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Abstract: The weed Phalaris brachystachys Link. severely affects winter cereal production. Acetyle-CoA
Carboxylase (ACCase)-inhibiting herbicides are commonly used to control this weed in wheat fields.
Thirty-six populations with suspected resistance to ACCase-inhibiting herbicides were collected
from wheat fields in the Golestan Province in Iran. A rapid test performed in Petri dishes and
whole-plant dose-response experiments were conducted to confirm and investigate the resistance
level of P. brachystachys to ACCase-inhibiting herbicides. The seed bioassay results showed that
0.02mgai L™! clodinafop-propargyl (CP) and 1.36 mg ai L™! of the diclofop-methyl (DM) solution were
the optimal amounts for reliably screening resistant and susceptible P. brachystachys populations. In the
whole plant bioassay, all populations were found to be resistant to CP, resistance ratios ranging from
2.7 to 11.6, and all of the CP-resistant populations exhibited resistance to DM. Fourteen populations
showed low resistance to cycloxydim, and thirteen of these populations were also 2-fold resistant
to pinoxaden. The results showed that DM resistance in some P. brachystachys populations is likely
due to their enhanced herbicide metabolism, which involves Cytochrome P450 monooxygenases,
as demonstrated by the indirect assay. This is the first report confirming the cross-resistance of
ACCase-inhibiting herbicides in P. brachystachys in Iran.
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1. Introduction

Wheat (Triticum aestivum L.) is one of the most important crops in Iran. Approximately 52% of
arable land in Iran is used for wheat cultivation, with a 23% yield reduction caused by weeds [1].
The annual Poaceae species short-spiked Canarygrass (Phalaris brachystachys Link) is a common and
troublesome weed in winter cereals in Mediterranean countries [2]. This is a vigorous and prolific
weed that can significantly reduce wheat and barley yields and has been shown to decrease wheat
yield by 16 to 60% [3,4]. Currently, P. brachystachys is found in the northern part of the Iran, where it
infests crops during autumn and winter [5].

The use of herbicides is the most efficient and economical means of controlling grass weeds, and
several ACCase-inhibitors have been registered in Iran in the last three decades [6]. The target site of
these herbicides is Acetyl-CoA Carboxylase (ACCase; EC 6.4.1.2), which is a key enzyme that catalyzes
the primary step in fatty acid biosynthesis [7]. ACCase-inhibiting herbicides are classified into three
major families: aryloxyphenoxypropionates (APP), cyclohexanediones (CHD), and phenylpyrazolines
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(PPZ). These herbicides, which inactivate ACCase, block fatty acid biosynthesis and reduce the
production of phospholipids are major constituents of cell membranes [8]. APP and CHD herbicides
have been used to control weeds since they were introduced in the 1970s and 1980s, respectively [9].
Furthermore, pinoxaden, which belongs to the PPZ group, was introduced in 2006 to control grass
weeds during wheat cultivation [10]. Inescapably, the continuous use of ACCase herbicides, sometimes
two or three times in a season in a wide range of crops, has led to resistance in various weed species. In
recent decades, there has been a rising number of reports of graminicide-resistant weeds. Currently, 48
weed species have been reported to be resistant to ACCase inhibitors—the third highest in terms of the
number of resistance cases in the world [11]. In Iran, the first case of resistance to ACCase herbicides
was reported in Phalaris minor Retz. in winter wheat fields from the Fars, Golestan and Khuzestan
provinces in 2004 [11].

In 2014, P. brachystachys populations that were resistant to diclofop-methyl (DM),
fenoxaprop-p-ethyl and clodinafop-propargyl (CP) were found on farms in Golestan province, Iran [12].
Since then, the number of P. brachystachys populations resistant to these herbicides in wheat fields has
increased, and these populations have been found in other fields in the Golestan province. Currently,
no studies have reported the resistance level of P. brachystachys, and there has been no confirmation
of resistance in this species. Therefore, the objectives of this study were to confirm the resistance of
P. brachystachys to ACCase-inhibiting herbicides and quantify the level of resistance and cross-resistance
patterns to APP, CHD and PPZ in suspected populations of P. brachystachys from wheat fields in Iran.

2. Materials and Methods

2.1. Seed Collection

The thirty-seven seeds of suspected resistant P. brachystachys populations were collected from
winter wheat fields of the Golestan province in Iran during the spring of 2015, 2016 and 2017 (four,
twenty-nine and four populations each year, respectively). Additionally, one susceptible population
was collected from the same region that had never been treated with herbicides in 2016. Seeds from at
least 15 plants that had reached physiological maturity were randomly collected by hand and bulked.
The seeds were air dried and stored in paper bags at room temperature until used in the experiment. A
global positioning system unit used to take latitude and longitude measurements for each field, and
their locations, were mapped (ArcGIS 9.2) (Figure 1). Information regarding the collection position of
each population is shown (Supplementary Materials).

2.2. Seed Bioassay

Does-response experiments were conducted using 9-cm diameter plastic Petri dishes. After
breaking seed dormancy (seeds were immersed in sulfuric acid (98%) for 3 min then kept in Petri
dishes containing moist filter paper with 5 mL distilled water for 72 h in a refrigerator at 4 °C in the
dark), five germinated seeds were placed on two sheets of filter paper. Each Petri dish was considered
to be one replicate, and the experiment was conducted with three replications for each herbicide and
each population. This experiment was repeated three times. A 5-mL aliquot of an aqueous solution of
the commercial formulation of DM was applied at 0, 0.1, 0.5, 1, 2, 4, 8, 16 and 32 mg ai L1, and CP was
applied at concentrations of 0, 0.005, 0.02, 0.04, 0.08, 0.32, 0.64, 1.28, 5.12, 20.46 and 40.96 mg ai L. For
each population, the control treatment (without herbicide solution) with 5 mL distilled water was also
considered. Then, the Petri dishes were placed in an incubator at 25 °C. After seven days, the shoot
lengths of the coleoptiles in all of the seedlings were measured and expressed as the percentage of the
shoot length of coleoptile compared to the control [13].
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Figure 1. Geographical position of counties in Golestan province and distribution map of surveyed
wheat fields in these counties. Circles indicate the field positions of the collected samples.

2.3. Whole Plant Dose—Response Assay

The experiment was repeated three times and arranged in a completely randomized design
with three replications for P. brachyhstachys populations with different doses of clodinafop-propargyl,
diclofop-methyl, cycloxydim and pinoxaden. Seed dormancy was broken as previously described
and, then, the germinated seeds were sown in 11-cm plastic pots filled with a mixture (1:2 v/v) of peat
and soil and placed in a greenhouse. The pots were irrigated daily as required. Each replicate pot
contained five plants. Four weeks after sowing, at the three-to-four-leaf stage (as BBCH scale in 13-14),
herbicides were applied at different rates using a calibrated sprayer with a flat-fan nozzle (TeeJet
8001) to deliver 250 L ha™! of spray solution at 200 kPa. One untreated control (without herbicide
application) for each population has been used. The detailed information of the herbicides used for
the dose-response assay is presented in Table 1. The plants were harvested and oven dried for 48 h
at 70 °C 28 days after herbicide application, and the dry-weight data were recorded. The data were
expressed as a percentage of the untreated control. It should be noted that the populations with a high
resistance factor based on DM herbicide results were used in the dose-response assay with pinoxaden
and cycloxydim herbicides.

Table 1. Herbicide treatments applied for dose-response assays in a Phalaris brachystachys population.

.. . Trade Name, Manufacturer, Field Recommended A
Herbicides Formulation City, and Country Dose (g ai ha-1) Test Doses (g ai ha™1)
Clodinafop-propargyl 8% EC 1 Topik, Kavosh, Kerman, Iran 80 0, 20, iibsg’zégo’ 320,
. o 0, 225, 450, 900, 1800,
Diclofop methyl 36% EC Iloxan, Kavosh, Kerman, Iran 900 3600, 7200, 14,400
. 0, 37.5,75, 150, 300
% ® ’ '’ ’ ’ ’
Cycloxydim 10% EC Focus® Ultra, BASE, Germany 100 600, 1200
jal®
Pinoxaden 45% EC Axial® Syngenta, Basel, 45 0,16.725,33.75, 67.5,

Switzerland 135, 270, 540

1 EC = emulsifiable.
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2.4. Growth Assay in Combination with CytP450 Inhibitor

Seedlings of different DM-resistant (based on resistance factor) and S populations at the 3—4 leaf
stage were treated with DM at the rate of 300 g ai ha™! with and without amitrole (AM) to study
whether metabolism was responsible for resistance in the resistant populations. AM was applied
at 13.1 g ha™! 24 h prior to application of DM. Twenty-one days after application, the plants were
harvested, and the shoot fresh weight was measured. The experiment was repeated three times and it
included ten replicates per repetition.

2.5. Statistics Analysis

The data obtained from the Petri dish and pot experiments were fit to a nonlinear log-logistic
regression model with four parameters in the “R” statistical software with the “drc” package [14].

d—c
+ 1+ (exp{b(log(x) —log(e))}

In the model, y represents the shoot dry weight or shoot length of coleoptile (percentage of the
untreated control) at a herbicide dose of x; ¢ and d denote the lower and upper limits, respectively;
b is the slope of the response curve at ¢; and e denotes GRs (or GRgg). The effective concentration
of herbicide that caused 50% inhibition of the shoot length of coleoptile (ECsp) was calculated from
the log-logistic regression model, which allowed us to screen resistant and susceptible populations
according to the ECsy Equation (1). From each model, the effective herbicide doses which inhibited
plant growth by 50 and 90% (GRsp and GRgg) with respect to the untreated control, were determined
for each population. The resistance factor (RF), which is the ratio of the EC5p, GR5p or GRg of the
resistant population to the EC5p, GR5p or GRyg of the susceptible population, was considered as an
index in order to compare the resistance levels of tested populations [15].

y=c 1)

3. Results

3.1. Seed Bioassay

A difference in the shoot length of the populations was visible after 7 days of incubation. The
resistance factors and estimated nonlinear regression parameters for the applied herbicides are shown
in Table 2. The four-parameter log-logistic model provided a good fit to the data (p < 0.001; R? > 0.96).
The results of the Petri dish assays showed that the coleoptile length of the seedlings decreased
according to a sigmoidal trend and that the decreasing shoot length of the S population observed
at lower concentrations than the other populations. This confirmed that the susceptible population
was more sensitive to herbicides than the other populations. Regarding DM, the estimated ECsy was
1.36 mg ai L™! for S, while for the other populations it ranged between 1.86 and 6.30 mg ai L~! (Table 2).
In the Petri dish assays, with the increasing CP concentration, different responses were consistently
observed, and all populations had shorter coleoptiles compared to their untreated controls. While
0.02 mg ai L™! of CP inhibited 50% of the shoot length of the S population, for the other populations, it
ranged from 0.07 to 0.29 mg ai L™! of CP and the resistance factors ranged from 2.77 to 10.27 (Table 2).
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Table 2. Estimated nonlinear regression parameters and resistance factors (RFs) for the P. brachystachys in response to different diclofop-methyl (DM) and

clodinafop-propargyl (CP) concentrations.

DM cp
Population
d1(SE? b3 (SE) R?%>%*  pValues® ECs® (SE) RF7 d (SB) b (SE) R? p Values  ECs (SE) RFs5p
ALO1 97.59 (4.13)  1.10(0.14) 0.98 <0.001 3.08(047) 226(0.38) 102.17(377) 0.95(0.10)  0.98 <0.001 0.17(0.02)  6.07 (1.44)
AL02 99.79 (3.72)  1.39(0.17) 0.99 <0.001 244 (029)  1.79(0.24)  100.24 (3.86)  0.89 (0.01)  0.99 <0.001 0.18 (0.03)  6.40 (1.56)
ALO3 98.01 (4.00)  1.23(0.15) 0.99 <0.001 2.36(032) 1.73(026)  9516(3.58)  1.15(0.19)  0.99 <0.001 0.26 (0.04)  9.19 (2.22)
ALO4 96.17 (3.57)  1.29 (0.19) 0.97 <0.001 6.30 (0.85)  4.62(0.70)  103.04 (4.11)  0.71(0.07)  0.98 <0.001 0.18 (0.03)  6.53 (1.74)
AL05 98.10 (3.96)  1.13(0.14) 0.98 <0.001 223(047) 237(038) 10029 (3.93)  0.83(00.9)  0.97 <0.001 0.21(0.03)  7.41(1.87)
ALO06 98.66 (3.95)  1.18(0.15) 0.99 <0.001 3.09 (043)  226(0.35) 103.20(3.89)  0.82(0.08)  0.98 <0.001 0.19 (0.03)  6.82(1.71)
ALO7 97.59 (3.97)  1.23(0.16) 0.97 <0.001 223(059) 3.10(048) 101.83(4.36) 0.73(0.07)  0.99 <0.001 0.08 (0.01)  3.03 (0.80)
AL08 96.53 (3.98)  1.16 (0.15) 0.98 <0.001 3.25(0.48)  2.38(0.38) 101.86(4.17)  0.80(0.08)  0.98 <0.001 0.11(0.02)  3.89 (0.98)
AL09 97.67 (3.66)  1.28 (0.17) 0.99 <0.001 4.09(0.53)  3.00(044) 100.55(3.92) 0.95(0.10)  0.98 <0.001 0.14 (0.02)  4.95(1.20)
AL10 98.10 (3.95)  1.16(0.14) 0.98 <0.001 3.07 (044)  225(0.35)  100.02 (4.44)  0.66 (0.07)  0.98 <0.001 0.13(0.02)  4.53(1.28)
AL12 98.23(3.88)  1.25(0.16) 0.98 <0.001 341(047) 249(0.38)  102.03(3.88)  0.86 (0.09)  0.99 <0.001 0.16 (0.02)  5.63(1.37)
AL13 98.22(3.00)  1.17 (0.10) 0.98 <0.001 1.86(0.19)  137(0.17)  99.24 (4.13)  0.82(0.10)  0.97 <0.001 0.16 (0.03)  5.79 (1.56)
ALl4 93.70 (3.81)  1.29 (0.21) 0.95 <0.001 592(0.88)  4.34(071)  99.74 (4.14)  0.74(0.09)  0.99 <0.001 0.23(0.05)  8.33(2.32)
AL15 99.41(391)  1.13(0.14) 0.98 <0.001 3.53(0.50)  2.58(0.41)  99.53(4.14)  0.89(0.11)  0.98 <0.001 0.13(0.02)  4.55(1.19)
AL16 98.71(3.86)  1.36(0.18) 0.99 <0.001 2.31(029)  1.69(0.24)  100.00 (4.40)  0.62(0.07)  0.99 <0.001 0.21(0.05)  7.42(2.27)
AL17 97.66 (4.24)  1.03 (0.13) 0.97 <0.001 262(042)  1.92(0.33) 10049 (4.15)  0.80(0.08)  0.98 <0.001 0.15(0.03)  5.39 (1.40)
AL18 97.39 (3.34)  1.72(0.25) 0.99 <0.001 3.66 (0.38)  2.68(0.33) 100.96 (4.04)  0.86(0.09)  0.99 <0.001 0.12(0.02)  4.30 (1.06)
AL19 98.67 (4.13)  1.14(0.14) 0.99 <0.001 244 (036)  1.78(0.29)  101.82(4.00)  0.92(0.09)  0.99 <0.001 0.10 (0.01)  3.67 (0.88)
AL20 99.49 (4.19)  1.10(0.13) 0.99 <0.001 1.93(0.28)  1.42(023)  9651(430) 091(0.13) 097 <0.001 012 (0.02)  4.38(1.21)
AL21 9310 3.71)  1.34(0.22) 0.97 <0.001 6.07 (0.86)  4.44(0.70) 10034 (3.72)  0.97(0.10)  0.98 <0.001 0.17(0.02)  6.12 (1.45)
AL22 93.50 (4.24)  1.26 (0.19) 0.99 <0.001 313(049) 229(039)  9.86(429)  0.82(0.10)  0.98 <0.001 0.14 (0.03) 5.1 (1.43)
AL23 97.02 (355  1.43(0.20) 0.98 <0.001 425(052) 3.11(044) 9883 (344) 1.31(0.19)  0.99 <0.001 0.20 (0.03)  7.12(1.63)
AL24 98.16 (349)  1.54(0.21) 0.99 <0.001 3.65(041)  267(0.35) 10257 (4.19) 075(0.07)  0.99 <0.001 0.12(0.02)  4.32(1.12)
AL28 98.14(3.79)  1.21(0.15) 0.98 <0.001 3.99(0.55) 292(045) 103.75(4.14)  0.82(0.08)  0.97 <0.001 0.08 (0.01)  3.05(0.75)
AL31 99.23 (3.98)  1.15(0.14) 0.99 <0.001 292(0.41) 2.14(033) 97.23(4.06)  091(0.13) 098 <0.001 0.19(0.04)  6.82(1.81)
AL32 97.38 (4.34)  1.11(0.14) 0.99 <0.001 1.82(0.28) 1.33(022)  99.03(3.66)  1.11(0.14)  0.99 <0.001 0.15(0.02)  5.28(1.26)
AL33 96.56 (4.00)  1.14 (0.15) 0.97 <0.001 4.03(0.61) 295(049) 101.04 (4.05)  0.72(0.08)  0.97 <0.001 0.25(0.05)  8.84 (2.37)
AL34 96.92 (3.57)  1.28(0.17) 0.98 <0.001 521(0.69) 3.82(0.56) 101.79 (3.83)  0.95(0.10)  0.98 <0.001 0.13(0.02) 454 (1.07)
B02 96.60 (4.25)  1.10(0.14) 0.98 <0.001 2.30 (0.36)  1.68(0.28)  101.90 (4.13)  0.75(0.08)  0.97 <0.001 0.15(0.03)  5.38 (1.45)
B03 97.96 (3.98)  1.15(0.15) 0.98 <0.001 3.77(056)  2.78(0.45)  101.09 (420)  071(0.07)  0.98 <0.001 0.23(0.05)  8.23(2.27)
Krl4 98.69 (3.95)  1.20 (0.15) 0.99 <0.001 249(0.34)  1.83(027) 100.64 (4.02)  0.75(0.08)  0.99 <0.001 0.25(0.05)  8.73(2.31)
Krl5 9542 (3.79)  1.22(0.17) 0.98 <0.001 433(0.62) 3.17(050)  96.82(4.10)  0.80(0.10)  0.97 <0.001 0.29 (0.06)  10.27 (2.78)
Kr16 97.35(3.99)  1.12(0.14) 0.99 <0.001 3.15(0.36)  231(0.37)  99.32(4.08)  0.83(0.09) 098 <0.001 0.17 (0.03)  5.96 (1.53)
G04 96.76 (3.97)  1.29(0.17) 0.96 <0.001 2.39(0.32)  1.75(0.26) 10298 (4.28)  0.75(0.07)  0.99 <0.001 0.07 (0.01) 277 (0.71)
Rm17 97.11(3.93)  1.52(0.21) 0.99 <0.001 1.92(023)  141(0.19)  102.01(2.80)  0.84 (0.06)  0.98 <0.001 0.15(0.01)  5.29 (1.12)
Rm18 97.93(3.99)  1.19 (0.15) 0.99 <0.001 245(0.34)  1.79(028) 103.15(4.17)  0.74(0.07) 098 <0.001 0.12(0.02)  4.36(1.13)
S 93.67 (3.28)  4.21(0.86) 0.99 <0.001 1.36 (0.09) - 101.65 (4.60)  0.90(0.12)  0.99 <0.001  0.02 (0.004) -

1 d = upper limit; 2 SE = standard error; 3 b= slope of curve around the dose giving 50% response; * RZ = 1 — (sum of squares of the regression/corrected total sum of squares) ® p-value = is
the probability level of significance of the resistance factor; ® ECs is the concentration producing a response halfway between the upper limit (fixed at 100) and the lower limit (fixed at 0);

7 RFs = Resistance Factor is calculated as (GRs resistant/GRsy sensitive).
50 50 50
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3.2. Dose—Response Assay

We assessed representatives of all of the different groups of graminicides, such as
clodinafop-propargyl, diclofop-methyl, pinoxaden and cycloxydim. The results showed that the
susceptible population was considerably controlled by two APP herbicides. The other populations
showed resistance to the APP herbicides, but the level of resistance varied substantially. The S
population was inhibited by 50% with only 24.22 g ai ha™! of CP compared with the recommended
field amount of 80 g ai ha™!. The other populations were resistant to the CP field dose, with resistance
levels ranging from 2.7 to 11.6-fold based on the GRs5j values (Table 3). Among the 36 populations
studied, the Kr15 and Kr16 populations had the largest resistance factor based on their GRsg values
(Table 3). The estimated GRg values indicated different resistance factors (RF = GR59 R/GR5g S) to
DM for the different populations. The S population was inhibited by 50% with only 279.57 g ai ha™!
of DM, while the amount required to reach GRs( for the other populations was between 563.14 and
3059.90 g ai ha™!. The estimated GRyy for the S population was 866.63 g ai ha~!, whereas the GRgyg
values varied in the other populations from 2934.52 to 22929.67 g ai ha™! (Table 4).

Table 3. Estimated non-linear regression parameters for the P. brachystachys populations in response to
CP, based on the dry weight.

Regression Parameters

Population R24 GR35 ° (SE) RFs © (SE) GRog 7 (SE) RFqg & (SE)
d1(SE) b2 (SE?3)
ALO1 95.72 (5.85)  1.31(0.22) 0.99 122.30 (22.38)  5.04 (1.23) 62.89 (150.62) 5.76 (1.95)
AL02 98.23 (5.06)  1.62(0.27) 0.98 130.13 (18.19)  5.37 (1.14) 501.66 (99.37) 443 (1.41)
AL03 97.37 (5.04)  1.75(0.31) 0.99 133.79 (18.43)  5.52(1.17) 466.31 (88.24) 4.12 (1.28)
AL04 97.88(5.10)  1.17 (0.18) 0.99 229.79 (40.25)  9.48 (225)  1479.43 (380.17)  13.07 (4.67)
ALO05 96.28 (5.05)  1.27 (0.22) 0.97 239.55 (40.89)  9.88(2.32)  1348.26(342.19)  11.91 (4.23)
AL06 98.18 (4.81)  1.43(0.23) 0.98 189.58 (27.89)  7.82 (1.70) 880.00 (198.11) 7.77 (2.61)
AL07 96.47 (5.00)  1.46 (0.26) 0.98 185.22 (28.45)  7.64 (1.70) 832.73 (189.51) 7.35 (2.48)
ALO08 94.5 (5.17) 1.88 (0.35) 0.99 112.80 (15.59)  4.65 (0.98) 361.77 (66.57) 3.19 (0.99)
AL09 98.77 (5.00)  1.27 (0.19) 0.99 189.66 (30.47)  7.82(1.78)  1061.77 (250.97)  9.37 (3.22)
AL10 100.99 (5.30)  1.12 (0.15) 0.97 130.08 (21.98)  5.36 (1.25) 909.40 (230.47) 8.03 (2.85)
AL12 96.59 (5.87)  1.45(0.23) 0.98 83.36 (13.71) 3.44 (0.79) 376.26 (78.67) 3.32 (1.08)
AL13 9414 (5.79)  1.75(0.35) 0.99 104.64 (16.59)  4.31 (0.97) 366.54 (72.09) 3.23 (1.02)
AL14 99.88 (4.92)  1.27 (0.19) 0.97 182.88(28.32)  7.54(1.68)  1025.58 (245.35)  9.06 (3.12)
AL15 95.60 (4.87)  2.06 (0.39) 0.98 114.17 (14.15)  4.71 (9.57) 330.11 (57.54) 2.91 (0.88)
AL16 9791 (5.08)  1.64(0.27) 0.97 116.99 (15.97)  4.82 (1.01) 445.65 (90.37) 3.93 (1.26)
AL17 96.08 (4.90)  1.92 (0.36) 0.98 115.41 (14.29)  4.76 (0.96) 361.57 (71.10) 3.19 (1.01)
AL18 96.95 (421)  2.76 (0.59) 0.99 108.95 (9.78) 4.49 (0.82) 241.32 (40.78) 2.13 (0.64)
AL19 97.25(5.24)  1.62(0.27) 0.99 112.09 (15.87)  4.62 (0.99) 434.81 (90.01) 3.84 (1.24)
AL20 96.77 (5.06)  1.64 (0.28) 0.99 128.84 (18.01)  5.31 (1.13) 491.14 (101.46) 4.33 (1.40)
AL21 97.59 (5.12)  1.30 (0.21) 0.99 172.36 (27.80)  7.11 (1.62) 929.41 (224.66) 8.21 (2.85)
AL22 98.14 (5.62)  1.60 (0.25) 0.98 75.50 (10.81) 3.11 (0.67) 296.29 (59.37) 2.61 (0.83)
AL23 97.55(4.75)  1.33(0.21) 0.98 231.83(35.83)  9.56 (2.13)  1196.40 (287.30)  10.57 (3.65)
AL24 98.23 (4.83)  1.39 (0.22) 0.97 178.55 (26.32)  7.37 (1.60) 860.11 (196.74) 7.59 (2.57)
AL28 102.55 (5.40)  1.56 (0.21) 0.98 66.31 (8.69) 2.73 (0.56) 270.78 (54.68) 2.39 (0.76)
AL31 95.96 (4.49)  1.90 (0.36) 0.98 143.45 (16.78)  5.92 (1.17) 454.96 (95.10) 4.01 (1.30)
AL32 98.05 (5.48)  1.65(0.26) 0.98 86.30 (12.21) 3.56 (0.76) 325.75 (62.72) 2.87 (0.90)
AL33 97.52 (4.58)  1.52 (0.25) 0.99 199.37 (27.43) 822 (1.74) 838.85 (186.43) 7.41 (2.47)
AL34 98.47 (5.07)  1.57 (0.25) 0.99 122.72 (17.17)  5.06 (1.08) 496.65 (101.35) 4.38 (1.41)
B02 99.54 (5.37)  1.30(0.18) 0.97 114.11 (18.19)  4.71 (1.06) 614.2 (137.25) 5.42 (1.81)
B03 97.12 (491)  1.33(0.22) 0.98 212.14 (33.78)  8.75(1.98)  1096.80 (137.25)  9.69 (3.33)
Krl4 99.75(3.80)  1.40 (0.26) 0.99 187.21 (25.16)  7.72 (1.62) 893.36 (190.48) 7.89 (2.58)
Krl5 96.30 (6.51)  1.38 (0.26) 0.99 280.44 (51.95) 11.57 (2.84) 1366.68 (325.43)  12.07 (4.16)
Krl6 95.86 (529)  1.16 (0.27) 0.99 28191 (53.40) 11.63(2.89)  1846.37 (515.82)  16.31 (6.10)
G04 101.23 (5.49)  1.51(0.22) 0.99 74.13 (10.30) 3.06 (0.65) 314.78 (64.64) 2.78 (0.89)
Rm17 95.17 (4.52)  2.83 (0.69) 0.98 77.80 (6.76) 3.21 (0.58) 168.93 (32.97) 1.49 (0.47)
Rm18 102.26 (4.77)  1.66 (0.27 0.98 102.05 (11.89)  4.21(0.83) 382.73 (88.91) 3.38 (1.15)
S 99.57 (5.97)  1.42(0.26) 0.99 24.22 (3.89) - 113.18 (28.20) -

1 d = upper limit; 2 b = slope of curve around the dose giving 50% response; > SE = standard error; * R? = 1—(sum
of squares of the regression/corrected total sum of squares); > GR5 refers to the herbicides rates required for 50%
dry weight reduction compared with the non-treated control; 6 RFsp = Resistance Factor is calculated as (GRs
resistant/GRs5 sensitive); 7 GRgg = refers to the herbicides rates required for 90% dry weight reduction compared
with the non-treated control; 8 RFg = Resistance Factor is calculated as (GRgj resistant/GRgj sensitive).
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Table 4. Estimated non-linear regression parameters for the P. brachystachys populations in response to
DM, based on the dry weight.

Regression Parameters

Population 24 GRs ° (SE) RFs ¢ GRyy 7 (SE) RFgg 8
d1(SE) b2 (SE?3)

ALO1 97.06 (4.79)  1.41(0.17) 0.98 847.02 (113.6) 3.02(0.50) 398152 (671.69)  4.59 (1.04)
ALO2 96.65 (4.47)  1.85(0.27) 0.97 894.90 (97.05) 3.20(0.47)  2922.03 (442.58)  3.37(0.72)
ALO03 97.74 (429)  1.41(0.17) 0.98 1408.70 (178.44)  5.03(0.81)  6650.75 (1139.93)  7.67 (1.76)
ALO4 101.40 (4.25)  0.82(0.10) 0.99 2503.10 (595.29)  8.95(0.47)  7492.64 (3005.80)  8.64 (1.11)
ALO05 95.94 (3.87)  1.67 (0.23) 0.98 1737.60 (193.34)  6.21(0.93)  6431.13 (1037.20)  7.42 (1.65)
AL06 101.34 (4.21)  0.97 (0.11) 0.98 2154.90 (318.57)  7.70 (1.38)  20,293.46 (5034.14)  23.41 (6.83)
ALO7 100.11 (3.97) 149 (0.17 0.98 1426.16 (159.9)  5.10(0.76)  6172.88(971.91)  7.12(1.55)
AL08 98.06 (4.11)  1.58 (0.20) 0.99 1298.50 (145.88)  4.64(0.70)  5173.73 (844.38)  5.96 (1.34)
AL09 96.36 (4.17)  1.54(0.21) 0.97 1601.01 (196.65)  5.72(0.91)  6630.58 (1089.22)  7.65(1.72)
AL10 99.89 (4.17)  1.22(0.14) 0.99 1570.00 (201.86)  5.61(0.91)  9489.82 (1908.51)  10.95 (2.77)
AL12 97.13 (4.08)  2.05 (0.30) 0.98 1007.7 (96.25) 3.60 (0.50)  2934.52 (423.47)  3.38(0.71)
AL13 96.58 (4.53)  1.32(0.17) 0.99 1366.80 (190.36)  4.88(0.84) 713897 (1287.40)  8.23 (1.95)
AL14 102.08 (4.09)  1.09 (0.12) 0.98 1970.00 (262.63)  7.04(1.17)  14,602.58 (3213.70)  16.85 (4.52)
AL15 100.42 (3.76)  1.77 (0.22) 0.99 1371.00 (131.27)  4.90 (0.68)  4727.74(728.00)  5.45(1.18)
AL16 98.06 (4.02)  1.58(0.20) 0.99 1298.54 (142.66)  4.64(0.68)  5173.91(825.77)  5.96(1.31)
AL17 99.15 (3.50)  2.44 (0.42) 0.97 121850 (90.83)  4.35(0.54)  2996.61 (461.14)  3.45(0.75)
AL18 98.98 (3.34)  2.54 (0.45) 0.98 1351.50 (96.61)  4.83(0.59)  3203.18 (494.83)  3.69 (0.80)
AL19 96.68 (4.34)  1.97 (0.30) 0.98 951.34 (98.45) 3.40 (0.45)  2897.83 (425.86)  3.43 (0.65)
AL20 96.52 (4.15)  1.83(0.27) 0.99 1104.40 (114.35)  3.95(0.57)  3658.36 (585.56)  4.22 (0.93)
AL21 98.87 (4.02)  1.09 (0.14) 0.99 3059.90 (432.50)  10.94 (1.90)  22,929.67 (5461.21)  26.45 (7.50)
AL22 99.77 (4.12)  2.06 (0.28) 0.99 887.66 (81.41) 3.17(0.43)  2575.31(356.38)  2.97 (0.61)
AL23 100.64 (3.79)  1.24(0.15) 0.97 2483.80 (298.76)  8.88(1.39)  14,428.64 (3005.80)  16.64 (4.31)
AL24 100.26 (3.57)  1.63 (0.20) 0.98 1882.20 (187.85)  6.73(0.95)  7227.98 (1171.65)  8.34 (1.86)
AL28 99.08 (3.90)  1.57(0.21) 0.99 1772.60 (196.10)  6.34(0.95)  7175.31(1200.87)  8.27 (1.88)
AL31 97.30 (3.39)  2.76 (0.51) 0.97 1257.90 (89.58)  4.49 (0.55)  2782.23(399.34)  3.21(0.67)
AL32 100.81 (4.61)  1.12(0.13) 0.98 563.14 (75.50) 2.01(0.33)  3948.68 (889.68)  4.55(1.24)
AL33 9223 (3.43)  2.19 (0.39) 0.97 2020.60 (189.94)  7.22(0.99)  5490.71 (860.01)  6.33 (1.39)
AL34 100.26 (3.57)  1.61(0.18) 0.98 147220 (150.65) 526 (0.75)  5749.19 (881.94)  6.63 (1.44)

B02 98.71 (3.48)  2.40 (0.42) 0.99 1211.21 (89.74)  4.33(0.53)  3015.77 (471.24)  3.47 (0.75)

B03 100.65 (4.06)  1.03 (0.12) 0.97 2483.80 (298.76)  8.71(1.51)  20,263.99 (4871.94)  23.38 (6.67)
Krl4 96.62 (4.02)  1.31(0.18) 0.98 2513.80 (333.88)  8.99 (1.50)  13,300.41 (2568.43)  15.34 (3.79)
Krl15 96.68 (3.63)  1.85 (0.26) 0.98 1705.00 (167.88)  6.09 (0.86) 5576.45(863.50) 6.43 (1.40)
Krl16 97.02 (4.13)  1.22(0.16) 0.98 2357.50 (326.37)  8.43(1.44)  14,215.78 (2923.08)  16.40 (4.21)
G04 100.20 (4.07)  1.49 (0.17) 0.99 1290.20 (144.95)  4.61(0.69)  5582.56 (910.74)  6.44 (1.44)
Rm17 99.08 (4.00)  1.50 (0.18) 0.97 1429.60 (161.31)  5.11(0.77)  6166.78 (1030.04)  7.11 (1.61)
Rm18 99.32(391)  1.52(0.18) 0.98 1583.10 (176.83)  5.66 (0.85)  6678.33 (1076.31)  7.70 (1.71)

S 99.20 (4.81)  1.94(0.28) 0.99 279.57 (28.27) - 866.63 (133.60) -

1 d = upper limit; 2 b = slope of curve around the dose giving 50% response; > SE = standard error; * R?> = 1 — (sum
of squares of the regression/corrected total sum of squares); > GRs refers to the herbicides rates required for 50%
dry weight reduction compared with the non-treated control; 6 RFsp = Resistance Factor is calculated as (GRs
resistant/GRs sensitive); 7 GRgg = refers to the herbicides rates required for 90% dry weight reduction compared

with the non-treated control; 8 RFg = Resistance Factor is calculated as (GRgj resistant/GRgj sensitive).

For cycloxydim (CHD family herbicides), all populations were found to exhibit low resistance
levels (Table 5). The concentration of cycloxydim that led to a 50% inhibition of shoot growth in
the S population was 46.35 g ai ha~! and the cycloxydim resistance factor for all of the resistant
populations was between 2-fold and 3-fold. The lowest GRgy value for resistant populations was
observed in AL21 (295.57 g ai ha™!), whereas a higher GRg value was recorded in Kr15 (425.97 g ai ha™?)
(Table 5). Similarly, the pinoxaden herbicide was found to significantly reduce the growth of all the
resistant populations, and low resistance levels were recorded for this ACCase-inhibiting herbicide
in 13 populations. The pinoxaden GRsy values of the resistant populations were approximately two
times higher than for the S population, and a large reduction of shoot dry weight was found in all the
resistant populations (Table 6).
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Regression Parameters

Population 2,4 p-Value 5 GR5°(SE)  RFs50” (SE)  GRg%(SE)  RFgq ? (SE)
d1(SE) b2 (SE)?
ALO4 95.48 (6.73)  2.18 (0.51) 0.96 <0.0001 127.22(19.69)  2.74(0.51)  347.271(65.35)  3.13 (0.89)
ALO5 97.12 (6.42)  2.09 (0.44) 0.97 <0.0001 129.03 (18.77) 278 (0.50)  367.80 (70.76)  3.32(0.95)
AL06 97.63 (6.22)  2.17 (0.45) 0.98 <0.0001 12698 (17.33) 273 (0.47) 34823 (70.76)  3.14(0.890
ALO7 97.91(5.98)  2.30 (0.50) 0.98 <0.0001 133.05(16.99)  2.87 (0.48)  344.82 (64.65)  3.11(0.88)
ALO8 97.89 (6.13)  2.21 (0.45) 0.99 <0.0001 120.96 (15.82)  2.60 (0.44)  326.32(62.23)  2.94 (0.84)
AL14 97.28 (6.36)  2.17 (0.44) 0.97 <0.0001 115.55 (16.07) 249 (0.43)  317.38(58.97)  2.86 (0.81)
AL15 97.80 (5.87)  2.35(0.52) 0.99 <0.0001 130.06 (15.82)  2.80 (0.45)  331.27 (64.54) 2.9 (0.86)
AL21 95.90 (6.09)  2.57 (0.61) 0.98 <0.0001 12592 (16.02)  2.71(0.45)  295.57 (52.24)  2.66 (0.74)
AL23 96.97 (6.20)  2.39 (0.53) 0.97 <0.0001 124.81 (16.54)  2.69 (0.46)  311.85(54.95)  2.81(0.78)
AL24 97.30 (6.22)  2.16 (0.46) 0.98 <0.0001 132,62 (18.32)  2.86(0.50)  365.37 (70.44)  3.29 (0.95)
AL33 9551 (6.23)  2.43 (0.62) 0.98 <0.0001 140.27 (19.08)  3.02(0.52)  345.38 (66.14)  3.11(0.89)
Krl5 97.59 (5.99)  2.07 (0.44) 0.99 <0.0001 147.89 (20.15)  3.19 (0.55)  425.97(86.82)  3.84 (1.13)
B03 95.42 (6.33)  2.23 (0.56) 0.98 <0.0001 150.96 (21.81)  3.25(0.58)  363.57 (74.54)  3.64 (0.08)
Rm17 98.50 (6.67)  1.85 (0.35) 0.97 <0.0001 111.03 (17.00) 239 (0.45)  363.57 (74.54)  3.28(0.97)
S 99.98 (6.62)  2.52 (0.59) 0.99 <0.0001 46.35 (5.03) - 110.77 (23.73) -

1 d = upper limit; 2 b = slope of curve around the dose giving 50% response; > SE = standard error;  R?> = 1 — (sum
of squares of the regression/corrected total sum of squares); > p-value = is the probability level of significance of the
resistance factor; ® GRs refers to the herbicides rates required for 50% dry weight reduction compared with the
non-treated control; 7 RFsy = Resistance Factor is calculated as (GRs resistant/GRsg sensitive); 8 GRgg = refers to the
herbicides rates required for 90% dry weight reduction compared with the non-treated control; ° RFgy = Resistance
Factor is calculated as (GRg resistant/GRyg sensitive).

Table 6. Estimated non-linear regression parameters for the P. brachystachys populations in response to
pinoxaden, based on the dry weight.

Regression Parameters

Population R24 p-Value 5 GR5®(SE)  RF507 (SE)  GRgo®(SE)  RFoq ° (SE)
d1(Sp) b2 (SE) 3
ALO4 96.73 (6.61)  2.05 (0.42) 0.96 <0.0001 52.36 (7.85) 2.09 (0.43)  152.44 (2836)  1.78(0.52)
ALO5 96.07 (6.62)  2.06 (0.46) 0.97 <0.0001 58.33 (8.92) 233(0.49)  168.65(32.51)  1.98 (0.59)
AL06 94.48 (6.49)  2.20 (0.58) 0.98 <0.0001 67.59 (10.14) 270 (0.56)  183.03 (37.74)  2.14 (0.66)
ALO7 95.80(4.72)  3.18 (0.85) 0.99 <0.0001 73.12 (6.56) 292(0.50) 14587 (27.79)  1.71(0.50)
ALO08 95.55 (6.90)  1.97 (0.43) 0.96 <0.0001 51.44 (8.30) 2.05(0.44) 15643 (30.62)  1.83(0.55)
AL14 96.25 (6.29)  2.37 (0.53) 0.98 <0.0001 53.25 (7.09) 212(0.42)  134.35(23.92)  1.57(0.45)
AL15 98.65 (5.99)  2.23 (0.46) 0.99 <0.0001 54.71 (6.81) 218 (0.41)  146.53 (28.08)  1.72(0.51)
AL21 97.57 (6.79)  1.77 (0.33) 0.98 <0.0001 39.48 (6.15) 157 (0.33)  135.85(28.87)  1.59 (0.49)
AL23 95.71 (6.20)  2.21 (0.53) 0.98 <0.0001 64.61 (8.97) 258(0.52) 17421 (34.79)  2.04 (0.62)
AL24 97.76 (6.52)  1.90 (0.36) 0.97 <0.0001 52.68 (7.94) 210 (0.44) 16721 (32.82)  1.96 (0.59)
AL33 97.14 (6.07)  2.36 (0.53) 0.98 <0.0001 58.52 (7.53) 233(0.45)  148.03(26.83)  1.73(0.50)
Krl5 92.92(5.31)  2.58(0.70) 0.98 <0.0001 85.37(1021)  3.41(0.64)  199.83(40.80)  2.34(0.71)
B03 93.39 (6.49)  2.26 (0.65) 0.97 <0.0001 71.62 (10.79)  2.86(0.60)  188.98 (40.70)  2.21(0.69)
Rm17 98.43 (5.85)  2.24 (0.47) 0.99 <0.0001 61.55 (7.67) 246 (0.72) 16377 (31.23)  1.92(0.57)
S 99.15 (6.73)  1.79 (0.35) 0.98 <0.0001 25.02 (3.65) - 85.16 (10.48) -

1 d = upper limit; 2 b = slope of curve around the dose giving 50% response; > SE = standard error;  R? = 1 — (sum
of squares of the regression/corrected total sum of squares); > p-value = is the probability level of significance of the
resistance factor; ® GRs refers to the herbicides rates required for 50% dry weight reduction compared with the
non-treated control; 7 RFsy = Resistance Factor is calculated as (GRsg resistant/GRsg sensitive); 8 GRgg = refers to the
herbicides rates required for 90% dry weight reduction compared with the non-treated control; ° RFgy = Resistance
Factor is calculated as (GRggresistant/GRggsensitive).

3.3. Growth Assays in Combination with CytP450 Inhibitor

The responses of P. brachystachys populations to DM, with and without amitrol are shown in
Table 7. The present study found that the combination of DM with amitrol was slightly more effective
in the AL33, G04 and Kr15 populations than DM alone and pretreatment with amitrole significantly

inhibited the growth of these populations compared to populations without amitrole. However, the
fresh weight of the S population did not vary and was independent of the amitrole treatment.
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Table 7. Fresh weight of six populations of P. brachystachys with treatments of DM and DM + Amitrol

(AM).
Population DM RF ! (SE?) Control (SE) DM (SE) DM + AM (SE) % Reduction 3
(® (g (g
S - 5.66 (0.24) 2.84 (0.18) 2.71(0.17) 4.58
ALO1 3.02 (0.50) 3.12 (0.30) 3.19 (0.18) 3.16 (0.27) 0.94
G04 4.61 (0.69) 4.68 (0.18) 5.08 (0.26) 3.65 (0.15) 28.15
Kr15 6.09 (0.86) 3.96 (0.23) 4.55 (0.35) 3.20 (0.25) 29.67
AL33 7.22 (0.99) 4.96 (0.42) 5.13(0.21) 4.05 (0.40) 21.05
AL04 8.95 (0.47) 4.54 (0.55) 5.69 (0.18) 5.20(0.18) 8.61

! DM RF = Resistant Factor obtained from diclofop methyl dose-response assay; % SE = standard error; 3 The
percentage of fresh weight reduction of DM+AM treatment compared to DM treatment.

4. Discussion

The seed bioassay method for determining resistant and susceptible populations has been
previously utilized [16-18]. This method is regarded as the most rapid and simplest way to screen
resistant and susceptible populations. In this study, this method was applied for the P. brachystachys
populations. In preliminary tests, each APP herbicide was tested. It is necessary to detect resistance as
early as possible to avoid the costly consequences of a resistance spread. Seed bioassays have been
shown to be a useful and accurate tool for screening a large number of suspected resistant populations.
The identification of concentrations that are effective at separating resistant and susceptible populations
is important not only for the rapid diagnosis of potential resistance but also for the screening of seeds
used for experiments. From this research, it was determined that the seed bioassay could be developed
to be a feasible method to identify resistant populations of P. brachystacys. This method has been used
to test resistance to ACCase-inhibitors in barnyardgrass (Echinochloa crusgalli) [19] and Johnsongrass
(Sorghum halepense (L.) Pers.) [20]. Other researchers described a seed bioassay to detect grass weeds
resistant to ACCase-inhibiting herbicides [21].

The dose-response assays confirmed that the P. brachystachys populations were resistant to DM
and CP herbicides. The seed assay also confirmed the resistance to APP herbicides. According to the
results of both the whole plant and seed bioassay, the resistance factor of most of the populations to CP
were considerably higher compared to DM. No precise history of herbicide application in the sampled
fields was available. However, Golestan is one of the most important provinces for producing wheat in
Iran. The use of these herbicides has been the main approach to control weeds in wheat fields. The high
percentage of resistance to CP and DM was expected because these two herbicides have a common basic
molecular structure [22], and both have been extensively used to control grassy weeds during wheat
cultivation, which is the most frequently grown crop in the area. These results indicate that resistance
to these herbicides can be attributed to the use of a wheat monoculture in the sampling areas along with
the repeated use of these herbicides for a long period of time [23]. Resistance to APP herbicides has
been reported in littleseed canarygrass (Phalaris minor Retz.) [1]. Also, the level of cross-resistance to
APP herbicides in Avena spp. has been reported [24]. Notably, most populations were highly resistant
to APP herbicides, while their response to PPZ varied. Resistance to APP herbicides is not necessarily
associated with resistance to pinoxaden. The AL21 population, which showed high resistance to APP
herbicides, was susceptible to pinoxaden. However, the AL04 and Kr15 populations expressed high
resistance to CP, with RF values of 9.4 and 11.5, respectively (Table 6). These populations also expressed
high resistance to the same chemical class of APP herbicide, DM, with RF values of 8 and 6, respectively,
but low cross-resistance was observed to cycloxydim (RF of 2.74 and 3.19, respectively) and pinoxaden
(RF of 2.09 and 3.41, respectively) (Table 5).The reduced control of some P. brachystachys populations
by pinoxaden indicates cross-resistance to this herbicide, regardless of the fact that this herbicide
has been used in Iran for the last few years. The whole-plant dose-response assays showed that the
cross-resistance levels of ACCase inhibitors varied among P. brachystachys populations. APP presented
the highest RF values, while the cross-resistance corresponding to CHD and PPZ herbicides was low.
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The differences in the cross-resistance patterns in these resistant populations indicate that resistance
evolved independently and that each resistant population has likely been exposed to a different
selection pressure. Additionally, the differences indicate that more than one resistance mechanism is
likely involved in these P. brachystachys resistant populations.

To test the hypothesis that enhanced DM metabolism is conferred by CytP450, a known
CytP450-inhibitor, amitrole, was tested. Amitrol has long been used as an indicator of the involvement
of P450 in metabolic resistance to ACCase herbicides [25-27]. These results of this experiment
suggest that CytP450 monooxygenase-mediated metabolism could be present in these populations and
contribute to the resistance phenotype. These results indicate that CytP450 is involved in DM-resistance
in G04, Kr15 and AL33 populations of P. brachystachys and metabolic resistance could be the mechanism
responsible for resistance in these populations (Table 7).

The consecutive use of different herbicides with the same mode of action in wheat fields in the
Golestan province led to the selection of resistant P. brachystachys individuals, and their numbers
have increased within the populations. Today, resistant populations have been established in several
parts of the province, and if the current weed/crop management method does not change, increasing
selection pressure will result in further infestation of resistant populations. However, crop rotation
and, consequently, different weed management methods would be the best way to control resistant
P. brachystachys populations in this region. The results of this study clearly indicate that pinoxaden
and cycloxydim have become ineffective at controlling some of the APP resistant P. brachystachys
populations and these herbicides should not be considered as alternative herbicides for the effective
control of resistant populations. Our results regarding this species are in agreement with the results
reported by others regarding the different levels of cross-resistance patterns of different weeds resistant
to the three groups of ACCase-inhibiting herbicides [18,24]. The Italian ryegrass (Lolium multiflorum)
with DM resistance was also cross-resistant to pinoxaden [28]. Additionally, there was a level of
cross-resistance to APP, CHD, and PPZ in bristly dogstail grass (Cynosurus echinatus) populations [27].
Hood canarygrass (Phalaris paradoxa) populations have also been reported to have cross-resistance to
the APP, CHD and PPZ herbicides [7]. The insensitivity of the ACCase target site is the most common
mechanism of resistance to ACCase-inhibiting herbicides [28]. However, resistance likely did not
develop via a single mechanism; rather, multiple mechanisms, including enhanced metabolism, an
altered target site, and other uncharacterized mechanisms, may be involved [29].

5. Conclusions

This is the first study confirming the cross-resistance of the aryloxyphenoxypropionates,
cyclohexanediones and phenylpyrazolines herbicides in P. brachystachys in Iran. The CytP450
monooxygenase data in the present study indicate that a metabolic mechanism is probably involved in
conferring cross-resistance among ACCase-inhibiting herbicides in some P. brachystachys populations.
However, the resistance level cannot only be explained by herbicide metabolism to non-toxic forms,
and other additional mechanisms should be studied. ACCase enzyme activity and gene analysis are
needed to identify the resistance mechanisms in these populations. A goal for further research is the
identification of the resistance mechanisms that are involved in ACCase inhibitor herbicides. We plan
to study these mechanisms in the future; meanwhile, due to the results of the present study, resistance
to ACCase inhibitors in P. brachystachys from Iran has been identified. In further studies, we will
elucidate the resistance mechanisms of resistance by biochemical and molecular methods.
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Table S1: Geographical location, collection site of P. brachystachys suspected resistant populations.

Author Contributions: Conceptualization, ].G. and R.D.P.; methodology, S.G., AM.R.-D. and M.D.O.-R; validation,
S.G.,]J.G. and A M.R.-D.; formal analysis, S.G.; investigation, S.G., ].G., AM.R.-D.,, M.D.O.-R., BK,, EG.-F. and
R.D.P; resources, ].G. and R.D.P; writing—original draft preparation, S.G., ].G., AM.R-D.,, M.D.O.-R,, BK,, EG.-E.
and R.D.P; writing—review and editing, S.G., ].G., AM.R.-D., M.D.O.-R,, B.K,, EG.-F. and R.D.P; supervision,
AM.R.-D. and ].G.; project administration, R.D.P.; funding acquisition, J.G. and R.D.P.


http://www.mdpi.com/2073-4395/9/7/377/s1

Agronomy 2019, 9, 377 11 of 12

Funding: This research received no external funding.

Acknowledgments: This work was funded by Gorgan University of Agricultural Science and Natural Resource
(GUANR) and the Spanish Ministry of Economy and Competitiveness (AGL2016-78944-R).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

Gherekhloo, J.; Rashed Mohassel, M.H.; Nassiri Mahalati, M.; Zand, E.; Ghanbari, A.; Osuna, M.D.; De
Prado, R. Confirmed resistance to aryloxyphenoxypropionate herbicides in Phalaris minor populations in
Iran. Weed Biol. Manag. 2011, 11, 29-37. [CrossRef]

Gonzalez-Andujar, J.L.; Saavedra, M. Spatial distribution of annual grass weed populations in winter cereals.
Crop Prot. 2003, 22, 629-633. [CrossRef]

Jimenez-Hidalgo, M.].; Saavedra, M.; Garcia-Torres, L. Phalaris sp. L. en cultivos de cereales. In Biologia de las
malas hierbas de Espaiia; Sans, F.X., Fernandez-Quintanilla, C., Eds.; Phytoma Espafia y Sociedad Espanola de
Malherbologia Publisher: Valencia, Spain, 1977; pp. 77-89, ISBN 978-8492191024.

Afentouli, C.G.; Eleftherohorinos, I.G. Competition between wheat and canarygrass biotypes and their
response to herbicides. Weed Sci. 1999, 47, 55-61. [CrossRef]

Mirkamali, H. Control of Phalaris brachystachys and Phalaris minor in wheat grown in northern Iran. Proc. Br.
Crop Prot. Conf. Weeds 1987, 2, 407-412.

Gherekhloo, J.; Oveisi, M.; Zand, E.; De Prado, R. A review of herbicide resistance in Iran. Weed Sci. 2016, 64,
55-561. [CrossRef]

Hochberg, O.; Sibony, M.; Rubin, B. The response of ACCase-resistant Phalaris paradoxa populations involves
two different target site mutations. Weed Res. 2009, 49, 37—46. [CrossRef]

Deley, C.; Zhang, X.G.; Michel, S.; Matejicek, A.; Powles, S. Molecular bases for sensitivity to Acetyl-Coenzyme
A Carboxilase inhibitors in black-grass. Plant Physiol. 2005, 137, 794-806. [CrossRef]

Petit, C.; Bay, G.; Pernin, F.; Délye, C. Prevalence of cross or multiple resistance to the acetyl coenzyme A
carboxylase inhibitors fenoxaprop, clodinafop and pinoxaden in blackgrass (Alopecurus myosuroides Huds.)
in France. Pest Manag. Sci. 2010, 66, 168-177. [CrossRef]

Kuk, Y.; Burgos, N.R.; Scott, R.C. Resistance profile of diclofop resistant Italian ryegrass (Lolium multiflorum)
to ACCase- and ALS-inhibiting herbicides in Arkansas, USA. Weed Sci. 2008, 56, 614-623. [CrossRef]
Heap, I. The International Survey of Herbicide Resistant Weeds. Available online: http://www.weedscience.
org (accessed on 9 January 2019).

Gherekhloo, J. (Gorgan University of Agricultural Science and Natural Resource, Gorgan, Iran). Personal
communication, 2018.

Burgos, N.R. Whole-Plant and Seed Bioassays for Resistance Confirmation. Weed Sci. 2015, 63, 152-165.
[CrossRef]

Ritz, C,; Streibig, J.C. Bioassay analysis using R. J. Stat. Softw. 2005, 12, 1-22. [CrossRef]

Kniss, A.R.; Vassios, ].D.; Nissen, S.J.; Ritz, C. Nonlinear regression analysis of herbicide absorption studies.
Weed Sci. 2011, 59, 601-610. [CrossRef]

Xu, X.; Wang, G.Q.; Chen, S.L.; Fan, C.Q.; Li, B.H. Confirmation of Flixweed (Descurainia sophia) Resistance to
Tribenuron-Methyl Using Three Different Assay Methods. Weed Sci. 2010, 58, 56—60. [CrossRef]

Yang, C.H.; Dong, L.Y.; Li, J.; Moss, S.R. Identification of Japanese foxtail (Alopecurus japonicus) resistant to
haloxyfop using three different assay techniques. Weed Sci. 2007, 55, 537-540. [CrossRef]

Sasanfar, H.; Zand, E.; Baghestani, M.A.; Mirhadi, M.].; Mesgaran, M.B. Cross-resistance patterns of winter
wild oat (Avena ludoviciana) populations to ACCase inhibitor herbicides. Phytoparasitica 2017, 45, 419-448.
[CrossRef]

Huan, Z.; Zhang, H.; Hou, Z.; Zhang, S.; Zhang, Y.; Liu, W.; Bi, Y.; Wang, J. Resistance level and metabolism
of barnyardgrass (Echinochloa crus-galli L. Beauv.) populations to quizalofop-P-ethyl in Heilongjiang province,
China. Agric. Sci. China 2011, 10, 1914-1922. [CrossRef]

Burke, I.C.; Thomas, W.E.; Burton, ].D.; Spears, J.E; Wilcut, JW. A seedling assay to screen
aryloxyphenoxypropionic acid and cyclohexanedione resistance in johnsongrass (Sorghum halepense). Weed
Technol. 2006, 20, 950-955. [CrossRef]


http://dx.doi.org/10.1111/j.1445-6664.2011.00402.x
http://dx.doi.org/10.1016/S0261-2194(02)00247-8
http://dx.doi.org/10.1017/S0043174500090652
http://dx.doi.org/10.1614/WS-D-15-00139.1
http://dx.doi.org/10.1111/j.1365-3180.2008.00677.x
http://dx.doi.org/10.1104/pp.104.046144
http://dx.doi.org/10.1002/ps.1851
http://dx.doi.org/10.1614/WS-08-003.1
http://www.weedscience.org
http://www.weedscience.org
http://dx.doi.org/10.1614/WS-D-14-00019.1
http://dx.doi.org/10.18637/jss.v012.i05
http://dx.doi.org/10.1614/WS-D-11-00034.1
http://dx.doi.org/10.1614/WS-09-034.1
http://dx.doi.org/10.1614/WS-07-016.1
http://dx.doi.org/10.1007/s12600-017-0587-9
http://dx.doi.org/10.1016/S1671-2927(11)60192-2
http://dx.doi.org/10.1614/WT-05-160.1

Agronomy 2019, 9, 377 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

Tal, A.; Kotoula-Syka, E.; Rubin, B. Seed-bioassay to detect grass weeds resistant to acetyl coenzyme A
carboxylase inhibiting herbicides. Crop Prot. 2000, 19, 467-472. [CrossRef]

Tal, A.; Rubin, B. Molecular characterization of resistance to ACCase-inhibiting herbicides in Lolium rigidum.
Pest Manag. Sci. 2004, 60, 1013-1018. [CrossRef]

Uludag, A.; Nemli, Y.; Tal, A.; Rubin, B. Fenoxaprop resistance in sterile wild oat (Avena sterilis) in wheat
fields in Turkey. Crop Prot. 2007, 26, 930-935. [CrossRef]

Ahmad-Hamdani, M.S.; Owen, M.].; Yu, Q.; Powles, S.B. ACCase-Inhibiting Herbicide-Resistant Avena spp.
Populations from the Western Australian Grain Belt. Weed Technol. 2012, 26, 130-136. [CrossRef]

Pan, L.; Li, J.; Zhang, T.; Dong, L.Y. Cross-resistance pattern to acetyl coenzyme A carboxylase (ACCase)
inhibitors associated with different ACCase mutations in Beckmannia syzigachne. Weed Res. 2015, 55, 609-620.
[CrossRef]

Kaundun, S.S. Resistance to acetyl-CoA carboxylase-inhibiting herbicides. Pest Manag. Sci. 2014, 70,
1405-1417. [CrossRef] [PubMed]

Fernandez, P; Alcantara-de la Cruz, R.; Cruz-Hipolito, H.; Osuna, M.D.; De Prado, R. Underlying Resistance
Mechanisms in the Cynosurus echinatus Population to Acetyl CoA Carboxylase-Inhibiting Herbicides. Front.
Plant Sci. 2016, 7, 449. [CrossRef] [PubMed]

Ellis, A.T.; Steckel, L.E.; Main, C.L.; De Melo, M.S.C.; West, D.R.; Mueller, T.C. A survey for diclofop-methyl
resistance in Italian ryegrass from Tennessee and how to manage resistance in wheat. Weed Technol. 2010, 24,
303-309. [CrossRef]

Yu, Q.; Ahmad-Hamdani, M.S.; Han, H.; Christoffers, M.].; Powles, S.B. Herbicide resistance-endowing
ACCase gene mutations in hexaploid wild oat (Avena fatua): Insights into resistance evolution in a hexaploid
species. Heredity 2013, 110, 220-231. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0261-2194(00)00041-7
http://dx.doi.org/10.1002/ps.903
http://dx.doi.org/10.1016/j.cropro.2006.08.012
http://dx.doi.org/10.1614/WT-D-11-00089.1
http://dx.doi.org/10.1111/wre.12170
http://dx.doi.org/10.1002/ps.3790
http://www.ncbi.nlm.nih.gov/pubmed/24700409
http://dx.doi.org/10.3389/fpls.2016.00449
http://www.ncbi.nlm.nih.gov/pubmed/27148285
http://dx.doi.org/10.1614/WT-D-09-00035.1
http://dx.doi.org/10.1038/hdy.2012.69
http://www.ncbi.nlm.nih.gov/pubmed/23047200
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Seed Collection 
	Seed Bioassay 
	Whole Plant Dose–Response Assay 
	Growth Assay in Combination with CytP450 Inhibitor 
	Statistics Analysis 

	Results 
	Seed Bioassay 
	Dose–Response Assay 
	Growth Assays in Combination with CytP450 Inhibitor 

	Discussion 
	Conclusions 
	References

