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Echinochloa spp response to
preemergence and
postemergence herbicides in
California rice (Oryza sativa L.)
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Plant Science Department, University of California Davis, Davis, CA, United States, 2University of
California Cooperative Extension Sutter-Yuba, Yuba City, CA, United States

Historically, herbicides were used for Echinochloa spp control in California rice
production which led to the selection of herbicide-resistant biotypes. Field
surveys were conducted across the seven major rice-growing counties in
2020 and Echinochloa spp samples including barnyardgrass (Echinochloa
crus-galli (L.) P.Beauv.), junglerice (Echinochloa colona (L.) Link), late
watergrass (Echinochloa oryzicola (Vasinger) Vasinger) and coast cockspur
(Echinochloa walteri (Pursh) Heller) were collected. Greenhouse experiments
were carried out to determine their suspected resistance to common
preemergence and postemergence rice herbicides used in California in Fall
and Winter of 2021. A total of 62 and 63 samples were characterized for
suspected resistance to four preemergence granular and three postemergence
foliar-applied herbicides, respectively. When granular herbicides were evaluated,
samples suspected of resistance in Winter were a subset of samples that were
suspected of resistance in Fall. Results indicate >90% of Echinochloa spp samples
were resistant to thiobencarb, benzobicyclon + halosulfuron and penoxsulam
when combined across species and counties. Cross-resistance between
benzobicyclon + halosulfuron and penoxsulam was observed in >90% of the
samples when combined across species and counties. Suspected clomazone
resistance was observed in <75% of the samples when combined across species
and counties. Suspected resistance to cyhalofop and propanil was observed in
<50% of the samples when averaged across both runs. Multiple-resistance to
foliar herbicides ranged from 48-60% of the samples across species and
experimental runs. These results indicate the necessity for rotating herbicides
during alternate cropping seasons and emphasizing integrating non-chemical
strategies for Echinochloa spp control in California rice production.
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1 Introduction

Rice is one of the top ten economically valuable agricultural
commodities in California with more than 50% of production
exported to South-East Asian countries and valued at US$1.17 billion
in 2021 (California Department of Food and Agriculture, 2021). Rice
was planted on 407,000 acres in California (Economics, Statistics and
Market Information System, 2022a) with approximately 95% of total
rice acres planted in northern Central Valley region in 2021 (National
Agricultural Statistics Service, 2023). Though California accounted for
only 16% of total US rice acreage in 2022, it ranks highest in
productivity in the country with more than 9.8 metric tons ha™
(Economics, Statistics and Market Information System, 2022b).
Effective weed management is critical for consistent and successful
rice production. Weed species in California rice production systems are
diverse, consisting of grasses, broadleaf weeds, and sedges that can
survive in aerobic or anaerobic conditions or both (Heap, 2023).
Grasses are harder to manage because of the narrow selectivity
between weeds and the crop and cause the most yield losses out of
grasses, sedges, and broadleaves in rice (Brim-DeForest et al., 2017).

Echinochloa spp like Echinochloa crus-galli (L.) P. Beauv.
(barnyardgrass), Echinochloa colona (L.) Link (junglerice),
Echinochloa oryzoides (Ard.) Fritsch (early watergrass) and
Echinochloa oryzicola (Vasinger) Vasinger (late watergrass) are
reported as the most common and troublesome weeds in
transplanted and direct-seeded rice systems in California (Van
Wychen, 2019). Echinochloa spp are also found worldwide in
most rice-growing regions of the world and are considered one of
the most difficult weed complexes to control (Krachmer et al, 2016).
In California rice systems, pregerminated rice seed is direct-seeded
onto the flooded field by airplane, and a flooding depth of 10 to
15 cm is maintained throughout the growing season (Kanapeckas
et al, 2018). Continuous flooding provides partial control of
watergrass species which requires a follow-up with water-applied
and foliar herbicides for season-long control (Fischer et al., 2000a).
Clomazone is a water-applied herbicide that has good activity on
grasses and is widely used right after direct seeding. Cyhalofop,
bispyribac-sodium, and propanil are the only registered foliar
herbicides that have grass activity. Thiobencarb, penoxsulam,
benzobicyclon + halosulfuron are also used as part of the
herbicide programs which have both grass and sedge activity
(UC-ANR, 2023). However, repeated use of herbicides in
monoculture and continuous flood irrigation imposed heavy
selection pressure on weed species in California rice systems
(Brim-DeForest et al., 2017; Driver et al., 2020). Watergrass
species resistant to the majority of water-applied and foliar
applied herbicides were reported previously in California
threatening rice production (Fischer et al., 2000b; Yasuor et al,
2008; Yasuor et al., 2009). However, limited information is available
about the current status of herbicide resistance and its distribution
in different Echinochloa spp in California rice production. Recent
reports of uncontrolled grasses, as well as possible new species
precipitated renewed research on this genus. Therefore, a field level
survey was conducted across the rice growing counties to confirm
and characterize the resistance in Echinochloa spp to commonly
used herbicides in California rice production.

Frontiers in Agronomy

10.3389/fagro.2024.1349008

2 Materials and methods

Field surveys were conducted during August and September of
2020 and seed samples of different Echinochloa spp were collected
with the goal of understanding their sensitivity/suspected resistance
to major herbicides used in California rice production. Samples
were collected by researchers, to ensure that samples were unmixed.
A total of 64 samples consisting of barnyardgrass, junglerice, late
watergrass, and coast cockspur (Echinochloa walteri (Pursh) Heller)
were collected across seven rice counties in Northern Sacramento
Valley, California (Table 1 and Figure 1). Samples were not
randomly collected from across the valley, but were collected
from fields that had plants that had produced seed at the end of
the growing season, where herbicides had been applied. Samples
were collected from individual fields by random sampling across
each field, with each sample representing a single species with
multiple individual plants (a population). The species were keyed
using the Flora of North America North of Mexico (Flora of North
America Editorial Committee, 1993).

Two independent greenhouse experiments were conducted in
the fall (August) and winter (December) of 2021 to evaluate the
efficacy of various granular (into the water-applied) and foliar-
applied herbicides commonly used in California rice (Table 2). A
population of late watergrass (E. oryzicola) collected from organic
rice fields was added to the experiments as a control. No known
susceptible controls were available for barnyardgrass, coast
cockspur, or junglerice. Greenhouse experiments were conducted
at the California Rice Experiment Station (CRES) greenhouse in
Biggs, California (39.464784 N, -121.741464 W).

The greenhouse was maintained at 33/17 + 5C day/night
temperature and 33%/84% + 10% day/night relative humidity and
ambient light and day length. The experiment was set up as a
randomized complete block design with each herbicide treatment
replicated three times per sample, with two different replications in
time (fall and winter), with at least 15 plants per sample per
replication in time. Dormancy of the seed samples was broken by
wet-chilling in the fridge for approximately two weeks before
planting. Later, seeds were pre-germinated in plastic containers in
an incubator maintained at 30 C for at least two days. Light was
turned on for 18-hour periods. At least five seedlings (with radicle
emerged) per sample were transferred into pots containing Esquon
clay soil with 20% sand, 33% silt, 47% clay, and 2.3% organic matter
content (collected from a rice field at the California Rice
Experiment Station in Biggs, CA).

Pots (6.3 cm®) were placed in benches (29 cm deep) and
irrigation water was allowed to sub up from below the pots to
saturation before planting, and then was increased at flooding to a
depth of 10 cm above the soil surface. Preemergence water-applied
herbicide applications were made on the day of seeding, onto the
surface of bins that were flooded to 10 cm above the soil surface of
the pots where the pre-germinated seeds were planted. Foliar
applied herbicides were applied with the label-recommended
surfactants to the foliage when the seedlings were 1.5-2 leaf stage.
All postemergence foliar herbicide applications were made using a
cabinet track sprayer with an 8001-EVS nozzle delivering 375 liters
of spray solution per hectare at a pressure of approximately 138 kPa.
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TABLE 1 Echinochloa spp. samples collected from different rice counties of Northern California in 2020.

10.3389/fagro.2024.1349008

County Barnyardgrass Junglerice Late watergrass Coast cockspur
Butte 3 1 1 3
Colusa 3 0 0 3
Glenn 2 0 2 1
Placer 5 0 0 4
Sutter 12 0 4 7
Yolo 2 0 0 1
Yuba 4 1 3 2
Total 31 2 10 21

After foliar herbicide applications, a flood was applied at 10 cm
above the soil surface at 48 hours. All water-applied and foliar
herbicides were applied at standard field rates used in California
rice (Table 2).

3 Data collection and analysis

Treatment effects were evaluated at 21 days after herbicide
treatment (DAT). Number of living plants per pot was counted, and
fresh biomass per pot was recorded by cutting plants at the soil
surface. Dry biomass was measured after drying the fresh-weight
samples down to a constant weight. Percent control was calculated
as the difference between the number of living plants in the pots
before and at 21 days after herbicide application as a percentage.
Dry biomass control was calculated as the difference between dry
weight in herbicide-applied pots compared to untreated control
pots as a percentage. Samples were classified as ‘suspected resistant’
to an herbicide if the average percent dry biomass control was less
than that of the susceptible control.

4 Results and discussion

4.1 Echinochloa field sampling and
species composition

A total of 64 Echinochloa samples were randomly collected from
Butte (8), Colusa (6), Glenn (5), Sutter (23), Placer (9), Yuba (10),
and Yolo (3) counties. Based on the phenotypic characteristics, a
total of 31 of the total 64 samples were classified as barnyardgrass,
21 were classified as coast cockspur and 10 were classified as late
watergrass. Only 2 samples collected from Butte and Yuba counties
were classified as junglerice (Table 1). Approximately, 70% of the
barnyardgrass, late watergrass samples, and >60% of coast cockspur
samples were collected from just Placer, Sutter, and Yuba counties
(Table 1). Historically, early watergrass, late watergrass, and
barnyardgrass are the primary grass weed species found in
California rice systems (Fischer et al., 2000a; Brim-DeForest et al.,
2017). Sample size for junglerice in this study was small and similar
observations were recorded in a rice weed survey conducted in
California in 2019 (Brim-DeForest, 2020). Coast cockspur
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FIGURE 1

Collection sites of different Echinochloa samples used in the experiment. Field surveys were conducted in all rice-growing counties highlighted in

the picture (left) and different species collected (right).
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TABLE 2 Herbicides and rates used for the 2021 watergrass screening.

Trade name Application type Active ingredient ®HRAC groups (gRr:t:'il.";qu) PAdjuvants used
Cerano® Granular Clomazone 13 673 -

Bolero® Granular Thiobencarb 15 3918 -

Butte® Granular Benzobicyclon + Halosulfuron 27,2 306 -

Granite GR® Granular Penoxsulam 2 40 -

Clincher® Foliar Cyhalofop 1 263 Ccoc
Regiment® Foliar Bispyribac-sodium 2 32 MSO+UAN
SuperWham® Foliar Propanil 5 6726 CcoC

“HRAG, herbicide resistance action committee; group 1, Acetyl-CoA Carboxylase; group 2, Acetolactate Synthase; group 5, Photosystem II; group 13, 1-deoxy-d-xyulose 5-phosphate synthase;
group 15, Very Long Chain Fatty Acid; group 27, 4-HydroxyPhenylPyruvate Dioxygenase.

COC, Crop Oil Concentrate; MSO, Methylated Seed Oil; UAN, Urea Ammonium Nitrate.

Rates are standard field rates for California rice growers with susceptible Echinochloa spp. biotypes.

"-" = None.

accounted for approximately 34% of total samples across the seven ~ 4.2.1 Granular formulated herbicides
counties. Coast cockspur has a history of high presence in the High proportions of barnyardgrass, late watergrass and coast
southern US rice belt but this is perhaps the first time it has been cockspur samples (93-100%) were suspected resistant to
reported in California rice-producing regions (Brim-DeForest,  thiobencarb, benzobicyclon + halosulfuron and penoxsulam in
2018). Therefore, it is important to constantly monitor for new  fall (Table 3). Compared to other herbicides, Echinochloa spp
species because some of these species may be tolerant to many of  response to clomazone varied drastically between the two runs
our rice herbicides. Accurate identification and continuous  with 70-80% barnyardgrass, late watergrass and coast cockspur
monitoring of weeds’ response to various herbicides at the county  samples suspected resistant in fall while only 20% or less were
level is necessary for developing best management practices for  suspected resistant in winter (Table 3). Though data were presented
sustainable rice production in this region. separately by individual runs, we observed that the samples
suspected of resistance in winter were a subset of same samples
that were suspected resistant in fall for all species. High temperature
tends to reduce herbicide efficacy in Echinochloa spp. and higher
4.2 Herbicide resistance screening degree days during fall compared to winter may have contributed to
coming out of herbicide injury and putting up higher biomass,
A total of 62 samples were tested for suspected resistance to  consequently leading to higher proportion of suspected resistant
granular herbicides clomazone, thiobencarb, premix of samples (Nguyen et al, 2016; Refatti et al., 2019). None of the
benzobicyclon + halosulfuron and penoxsulam, and 63 samples junglerice populations were suspected resistant to clomazone and
were tested for suspected resistance to foliar herbicides cyhalofop,  thiobencarb in fall while only 50% of them were suspected resistant
bispyribac-sodium, and propanil. A significant difference was  in winter (Table 3). In fall, more than 90% of the samples in all the
observed in Echinochloa spp response to granular and foliar  counties were suspected resistant to thiobencarb, benzobicyclon +
herbicides between the two independent runs. Therefore, data was  halosulfuron and penoxsulam whereas only 73% of the samples
presented separately by individual run. were suspected resistant to clomazone (Table 4) indicating

TABLE 3 Proportion of Echinochloa spp. samples suspected resistant to granular formulated herbicides across rice growing counties in California in
comparison to a susceptible late watergrass (Echinochloa oryzicola) population.

Granular herbicides Foliar herbicides
Weed Species Winter Fall Winter
MR Cl Th BH Px Bis Pr MR Cy Bis Pr
Barnyardgrass 70 | 100 93 97 100 7 73 60 77 80 33 87 17 37 77 63 27 57
Junglerice 0 0 50 100 50 50 50 50 50 50 0 50 | 50 0 0 5 50 50
Late watergrass 80 | 100 100 100 = 100 20 | 100 | 90 90 90 80 9 | 80 80 100 60 30 70
Coast cockspur 80 | 100 95 | 100 & 100 = 20 = 95 65 90 95 62 9 | 29 57 71 71 24 67

Cl, clomazone; Th, thiobencarb; BH, benzobicyclon + halosulfuron; P, Penoxsulam; Cy, cyhalofop; Bis, bispyribac-sodium; Pr, propanil; MR, multiple-resistance.
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ol nlolalalal ol o clomazone can be an effective option for Echinochloa spp control in
B i A A U rice. Thiobencarb and ALS resistance was reported in Echinochloa
® 2. 8 I 5 n o= spp in California rice as early as 1998 due to their long use history in
irrigated rice systems (Osuna et al., 2002). Barnyardgrass samples
I N A showed greater susceptibility to all the herbicides during winter
4 compared to late watergrass and coast cockspur (Table 3). For
E 8 B8 = 8 2 2 7 Echinochloa spp samples evaluated in fall, more than 90% of the
g samples were suspected resistant to multiple MOAs and cross-
e 2 8 £ 2 8 8 8 B resistance between the ALS-inhibiting herbicide formulations
¢ % benzobicyclon + halosulfuron and penoxsulam (Table 4). These
'% = 2 % © g8 8 8 2 results indicate the widespread prevalence of cross-resistance
H between ALS-inhibiting herbicides and multiple resistance to
§ 8/ 8|8 8|8 s/ 8 g other granular herbicides across the major rice-growing counties
g g in California and agree with Becerra-Alvarez et al., 2023.
g 2 5 8 I 2 % g 2 2 None of the Echinochloa samples were resistant to clomazone or
% —z” thiobencarb or benzobicyclon + halosulfuron alone when
5 - combinedly evaluated for multiple resistance in fall (Figure 2A).
g :"}' g A suspected two-way and three-way resistance between
% 5 w o % o Q| o 23 % thiobencarb, penoxsulam and benzobicyclon + halosulfuron was
: 2 < observed in up to 18% of the samples and more than 70% of all
g § é Echinochloa spp samples (45) were suspected resistant to all four
S = granular herbicides evaluated in this study (Figure 2A). Similar
'g 2 3 2 8 g v 8 g z results were observed by Becerra-Alvarez et al., 2023 who
£ 2 observed >50% of barnyardgrass and late watergrass samples
g 28 8 8/ 8/ 8 8 = i resistant to at least 3 MOAs, mostly thiobencarb, penoxsulam and
8 I A i s e e g benzobicyclon + halosulfuron. More than 85% of individual
Eg m g 2 23 2 5 2 9 % barnyardgrass, late watergrass, and coast cockspur samples were
2 E suspected multiple resistant to at least 3 herbicide MOAs evaluated
% 2 2 2 2 g 5 8 % g in this study in fall (Table 5). Even though Echinocfhloa samples
b - T - & were more susceptible in winter, the majority of them were
§ @ w o lw 8l alnlgla é suspected of multiple 2 or more MOAs (Table 5). Clomazone,
E % S R Ml Il il Ml M z thiobencarb, penoxsulam, and benzobicyclon + halosulfuron four-
& % clololololwlol o 'é way suspected resistance was observed in 66% of barnyardgrass
39_, E il i el Rall el Il Bl e Z samples (Figure 2B), 80% of late watergrass and coast cockspur
é S ol ololale!lelolw & samples (Figures 2C, D). Resistance to clomazone, cyhalofop,
8 2 D I M Ml it T % bispyribac-sodium, penoxsulam was also previously reported in
g g 2 228 2 g2/8 8| % Z; Echinochloa spp in California (Osuna et al., .200.2; Tsuji et‘al.,.2003;
2 - - & Yasuor et al., 2009). These results are an indicator of significant
é wlalgslalalelsle g threat to controlling Echinochloa spp using the common granular
< ClEA TR g herbicide and the need to use alternate cultural practices, herbicide
g wlalalalalalale QE rotation, or fallow or rotate out of rice into another crop if possible.
g TIE|R S| 55| = Care should be taken not to create greater selection pressure for
§ - . ol é herbicide resistance.
g Nl Tl -
£ I
& RIB|R|B||B RI® s 4.2.2 Foliar herbicides
2 5 -g Less than 30% of barnyardgrass and coast cockspur samples
2 % _§ were suspected resistant to propanil in both experimental runs
§- *3 wlwlaolalalalala E (Table 3). None of the junglerice samples were suspected resistant to
;:’:- %_ o B i cyhalofop in both experimental runs (Table 3). While more than
3 % _".g 80% of late watergrass samples were suspected resistant to
:c?‘ 2 f bispyribac-sodium and propanil in fall, only 60% and, 30% were
é o E suspected resistant in winter to those respective herbicides
- e . 8 (Table 3). Barnyardgrass sensitivity to cyhalofop decreased in
o 3 g 2 E g % e 2 3 g winter (Table 3), contrary to results by Refatti et al, 2019.
= = il I NN Nl Bl Bl Bal - Suspected resistance to multiple MOAs was observed in 70-80%
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Penoxsulam

FIGURE 2

Venn diagrams showing Echinochloa samples [all samples combined (A) barnyardgrass (B) late watergrass (C) coast cockspur (D)] suspected resistant
to thiobencarb, benzobicyclon + halosulfuron, clomazone and penoxsulam tested in this study tested in Fall 2021 at Biggs, CA. Each oval represents
one herbicide and overlapping ovals indicate that the accessions within a given group are multiple resistant to the respective herbicides.

late watergrass samples, 55-70% coast cockspur samples, 30-60%
barnyardgrass samples and 0-50% in junglerice samples (Table 3).
Suspected multiple resistance was observed in >50% of the samples
in all the counties across the two experiments (Table 4). More than
45% of barnyardgrass samples, 70% of late watergrass samples and
50% of coast cockspur samples were suspected resistant to at least 2
MOASs across two runs (Table 5).

In fall, 68% of the barnyardgrass samples were suspected
resistant to cyhalofop, bispyribac and propanil and 19% of the
samples were suspected resistant to bispyribac and propanil
(Figure 3A). In Winter, only 23% of the samples were suspected
resistant to cyhalofop, bispyribac and propanil while 39% of the
samples were suspected resistant to cyhalofop and bispyribac and

19% of the samples were suspected resistant to cyhalofop alone
(Figure 3D). In fall, 88% of the late watergrass samples were
suspected resistant to cyhalofop, bispyribac and propanil
(Figure 3B). In winter, only 20% of the samples were suspected
resistant to cyhalofop, bispyribac and propanil while 40% of the
samples were suspected resistant to cyhalofop and bispyribac and
30% of the samples were suspected resistant to cyhalofop alone
(Figure 3E). In fall, 25% of the coast cockspur samples were
suspected resistant to cyhalofop, bispyribac and propanil while
40% of the samples were resistant to cyhalofop and bispyribac
and 20% of the samples were resistant to bispyribac alone
(Figure 3C). In winter, only 17% of the samples were suspected
resistant to cyhalofop, bispyribac and propanil while 50% of the

TABLE 5 Proportion of samples showing different suspected resistance profile categories collected from California rice fields in 2020.

Granular herbicides

Foliar herbicides

No of MOAs Winter Winter
JR LW CC BG JR LW JR LW CC BG JR LW CC
%

0 0 0 0 0 17 50 0 5 10 50 10 5 13 0 0 14
1 0 50 0 0 10 0 10 5 47 0 10 38 29 100 30 19
2 13 50 0 5 17 0 0 25 37 50 0 33 39 0 50 52
3 17 0 60 15 50 0 70 55 7 0 80 24 19 0 20 15
4 70 0 40 80 6 50 20 10 NA

BG, barnyardgrass; JR, junglerice; LW, late watergrass; CC, coast cockspur; NA, Not Applicable.
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A Cyhalofop Bispyribac

Propanil

D Cyhalofop

Bispyribac

Propanil

B Cyhalofop Bispyribac
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E Cyhalofop

Bispyribac
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c Cyhalofop Bispyribac

Propanil

F Cyhalofop

Bispyribac

&

Propanil

FIGURE 3

Venn diagrams showing barnyardgrass, late watergrass and coast cockspur samples suspected resistant to cyhalofop, bispyribac-sodium and
propanil tested in Fall [[A—C) respectively] and Winter [(D—F) respectively] of 2021 at Biggs, CA. Each oval represents one herbicide and overlapping
ovals indicate that the accessions within a given group are multiple resistant to the respective herbicides.

samples were suspected resistant to cyhalofop and bispyribac and
17% of the samples were suspected resistant to cyhalofop alone
(Figure 3F). These results indicate a drastic reduction in propanil
resistance from fall to winter in barnyardgrass, late watergrass and
coast cockspur samples. Unlike southern US states where propanil
resistance is widespread in rice (Rouse et al, 2018), propanil
resistance was first reported in small flower umbrella sedge in
2013 (Pedroso et al., 2013). Results from this study indicate
propanil can still be an effective option for Echinochloa spp
control in California rice. Increased evidence for suspected
cyhalofop resistance could be attributed to the long history of its
use in California rice along with other ALS-inhibiting herbicides.

Herbicide metabolism, a non-target site resistance, has been the
primary mechanism in Echinochloa spp for bispyribac sodium
(Fischer et al., 2000b) propanil (Hoagland et al., 2004) and
clomazone (Yasuor et al, 2008). However, previous studies
indicate multiple resistance could evolve by both target-site or
non-target site or a combination of both in Echinochloa spp (Liu
et al.,, 2019; Rouse et al., 2019).

Frontiers in Agronomy

Understanding the distribution of herbicide resistance
provides valuable insights into designing effective control
measures. In this study, we attempted to characterize the
resistance patterns in major Echinochloa spp that are commonly
observed across different rice-growing counties in California.
Samples were characterized for suspected resistance to up to six
widely used herbicide MOAs in California rice and presented at
the county level. Multiple resistance is mostly evolved up to two
and three MOAs in most of the counties, and samples from all
counties were suspected of multiple resistance (granular
herbicides). Therefore, using different herbicide MOAs during
alternate growing seasons and integrating chemical and non-
chemical strategies could slow down the evolution of resistance
before it becomes widespread in those counties. For future
research extensive sampling could provide a finer understanding
of the distribution of herbicide resistance across these counties
and look at the genetic or physiological mechanisms underlying
mechanisms that would allow Echinochloa spp. to adapt to diverse
herbicide applications.
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