a-e

Planting × Cultivar × Rate Early PVL01 120 1 bcd 99
PVL01 240 1 bcd 106
PVL02 120 −1 d 118
PVL02 240 0 cd 108
RTv7231 MA 120 −1 d 99
RTv7231 MA 240 1 bcd 94

Late PVL01 120 0 cd 97
PVL01 240 1 bcd 84
PVL02 120 1 bcd 109
PVL02 240 2 b 88
RTv7231 MA 120 2 b 96
RTv7231 MA 240 7 a 59

aMeans followed by the same letter within the same column are not different based on Fisher’s protected LSD at α= 0.05.
bExperiments were carried out at the Rice Research and Extension Center, Stuttgart, Arkansas.
cDays delay to 50% heading stage compared with the nontreated control.
dPVL01, PVL02, and RTv7231MA yielded 8,929 kg ha−1, 9,054 kg ha−1, and 11,882 kg ha−1, respectively, in early planting interval in 2020; PVL01, PVL02, and RTv7231MA yielded 4,970 kg ha−1, 5,447
kg ha−1, and 11,068 kg ha−1, respectively, in late planting interval in 2020. PVL01, PVL02, and RTv7231 MA yielded 7,676 kg ha−1, 7,139 kg ha−1, and 7,344 kg ha−1, respectively, in early planting
interval in 2021; PVL01, PVL02, and RTv7231 MA yielded 7,862 kg ha−1, 6,851 kg ha−1, and 7,986 kg ha−1, respectively, in late planting interval in 2021.
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capacity than at 40% or 50% of field capacity, evaluated at 28DAFT
(Table 6).

PVL01, PVL02, and RTv7231 MA exhibited ≥50%, ≥81%, and
≥31% relative biomass, respectively, at the 40% or 50% moisture
level, whereas relative biomass was reduced to ≤19%, ≤44%,
and ≤12%, respectively, when quizalofop-resistant cultivars were
maintained at 90% or 100% soil moisture level (Table 6).
Sequential quizalofop applications caused greater injury and bio-
mass reduction of quizalofop-resistant cultivars under high mois-
ture soils (90% or 100% of field capacity) than low moisture
content soils (40% or 50% of field capacity). Furthermore, a signifi-
cant reduction in relative groundcover and relative height of qui-
zalofop-resistant cultivars was reported after quizalofop
applications when rice was maintained at 90% or 100% of field
capacity than 40% or 50% of field capacity levels. Diclofop efficacy

was similarly reduced on yellow foxtail, wild oat, littleseed canary-
grass (Phalaris minor Retz.), and barnyardgrass in other research
under low soil moisture conditions and could be attributed to an
alteration in metabolism within the plant (Dortenzio and Norris
1980). Similarly, fluazifop, another aryloxyphenoxyprioponate
herbicide, caused greater phytotoxicity on quackgrass when
applied to plants maintained under adequate moisture levels than
moisture-stressed plants; however, no differences in absorption
and translocation were observed in quackgrass at either moisture
level (Kells et al. 1984). Overall, research demonstrated that high
soil moisture contents that persisted around the time of quizalofop
applications exacerbated injury to quizalofop-resistant rice, and
the severity of damage to the crop could be reduced by avoiding
quizalofop applications during wet soil conditions.

Table 5. Injury to quizalofop-resistant cultivars after sequential quizalofop applications at different rating timings averaged over soil moisture levels after the
greenhouse study.a,b,c

Cultivar

Injury

7 DAIT 5-Leaf stage 7 DAFT 14 DAFT 21 DAFT 28 DAFT

———————————————————————————%———————————————————————————

PVL01 12 jk 13 jk 40 e 42 de 34 f 29 g
PVL02 6 l 11 k 23 h 23 h 18 i 14 j
RTv7231 MA 12 jk 13 jk 49 bc 54 a 51 ab 46 cd

aAbbreviations: DAIT, days after initial treatment at the 2-leaf stage; DAFT, days after final treatment at the 5-leaf stage.
bMeans followed by the same letter are not different based on Fisher’s protected LSD test at α= 0.05.
cExperiments were carried out at the Milo J. Shult Agricultural Research and Extension Center, Fayetteville, Arkansas, in fall 2021.

Table 6. Rice injury, relative groundcover, relative height, and relative biomass of quizalofop-resistant cultivars at differing moisture levels following sequential
quizalofop applications from the greenhouse experiments.a,b,c

Cultivar Soil moisture Injuryd RGC 5-leaf stage RGC 28 DAFT RH 5-leaf stage RH 28 DAFT Relative biomass

—————————————————————————————%—————————————————————————————

PVL01
40 10 ij 83 b-g 72 abc 89 bcd 97 abc 50 bcd
50 6 jk 108 a 90 ab 99 ab 100 ab 73 abc
60 23 fg 91 a-d 65 bcd 78 efg 96 a-d 34 def
70 36 cde 58 h 45 def 72 f-i 87 a-e 16 hij
80 38 cde 67 d-h 53 cde 76 e-h 81 c-f 26 e-h
90 42 bc 62 fgh 44 def 69 h-k 73 f 19 ghi
100 54 ab 58 h 30 fg 63 jk 55 g 9 k

PVL02
40 5 k 96 abc 89 ab 98 ab 99 ab 81 ab
50 4 k 102 ab 97 a 102 a 101 a 89 a
60 17 gh 63 e-h 67 abc 70 g-j 96 abc 41 de
70 18 gh 83 b-g 72 abc 84 cde 99 ab 42 cde
80 22 fg 73 c-h 74 abc 76 e-h 91 a-e 50 bcd
90 30 def 81 b-h 62 bcd 74 f-i 83 b-f 34 def
100 30 ef 87 b-f 69 abc 68 h-k 87 a-f 44 cde

RTv7231 MA
40 12 hi 89 a-e 63 bcd 94 abc 96 a-d 43 cde
50 22 fg 68 c-h 51 cde 82 def 89 a-e 31 d-g
60 30 def 71 c-h 39 efg 79 d-g 80 def 23 fgh
70 37 cde 62 gh 58 cd 67 ijk 87 a-f 23 fgh
80 41 cd 60 gh 38 efg 72 ghi 78 ef 17 hi
90 54 ab 66 d-h 26 g 69 h-k 59 g 12 ijk
100 57 a 64 e-h 17 h 62 k 52 g 9 jk

aAbbreviations: DAIT, days after initial treatment at the 2-leaf stage; DAFT, days after final treatment at the 5-leaf stage; RGC, relative groundcover compared with the nontreated control; RH,
relative height compared with the nontreated control.
bExperiments were carried out at the Milo J. Shult Agricultural Research and Extension Center, Fayetteville, Arkansas, in fall 2021.
cMeans followed by same letter within a column are not different based on Fisher’s protected LSD test at α= 0.05.
dInjury to quizalofop-resistant cultivars averaged over rating timings (7 DAIT, 5-leaf stage, 7 DAFT, 14 DAFT, 21 DAFT, and 28 DAFT).
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Air Temperature and Light Intensity Experiment

Rice injury from quizalofop applications was affected by air tem-
perature and light intensity (Supplementary Table S3).When aver-
aged over light intensity levels, the greater injury was observed on
PVL01 (ranging from 20% to 33%) and RTv7231 MA (ranging
from 37% to 62%) under low temperature when compared to cul-
tivars maintained under high temperature. PVL01 and RTv7231
MA rice exhibited injury ranging from 3% to 13% and 16% to
38%, respectively, when assessed after 5-leaf-stage quizalofop
application to 28 DAFT (Table 7). Pooled over light intensity,
PVL02 exhibited greater injury under low temperature (ranging
from 6% to 9% injury) than under high temperature (2% to 4%
injury), and it persisted until 7 DAFT. However, PVL02 recovered
from transient injury, and no differences in visual injury were
observed at either temperature level after 7 DAFT (Table 7). Xie
and others (1996) documented that fenoxaprop phytotoxicity to
wild oat was reduced under high temperatures than under low
temperatures. No differences in fenoxaprop absorption and trans-
location were observed; however, lower phytotoxicity to wild oat
might be caused by enhanced metabolic degradation within plants
at a high temperature (Xie et al. 1996). The greatest injury to qui-
zalofop-resistant cultivars from quizalofop was observed at 7 and
14 DAFT at either temperature, regardless of light intensity levels
(Table 7).

Likewise, no differences in terms of visual injury were observed
between quizalofop-resistant rice grown under differential light
intensity conditions before 7 DAFT, and the greatest injury to rice
was reported at 7 and 14 DAFT, averaged over quizalofop-resistant

cultivars and air temperatures (Table 8). When pooled over quiza-
lofop-resistant cultivars and air temperature levels, greater injury
to rice ranging from 18% to 31% was observed under low light
intensity compared to high light intensity (5% to 14% injury),
and greater injury persisted from 7 DAFT to 28 DAFT
(Table 8). Previous research also reported that high light intensity
maintained for 4 wk after fluazifop application caused lower phyto-
toxicity to couch grass (Elymus repens L.) than low light intensity,
which could be attributed to enhanced metabolism under brighter
conditions (Coupland 1986).

When averaged over temperature levels, the relative ground-
cover of PVL01 (77%) and RTv7231 MA (38%) was reduced under
low light compared to high light, under which PVL01 and RTv7231
MA exhibited 99% and 82% relative groundcover, respectively, at
28 DAFT (Table 9). Furthermore, RTv7231 MA exhibited a reduc-
tion of 37 percentage points in relative groundcover under low
temperature compared to high temperature, averaged over light
intensity levels, when assessed at 28 DAFT (Table 9). The relative
height of RTv7231 MA was reduced to 15 percentage points under
low light compared to high light conditions when evaluated at the
5-leaf stage and pooled over temperature levels (Table 9). Similarly,
the relative height of RTv7231 MA was reduced to 55 percentage
points under low light and low temperature combinations com-
pared to the high light and low temperature conditions at 28
DAFT. No differences were observed in relative height at either
light intensity level under high temperature conditions (Table 9).

No differences in relative biomass of quizalofop-resistant culti-
vars were observed at either light intensity level when maintained
under high temperature conditions (Table 9). However, PVL01

Table 7. Injury to quizalofop-resistant rice cultivars at different rating timings and temperature levels after sequential quizalofop applications pooled over light
intensity levels.a–d

Temperature Cultivar

Injury

7 DAIT 5-Leaf stage 7 DAFT 14 DAFT 21 DAFT 28 DAFT

————————————————————%——————————————————————————

20 C PVL01 13 ghi 24 def 33 c 32 cd 26 cde 20 efg
PVL02 6 j-m 7 jkl 9 hij 8 ijk 6 j-m 4 lmn
RTv7231 MA 17 efg 37 bc 58 a 62 a 50 b 44 b

30 C PVL01 4 k-n 7 jkl 13 ghi 13 ghi 5 j-m 3 mn
PVL02 2 n 3 mn 4 k-n 6 j-m 3 lmn 3 mn
RTv7231 MA 15 fgh 21 d-g 37 bc 38 bc 21 d-g 16 efg

aAbbreviations: DAIT, days after initial treatment at the 2-leaf stage; DAFT, days after final treatment at the 5-leaf stage.
bMeans followed by same letter are not different based on Fisher’s protected LSD test at α= 0.05.
cExperiments were conducted at the Crop Science Research Center, Fayetteville, Arkansas.
dLight intensity levels were 600 and 1,150 μmol m−2 s−1.

Table 8. Rice injury at different rating timings and light intensity levels after sequential quizalofop applications, averaged over air temperature levels for quizalofop-
resistant cultivars PVL01, PVL02, and RTv7231 MA.a–e

Light intensity

Injury

7 DAIT 5-Leaf stage 7 DAFT 14 DAFT 21 DAFT 28 DAFT

——————————————————————————%———————————————————————————

Low 9 def 15 bc 29 a 31 a 21 b 18 bc
High 6 fg 10 cde 14 bcd 14 bcd 7 ef 5 g

aAbbreviations: DAIT, days after initial treatment at the 2-leaf stage; DAFT, days after final treatment at the 5-leaf stage.
bMeans followed by the same letter are not different based on Fisher’s protected LSD test at α= 0.05.
cLight intensity levels were 600 and 1,150 μmol m−2 s−1.
dAir temperatures were 20/15 C and 30/25 C day/night, respectively.
eExperiments were conducted at the Crop Science Research Center, Fayetteville, Arkansas.
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and RTv7231 MA exhibited a reduction of 42 and 40 percentage
points in relative biomass under low light intensity compared to
high light intensity, when maintained under low temperature con-
ditions (Table 9). Likewise, no differences in relative biomass of
quizalofop-resistant cultivars were observed between low and high
temperatures when maintained under high light intensity
(Table 9). The risk of injury to quizalofop-resistant rice from qui-
zalofop applications escalated if low air temperature and low solar
radiation persisted at the timing of herbicide applications; how-
ever, rice recovered from transient injury if cold and cloudy con-
ditions did not prevail simultaneously. At low light intensity, the
relative biomass of PVL01 and RTv7231 MA reduced from 84%
to 26% and 34% to 4%, respectively, from high- to low-temperature
conditions (Table 9). Quizalofop metabolism in quizalofop-resist-
ant wheat (CoAXium™wheat) was reduced under low temperature
compared to high temperature; however, quizalofop absorption
and de-esterification of quizalofop pro-herbicide to quizalofop-
p-acid was not reduced under low temperature (Bough et al.
2022) Overall, lower temperature and prolonged cloudy conditions
increased the severity of damage to quizalofop-resistant cultivars
from postemergence quizalofop applications. Clethodim efficacy

on barley or oat was increased when applied in the dark or evening
hours due to the absence of ultraviolet light compared to full sun-
light, attributed to the susceptibility of cyclohexanedione herbi-
cides to photodegradation by ultraviolet light during daytime
(McMullan 1996).

Response of quizalofop-resistant cultivars to quizalofop was
observed to be affected by several environmental factors, including
soil moisture content, light intensity, and air temperature.
Quizalofop applications need to be avoided under cold and cloudy
conditions. Furthermore, quizalofop applications onto rice under
saturated soil conditions will exacerbate the severity of damage to
quizalofop-resistant cultivars more than if dry conditions existed
surrounding the application timings. Quizalofop-resistant rice
recovered from transient injury caused by quizalofop applications
under differential planting environments, because a ≤16% reduc-
tion in relative yield occurred after quizalofop was applied at the
labeled rate. PVL03, a new Provisia cultivar, will be commercially
available to rice producers in the growing season of 2022 with an
increased yield and milling advantage along with blast
[Magnaporthe grisea (TT Hebert) Barr.] and Cercospora resistance
over the previously available Provisia cultivars (McClure 2021).

Table 9. Quizalofop-resistant rice cultivars relative groundcover, relative height, and relative biomass compared with the nontreated control following sequential
quizalofop applications under different temperature and light regimes.a–e

Factor Temperature Light Cultivar
RGC 5-leaf

stage
RGC 28
DAFT

RH 5-leaf
stage

RH 28
DAFT

Relative
biomass

———————————————%—————————————————

Temperature × Light ×
Cultivar

20 C Low PVL01 46 64 71 78 ab 26 d

PVL02 91 87 91 95 ab 76 ab
RTv7231
MA

34 23 56 43 c 4 e

High PVL01 68 95 91 99 ab 68 abc
PVL02 92 92 97 102 a 91 a
RTv7231
MA

74 72 70 98 ab 44 bcd

30 C Low PVL01 82 93 85 98 ab 84 ab
PVL02 102 98 104 99 ab 95 a
RTv7231
MA

56 63 64 69 b 34 cd

High PVL01 88 103 92 96 ab 88 ab
PVL02 81 97 95 101 ab 95 a
RTv7231
MA

83 94 79 98 ab 76 abc

Light × Cultivar Low PVL01 62 c 77 b 78 bc 87 47
PVL02 115 a 92 ab 97 a 97 85
RTv7231
MA

44 d 38 c 59 d 54 12

High PVL01 77 bc 99 a 92 ab 97 78
PVL02 86 b 95 ab 96 a 101 93
RTv7231
MA

78 bc 82 ab 74 c 98 58

Temperature × Cultivar 20 C PVL01 56 78 ab 80 88 42
PVL02 91 89 ab 94 98 83
RTv7231
MA

50 40 c 62 64 13

30 C PVL01 85 98 a 88 97 86
PVL02 118 97 a 99 100 95
RTv7231
MA

68 77 b 71 82 52

aAbbreviations: DAFT, days after final treatment at the 5-leaf stage; RGC, relative groundcover compared with the nontreated control; RH, relative height compared with the nontreated control.
bMeans within the same column followed by the same letter are not different based on Fisher’s protected LSD at α= 0.05.
cLight intensity levels were 600 and 1,150 μmol m−2 s−1.
dAir temperatures were 20/15 C and 30/25 C day/night, respectively.
eExperiments were conducted at the Crop Science Research Center, Fayetteville, Arkansas.
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Producers need to consider environmental conditions for alleviat-
ing the risk of injury to quizalofop-resistant cultivars from quiza-
lofop applications.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/wet.2022.95
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