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Abstract: Amino acid substitutions that confer herbicide-resistance may cause fitness costs in mutant
plants at unfavorable levels in contrast to wild-species. The fitness costs in three Lolium rigidum
populations (AH3 (Ile-2041-Asn) and BO2 (Ile-1781-Leu) as resistant (R) to clodinafop-propargyl,
an ACCase (acetyl-CoAcarboxylase) inhibitor, carrying the mutations 1781 and 2041, respectively,
and HF as susceptible (S)) were studied during 2014 and 2016. The germination rates and percentages
of the three L. rigidum populations, and competition between them and Triticum aestivum using
substitution series experiments were assessed. The BO2 and AH3 populations showed resistance to
clodinafop-propargyl due to mutations in their ACCase genes. The germination rate for L. rigidum
decreased as the sowing depth increased, with the lowest germination rate being found at 8 cm.
AH3 and HF populations presented higher seed germination under water and NaCl salinity stress,
but no fitness cost variations were observed among these R populations under optimal growth
conditions. Diverse germination responses to light conditions were observed between the S and R L.
rigidum populations. The highest germination percentage was observed in the HF population at the
two-week lighting + two-week darkness regime. The comparison of relative yield total and relative
crowding coefficient showed that T. aestivum was more competitive than L. rigidum. However, among
ACCase-resistant L. rigidum populations, AH3 population was the most competitive presenting
no fitness costs. This R population was more competitive than the S (HF) one under competitive
conditions. These results show that fitness costs in the R L. rigidum populations vary according to the
specific mutation at the ACCase gene that confers resistance to clodinafop-propargyl. In conclusion,
mutations occurring at the 2041 position in the ACCase gene caused fitness costs, but those occurring
at the 1781 position did not generate fitness costs for L. rigidum. Therefore, non-chemical methods
should be considered unfavorable for resistant populations of this species.
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1. Introduction

ACCase (acetyl-CoAcarboxylase)-inhibitors, introduced in 1975 [1], are selective herbicides
used to control grass weed species [2]. These herbicides do not affect dicotyledonous plants,
and some monocotyledonous crops, such as wheat (Triticum aestivum L), are naturally tolerant
to them [3]. The chemical families of ACCase-inhibitors are: hydroxyphenoxyisopropionic acid
(AOPP), hydroxyoxocyclo-hexenecarbaldehyde oxime (CHD), and phenyloxopyrazolinyl formate
(PPZ) chemical families [4–6]. They act on the ACCase, a nuclear encoded enzyme located in the
chloroplasts of plants [7–9].

Lolium rigidum Guad. (Rigid ryegrass) is widely distributed throughout many countries [10,11].
It is the dominant weed in Iranian crop production systems, and is considered one of the most difficult
species to control for grain production in most areas of the country [12]. Resistance to ACCase inhibitors
was first reported in 1982 [8]. To date, L. rigidum has been reported as having evolved resistance to
11 herbicide modes of action in 12 countries [13], showing the wide-spread incidence of herbicide
resistant Lolium spp. [13,14].

The mechanisms involved in herbicide resistance are [15,16] TS (target-site) and NTS
(non-target-site) resistance in nature. TS-resistance is often reported in ACCase inhibitor-resistant
weeds, and is endowed by modifications in the target site of ACCase inhibitors [17]. NTS-resistance
mechanisms are related to a decrease in the herbicide uptake and/or translocation, or an increased
herbicide detoxification [15,18,19].

Resistance mechanisms for various mode of action (MOA), such as ACCase [20],
5-enolpyruvylshikimate-3-phosphate synthase [21], and photosystem II [22], inhibitors may also
represent fitness costs in different weed species [22–24]. The fitness costs are dependent on population
genetic backgrounds, resistance mechanisms (TSR or NTSR) involved, and the field conditions [9].
Various mutations can influence the fitness cost of weeds [25]. The Ile-2041-Asn replacement in the
ACCase gene, for example, decreased the total mass and seed production in Hordeum glaucum, while the
Ile-1781-Leu/Val replacement did not generate fitness costs [26].

ACCase-resistant L. rigidum populations have been identified in winter cereal fields in
Iran [24]. The resistant (R) populations evaluated in this study presented a high resistance level
to clodinafop-propargyl, an ACCase-inhibitor herbicide. The objective was to evaluate the fitness cost
of the resistance to this herbicide in two R L. rigidum populations (AH3 and BO2, carrying mutations
at the 1781 and 2041 positions, respectively, responsible for resistance to ACCase-inhibitor herbicides),
compared with a susceptible (S) population (HF). The potential fitness cost was studied in terms of
rate and percentage of germination, water and NaCl salinity stresses, and the effect of light regimes on
seed germination of AH3, BO2 and HF populations.

2. Materials and Methods

2.1. Plant Materials

An HF (susceptible) population, used as control, was collected from a field with no history
of herbicide application. AH3 (Ile-2041-Asn) and BO2 (Ile-1781-Leu) resistant L. rigidum [24],
which survived repeated clodinafop-propargyl (Topik®, Syngenta, Basle, switzerland) applications,
were collected from winter fields in Iran in 2013–2014. Spikes and seeds were stored at temperatures
between 20 and 25 ◦C until testing. Seeds were sown in 12 × 12 × 10 cm plastic pots containing
a manure-loam-sand mix (40:40:20% v/v/v), and watered twice a week. Seedlings were kept in a
greenhouse at 21–26/11–16 ◦C day/night, with a 16-h photoperiod and 50–60% relative humidity.

2.2. Greenhouse Dose-Response

Lolium rigidum plants from two selected R biotypes and the S biotype, at the 3–4 leaf stage,
were sprayed with the following clodinafop-propargyl doses: 0, 16, 32, 64, 128, 256, 512, and 1024 g ai
ha−1. Herbicide application were performed using an backpack sprayer (Marolex, Warsaw, Poland)
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equipped with a 11,002 Tee-Jet nozzle (Keshtpoosh, Tehran, Iran) spaced 50 cm apart, and calibrated at
200 kPa to deliver 250 L of herbicide mix ha−1.

Lolium rigidum control was visually determined at 14 and 28 days after treatment (DAT)
determining a percentage of 0 to 100% (0% = no injury and 100% = plant death). The control
degree was based on signs, such as individuals with chlorosis and necrosis, compared to untreated
individuals. Above-ground biomass was harvested at 28 DAT from each test, dried at 72 ◦C and
weighed. The biomass data was contrasted with control plants.

2.3. Effect of Burial Depth on Germination Rate (GR) of AH3, BO2, and HF Populations

In the burial depth experiment, the effect of planting depth on germination rate in the HF, BO2,
and AH3 population was measured. S and R seed populations were planted in 500 mL volume pots at
predetermined depths (0–8 cm). Seedlings were put in a greenhouse under controlled conditions at
21–26/11–16 ◦C day/night, 16-h photoperiod, 50–60% relative humidity and the pots were irrigated at
specific times. The test was conducted in a completely randomized design (CRD) with four replications.
Seed germination was continued for three weeks.

2.4. Water Stress and NaCl Salinity Stress on Germination Percentage (GP) of AH3, BO2, and HF Populations

Seeds of BO2, AH3, and HF populations were sterilized in 1% sodium hypochlorite solution
for 2–3 min, rinsed with purified water, and air-dried for 4 h before being placed in Petri dishes.
Treatments included polyethylene glycol 6000 (0, 3, 6, 9, 12, and 15 bar) and NaCl (0, 5, 10, 15, 20,
and 25 decisiemens per centimeter (ds cm−1)). Twenty seeds from each population were put on two
filter paper disks in 9-cm Petri dishes with an 8.0 cc prepared dilution (for PEG 6000 and NaCl) and
distilled water (for the rest of treatments). The germination percentage was recorded daily for two
weeks. Seeds were considered germinated when the radical presented a length of at least 0.2 cm [20].

2.5. Effect of Light Regimes on Seed Germination of AH3, BOS2, and HF Populations

Seeds from each L. rigidum population were tested immediately. Spikes from the wheat fields
were harvested and stored at a temperature between 21 and 26 ◦C. The germination percentage was
assayed at two times during the following year. Twenty seeds from each population were incubated
at 21/11◦C on two filter paper disk in 9-cm Petri dishes under three light regimes: two weeks with
12 h light (14 dL); two weeks in darkness (14 dD) or two weeks in darkness followed by two weeks
exposure to 12 h lights (14 dD + 14 dL). Light was blocked by covering the sheet in aluminum foil.

2.6. Comparison of Relative Yield Total (RYT) and Relative Crowding Coefficient (RCC) between T. aestivum
and L. rigidum

These experiments were conducted to measure unfavorable effects, growth and seed production
of AH3, BO2, and HF L. rigidum populations and T. aestivum in competitive and non-competitive
situations. For this purpose, pots were put in controlled greenhouse situations at 21–26/11–16 ◦C
day/night, 16-h photoperiod and 50–60% relative humidity. The pots were irrigated at set times.
Pots were filled with manure-loam-sand mix (40:40:20% v/v/v). Competition between L. rigidum
populations and T. aestivum was essayed by methods of a substitution series experiment at five
L. rigidum: T. aestivum densities (8:0, 6:2, 4:4, 2:6 and 0:8).

RYT and RCC were used to determine competitive ability and as an indication of the competitive
ability of a crop to obtain limited solar, nutritional and water resources when grown together with
weed. This was contrasted with the ability of plants to use those resources when grown in a pure
stand [23]. A RYT or RCC > 1.0 signifies a competitive benefit for L. rigidum (S and R populations) when
compared with T. aestivum, whereas, an RYT or RCC of 1.0 indicates that L. rigidum and T. aestivum
species are making demands on the same resources. If RYT or RCC is less than 1.0, this indicates
antagonism between L. rigidum and T. aestivum plants [27].
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2.7. Data Analysis

The dose to reduce the dry weight (GR50) and to kill plants (LD50) by 50% was specified using the
3 parameter log-logistic curve Y = d/1 + exp [b (log(x) − log(e))] [1]; where the biomass reduction is Y,
the upper limit is d and the lower limit is c, e represents the GR50 value, b is the relative slope around
the parameter e, and x is the herbicide dose (g ai ha−1). Resistance indices (RI = R/S) were calculated
as the ratio of R to S GR50 values.

The germination percentage was calculated using the equation: PG = ni/N × 100 [28]. The germination
percentage (PG) is the total number of germinated seeds (ni) divided by the total number of seeds (N). RYT
is the total RY of the two associated plants: RYT = (Ytl/Ytt) + (Ylt/Yll) = RY1 + RYt. Relative yield (RY)
is the ratio of the species response (shoot dry weight) in the mixture and the plant response when grown
in a monoculture. The RCC for dry weight production for L. rigidum and T. aestivum was calculated as:
RCC = RCClt × RCCtl; where RCClt = YltXtl/(Yll − Ylt)Xlt; RCCtl = YtlXlt/(Ytt − Ytl)Xtl; Ylt and Ytl
indicates the dry weight of L. rigidum and T. aestivum, respectively; Yll and Ytt represent the dry weight in
pure cultures of A and B species; and Xtl and Xlt are the ratios for planting for A and B species.

3. Results

3.1. Herbicide Screening Experiment

Different resistance levels to clodinafop-propargyl were identified between the resistant L. rigidum
populations at 30 days after spraying. AH3 population was the most resistant based on survival and
fresh-weight. The BO2 population also had a high resistance rate to clodinafop-propargyl. Based on
the screening test, the AH3 and BO2 populations were classified as resistant to clodinafop-propargyl,
and these populations were selected for dose-response test.

3.2. Dose–Response Assay in the Greenhouse

All HF (S) individuals died in the treatment with 32 g ai ha−1 of clodinafop-propargyl (50% of
the recommended rate), while the AH3 and BO2 populations exhibited high survival rates. Based on
GR50 and LD50 values of the HF population (5.8 and 6.9 g.ai ha−1, respectively), the resistance index of
the resistant L. rigidum populations ranged from 20.4 to 316.3 in terms of the fresh weight reduction,
and from 29.1 to 174.2 for the survival percentage (Table 1).

Table 1. Clodinafop-propargyl doses (g ai ha−1) needed to reduce the fresh weight (GR50) and survival
percentage (LD50) by 50% in Lolium rigidum biotypes from Iran.

Population
Fresh Weight Survival

d b GR50 R/S d b LD50 R/S

AH3 99.5 1.6 1866.4 316.3 101.4 0.7 905.6 174.2
BO2 100.0 1.0 120.3 20.4 101.5 0.9 151.2 29.1

HF (S) 100.0 1.6 5.9 100.0 1.6 5.2

RI = Resistance index (R/S) calculated using the corresponding GR50 or LD50 values of the resistant biotype with
respect to the susceptible one. d: the upper limit, b: is the relative slope around the parameter e (e represents the
GR50 value). GR50: the mean dose that caused growth reduction by 50%; LD50: the mean dose that caused mortality
reduction by 50%. AH3, BO2, HF: the biotypes collected from the Ahvaz, Bostan and Haftkel counties respectively.

Comparing the ACCase-gene fragments of the L. rigidum populations, the BO2 population was the
only one that revealed a single nucleotide mutation from ATT to CTT at the 1781 location (Ile-1781-Leu).
The AH3 population revealed the single nucleotide mutation from ATT to AAT at the 2041 location
(Ile-2041-Asn).
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3.3. Effect of Burial Depth on Germination Rate (GR) of R and S Populations

The decreasing rate of germination (3.4) was more evident in the HF population than the resistant
ones, while the slope for AH3 was 2.9 while for the BO2 resistant mass it was 2.8. The three populations
showed a decrease in the germination rate with increasing depth. On the soil surface (0 cm), the highest
GR was observed in the S population and at the final depth (8 cm). The germination rate in the BO2
and AH3 populations was similar, but the HF population showed a decrease in comparison with
the other populations. In general, with increasing depth, the maximum germination rate decreased,
but the decrease in the S population was lower than that of resistant populations (Figure 1).
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Figure 1. Effects of sowing depth on germination rate (GR) in HF (S) (red bars), BO2 (Ile-1781-Leu)
(black bars), and AH3 (Ile-2041-Asn) (blue bars) Lolium rigidum populations. The corresponding
equations are: Population S: y = 3.3371 + 0.2006 x, (r2 = 0.92); Population BO2 (Ile-1781-Leu):
y = 2.7655 + 0.1520 x, (r2 = 0.91); Population AH3 (Ile-2041-Asn): y = 2.9417 + 0.1724 x, (r2 = 0.97).

3.4. Water Stress and NaCl Salinity Stress on Germination Percentage (GP) of R and S Populations

Seed germination was different for the AH3, BO2, and HF populations and diminished due to
a decrease in osmotic potential affected by polyethylene glycol from −3 to −12, while in −15 bar it
reached its lowest level (Figure 2). Seed germination percentages of the AH3 and BO2 populations
were clearly lower in comparison with the HF population. Coefficients from the linear regression
equation of seed germination resistant and susceptible biotype data showed that the BO2 biotype,
compared to AH3 and HF, was more tolerant of water stress, and in water potential 7.5, its seed
germination was reduced to 50% (Figure 2). The seed germination percentages in the AH3, BO2,
and HF populations were 92.5, 93.8, and 98.8 in the control treatment, respectively. The concentration
of salinity at which 50% of HF and BO2 seeds reached germination is greater than AH3. Hence, the HF
and BO2 concentrations of 21 dS cm−1, and the AH3 biotype at a lower level of salinity (19 dS cm−1)
reach 50% germination (Figure 3). Similar to the results for the water stress test, a significant population
effect on the seed germination was seen under NaCl salinity stress; AH3 and BOS2 population levels
were clearly lower in comparison to the HF population (Figure 3).
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Figure 2. Final germination of the HF (S) (red bars), BO2 (Ile-1781-Leu) (black bars), and AH3
(Ile-2041-Asn) (blue bars) Lolium rigidum populations under water stress. The corresponding equations
are: population S: y = −17.404 + 0.166x, std. error: 0.983, (r2 = 0.97); population BO2 (Ile-1781-Leu):
y = −17.436 + 0.182x, Std.Error: 0.966, (r2 = 0.97); population R2 (Ile-2041-Asn): y = −17.024 + 0.184x,
std. error: 0.795, (r2 = 0.98).
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Figure 3. Final germination of the HF (S) (red bars), BO2 (Ile-1781-Leu) (black bars), and AH3
(Ile-2041-Asn) (blue bars) Lolium rigidum populations under water stress. The corresponding equations
are: population S: y = 34.121 − 0.284x, std. error: 6.398, (r2 = 0.77); population BO2 (Ile-1781-Leu):
y = 32.543 − 0.293x, std. error: 5.832, (r2 = 0.78); population R2 (Ile-2041-Asn): y = 31.308 + 0.290x, std.
error: 3.298, (r2 = 0.91).

3.5. Effect of Light Regimes on Seed Germination of R and S Populations

Powerful dormancy was obvious in seeds assayed immediately after collection, with less than
7.5% germination for AH3, BO2, and HF populations (Table 2). Dormancy decreased over time for
the three populations, with up to 50% germination in darkness after one year (365 days) of storage
at room temperature. When the seeds were placed in light after being in darkness, most germinated.
Seed germination of all populations increased significantly after one year of storage, however,
seed germination in the BO2 population was less than that in the AH3 and HF populations (Table 2).
Imbibitions of seeds of the BO2, AH3, and HF populations in darkness, followed by a light period
(14 dD + 14 dL), increased seed germination in contrast with that observed with only darkness or
lighting only (14 dD, 14 dL) after the ripening period (Table 2). Of the three populations, the seed
germinations in the BO2 population were the lowest in darkness with consequently fewer seedlings
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emerging. Therefore, it seems that a cycle of dark imbibitions followed by light accelerated dormancy
release in seeds of AH3, BO2 and HF populations.

Table 2. Final germination of the HF (S), BO2 (Ile-1781-Leu) and AH3 (Ile-2041-Asn) populations at
diverse after-ripening times at 11/21 ◦C and under three light treatments: two weeks darkness (14 dD),
exposure to 12 h light (14 dL), and dark imbibed for 14 days followed by disposal for 14 days to 12 h
light (14 dD + 14 dL).

Light Regimes Biotype
Day

0 365

14 dD
HF (Susceptible) 7.5 62.5

BO2 (Ile-1781-Leu) 3.0 25.0
AH3 (Ile-2041-Asn) 5.2 45.0

14 dL
HF (Susceptible) 46.5 90.0

BO2 (Ile-1781-Leu) 26.5 76.5
AH3 (Ile-2041-Asn) 40.0 85.5

14 dD + 14 dL
HF (Susceptible) 75.0 97.5

BO2 (Ile-1781-Leu) 65.0 85.0
AH3 (Ile-2041-Asn) 67.5 92.5

3.6. Comparison of RYT and RCC of T. aestivum and L. rigidum (S and R Populations)

The RYT of T. aestivum and HF, BO2 and AH3 L. rigidum populations, in all ratios, was about 1.0
and less than 1.0, indicating an antagonistic effect between T. aestivum and these populations. The RCC
was higher than 1.0 for dry weight, displaying a low competitive benefit for T. aestivum. The indices
were calculated using the substitution series study, and provided valuable understanding of the
relative competitive abilities of T. aestivum with L. rigidum. In fact, the highest RCC value was between
0.13 and 2.37, showing the competitive advantage of T. aestivum over L. rigidum. The RCC indices
indicated competition between the BO2, AH3, and HF populations of L. rigidum with T. aestivum.
The AH3 population showed the greatest competitiveness, and the BO2 population was the least
competitive with T. aestivum (Table 3).

Table 3. Comparison of relative yield total (RYT) and relative crowding coefficient (RCC) based on
shoot dry weight of T. aestivum and L. rigidum (S and R populations) in different ratios of sowing
L. rigidum and T. aestivum.

Populations Ratio RYl RYt RYT RCClt RCCtl

HF (Susceptible)
25:75 0.16 0.73 0.89 0.65 1.53
50:50 0.26 0.59 0.85 0.47 2.13
75:25 0.65 0.30 0.95 0.73 1.37

BO2 (Ile-1781-Leu)
25:75 0.13 0.89 1.02 0.42 2.37
50:50 0.32 0.65 0.96 0.50 2.01
75:25 0.63 0.35 0.98 0.66 1.51

AH3 (Ile-2041-Asn)
25:75 0.20 0.77 0.97 0.73 1.37
50:50 0.41 0.56 0.97 0.71 1.41
75:25 0.67 0.25 0.95 0.88 1.14

RYr: Relative yield of L. rigidum; RYt: relative yield of T. aestivum; RYT: relative yield total; RCCrt: relative crowding
coefficient of L. rigidum to T. aestivum; and RCCrt: relative crowding coefficient between T. aestivum and L. rigid.

4. Discussion

Previous studies on the fitness costs of resistance to ACCase inhibitor herbicides in L. rigidum
populations showed no distinctions in the competitive capabilities of resistance against the susceptible
population [29,30]. The results found in this study indicated that ACCase herbicide resistant L. rigidum
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showed a considerable difference between the BO2 (with the ACCase 1781-mutation) and HF
(S-susceptible) plant populations.

In the screening experiment, two populations were the most resistant biotypes to clodinafop.
These populations showed RI ranging from 29.1 to 316.3 times higher compared with the susceptible
population. The evolution of resistant individuals in a population results from selection pressures
caused by repetitious use of herbicides with the same mode of action [31]. Obligatory cross-pollination
weeds, such as Alopecurus sp. and L. rigidum, help to avoid these resistance traits [17].

Two resistant L. rigidum populations were genotyped to identify ACCase target-site resistance
mutations. The mutations 1781 and 2041, identified in the BO2 (the first) and AH3 (the second)
populations, were found conferring resistance to APP herbicides [32–34], explaining their resistance
to clodinofop. In Lolium species seven mutations at positions Ile-2041, Cys-2088, Ile-1781, Asp-2078,
Trp-1999, Gly-2096, and Trp-2027 have been reported giving resistance to ACCase inhibitors [34,35].

The AH3 population showed higher competitive ability compared with the HF population,
in terms of germination rate, seed germination percentage, biomass, and reproductive capabilities.
Previous studies in various grass weed species have reported a positive correlation between fitness
cost and biomass production [36,37]. In competition with wheat plants, the AH3 population was less
affected compared with either BO2 or HF plants. Corroborating previous studies, our experiment with
R plants revealed that various mutations can be responsible for the diverse competitive abilities of
AH3 plants showing fitness greater than either HF or BO2 plants in various traits [32,38–41].

Seeds from BO2 and AH3 populations showed a fitness cost under NaCl salinity stress and
water stress in comparison with the HF population. However, no fitness variation was observed
under optimal test conditions. This constant response to low osmotic potential and high NaCl salinity
indicated that seeds from the HF population had a greater ability for germination under stressful
conditions in comparison with resistant populations (AH3 and BO2). The lack of fitness costs for R
populations relative to the S population is in agreement with the findings described in weed species,
which indicated no fitness penalty related to the 1781 and 2041 mutations [22,29].

Light conditions were found to be a significant factor that determined the diverse responses
between the populations. Non-constant light for two weeks, either with or without pre-imbibitions
in the dark was found to be the ideal condition for germination of AH3, BO2 and HF populations,
corroborating prior research into germination percentages in L. rigidum [29,42]. Under appropriate
environmental conditions, there was little difference in seed germination between the AH3, BO2,
and HF populations. However, in the lower quality environment (either stable darkness), lower
proportion of BO2 individuals germinated in comparison with HF or AH3 individuals. This decreased
germination percentage in the BO2 population in the dark lead to a smaller proportion exposed of
seedlings being exposed. Even one year after ripening 60% of the BO2 individuals still needed light
to germinate. A cycle of imbibitions in darkness led to an increased germination percentage under
lighting and generated a greater germination rate of seeds from the three populations, showing that
the intermittent dormancy release mechanism is a typical response in L. rigidum populations [29]
independent of herbicide resistance.

Summarizing, mutations occurring at the 2041 position in the ACCase gene caused fitness costs,
but those occurring at the 1781 position did not generate fitness costs for clodinafop-propargyl resistant
L. rigidum populations collected in winter cereal fields from Iran. Therefore, non-chemical methods
should be considered unfavorable for resistant populations of this species.

5. Conclusions

In summary, the fitness in three L. rigidum biotypes were studied that two biotypes were resistant
to clodinafop-propargyl (two ACCase mutations 1781-Leu and 2041-Asn) and susceptible biotype.
Moreover, it was shown that the mutations with heterozygous 2041-Asn and the 1781-Leu confer a
sufficient level of resistance to ACCase- inhibiting herbicides. Fitness cost is unavoidable phenomenon
related with TSR changes. These results exhibit that diverse replacement in the similar target-gene
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would not inevitably have the identical impact on the rate of fitness cost. The resistance to ACCase
inhibitors has happened in L. rigidum populations in the wheat fields from Iran. Therefore, farmers
improve and enhance their weed handling systems or use herbicides with various mechanisms of
function and in a sustainable way, resistance to ACCase-inhibitors will further expand and become a
main issue in this country in the near future.

Author Contributions: H.S.Z.: project manager; H.R.M.C.: supervisor; E.Z.: supervisor; and I.T., R.D.P.,
R.A.-d.l.C., and M.T.A.: consultants. All authors wrote and approved the manuscript.

Funding: This research was supported by the Agricultural Research, Education & Extension Organization of Iran
and University of Mohaghegh Ardabili.

Acknowledgments: This research was supported by the Agricultural Research, Education, and Extension
Organization of Iran and University of Mohaghegh Ardabili. The authors thank the University of Ramin,
especially the central laboratory staff and the Agricultural Research Center for their assistance in conducting these
experiments, as well as lab director Ayeh Sadr.

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

References

1. Ritz, C.; Streibig, J.C. Bioassay analysis using R. J. Stat. Softw. 2005, 12, 5. [CrossRef]
2. Busi, R.; Gaines, T.A.; Powles, S. Phorate can reverse P450 metabolism-based herbicide system. Plant Physiol.

2017, 95, 1036–1043. [CrossRef]
3. Bradley, K.W.; Wu, J.; Hatzios, K.K.; Hagood, E.S., Jr. The mechanism of resistance to

aryloxyphenoxypropionate and cyclohexanedione herbicides in a johnsongrass population. Weed Sci.
2001, 49, 477–484. [CrossRef]

4. Cruz-Hipolito, H.; Fernandez, P.; Alcantara, R.; Gherekhloo, J.; Osuna, M.D.; De Prado, R. Leu-1781-Leu and
Asp-2078-Gly mutations in ACCase gene, endow cross-resistance to APP, CHD, and PPZ in Phalaris minor
from Mexico. Int. J. Mol. Sci. 2015, 16, 21363–21377. [CrossRef] [PubMed]

5. Délye, C.; Duhoux, A.; Pernin, F.; Riggins, C.W.; Tranel, P.J. Molecular mechanisms of herbicide resistance.
Weed Sci. 2015, 63, 91–115. [CrossRef]

6. Forouzesh, A.; Zand, E.; Soufizadeh, S.; Samadi-Foroushani, S. Classification of herbicides according to
chemical family for weed resistance management strategies—An update. Weed Res. 2015, 55, 334–358.
[CrossRef]

7. Burke, I.C.; Burton, J.D.; York, A.C.; Cranmer, J.; Wilcut, J.W. Mechanism of resistance to clethodim in a
Johnsongrass (Sorghum halepense) population. Weed Sci. 2006, 54, 401–406. [CrossRef]

8. Heap, J.; Knight, R. A population of ryegrass tolerant to the herbicide diclofop-methyl. J. Aust. Inst. Agric. Sci.
1982, 48, 156–157.

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

10. Frenkel, E.; Matzrafi, M.; Rubin, B.; Peleg, Z. Effects of environmental conditions on the fitness penalty in
herbicide resistant Brachypodium hybridum. Front. Plant Sci. 2017, 8, 94. [CrossRef] [PubMed]

11. Owen, M.J.; Martinez, N.J.; Powles, S.B. Multiple herbicide-resistant Lolium rigidum (annual ryegrass) now
dominates across the Western Australian grain belt. Weed Res. 2014, 54, 314–324. [CrossRef]

12. Montazeri, M.; Zand, E.; Baghestani, M.A. Weeds and Their Control in Wheat Field of Iran; Iranian Plant Pests
and Diseases Research Institute Publications: Tehran, Iran, 2005.

13. Heap, I. The International Survey of Herbicide Resistant Weeds. Available online: http://www.weedscience.
com (accessed on 5 May 2018).

14. Loureiro, I.; Rodriguez-Garcia, E.; Escorial, C.; Garcia-baudin, J.M.; Gonzalez-Andujar, J.L.; Chueca, M.C.
Distribution and frequency of resistance to four herbicide modes of action in Lolium rigidum Gaud. accessions
randomly collected in winter cereal fields in Spain. Crop Prot. 2010, 29, 1248–1256. [CrossRef]

15. Délye, C. Unravelling the genetic bases of non-target-site based resistance (NTSR) to herbicides: A major
challenge for weed science in the forthcoming decade. Pest Manag. Sci. 2013, 69, 176–187. [CrossRef]
[PubMed]

http://dx.doi.org/10.18637/jss.v012.i05
http://dx.doi.org/10.1002/ps.4441
http://dx.doi.org/10.1614/0043-1745(2001)049[0477:TMORTA]2.0.CO;2
http://dx.doi.org/10.3390/ijms160921363
http://www.ncbi.nlm.nih.gov/pubmed/26370967
http://dx.doi.org/10.1614/WS-D-13-00096.1
http://dx.doi.org/10.1111/wre.12153
http://dx.doi.org/10.1614/WS-05-153R.1
http://dx.doi.org/10.1002/ps.3790
http://www.ncbi.nlm.nih.gov/pubmed/24700409
http://dx.doi.org/10.3389/fpls.2017.00094
http://www.ncbi.nlm.nih.gov/pubmed/28217132
http://dx.doi.org/10.1111/wre.12068
http://www.weedscience.com
http://www.weedscience.com
http://dx.doi.org/10.1016/j.cropro.2010.07.005
http://dx.doi.org/10.1002/ps.3318
http://www.ncbi.nlm.nih.gov/pubmed/22614948


Agronomy 2018, 8, 106 10 of 11

16. Powles, S.B.; Yu, Q. Evolution in action: Plants resistant to herbicides. Annu. Rev. Plant. Biol. 2010, 61,
317–347. [CrossRef] [PubMed]

17. Yang, Q.; Deng, W.; Li, X.; Yu, Q.; Bai, L.; Zheng, M. Target-site and non-target-site based resistance to
the herbicide tribenuronmethyl in flixweed (Descurainia sophia L). BMC Genom. 2016, 17, 551. [CrossRef]
[PubMed]

18. Ghanizadeh, H.; Harrington, K.C. Non-target site mechanisms of resistance to herbicides. Crit. Rev. Plant Sci. 2017.
[CrossRef]

19. Yuan, J.S.; Tranel, P.J.; Stewart, C.N., Jr. Non-target-site herbicide resistance: A family business. Trends Plant Sci.
2007, 12, 6–13. [CrossRef] [PubMed]

20. Travlos, I.S. Competition between ACC-inhibitor resistant and susceptible sterile wild oat (Avena sterilis L.)
biotypes. Weed Sci. 2013, 61, 26–31. [CrossRef]

21. Yanniccari, M.; Vila-Aiub, M.; Istilart, C.; Acciaresi, H.; Castro, A.M. Glyphosate resistance in perennial
ryegrass (Lolium perenne L.) is associated with a fitness penalty. Weed Sci. 2016, 64, 71–79. [CrossRef]

22. Matzrafi, M.; Gerson, O.; Rubin, B.; Peleg, Z. Different Mutations Endowing Resistance to Acetyl-CoA
Carboxylase Inhibitors Results in Changes in Ecological Fitness of Lolium rigidum Populations. Front. Plant Sci.
2017, 8, 1078. [CrossRef] [PubMed]

23. Massinga, R.A.; Al-Khatib, K.; Amand, P.S.; Miller, J.F. Relative fitness of imazamox-resistant common
sunflower and prairie sunflower. Weed Sci. 2005, 53, 166–174. [CrossRef]

24. Sabet Zangeneh, H. Investigation of the Relative Fitness and Molecular Base of Resistant and Susceptible
Rigid Ryegrass (Lolium rigidum) Biotypes to Acetyl Co-A-carboxylase Herbicides. Ph.D. Thesis, Agricultural
and Natural Resources Campus, University of Tehran, Tehran, Iran, 2018.

25. Délye, C.; Pernin, F.; Michel, S. ‘Universal’ PCR assays detecting mutations in acetyl−coenzyme A
carboxylase or acetolactate synthase that endow herbicide resistance in grass weeds. Weed Res. 2011,
51, 353–362. [CrossRef]

26. Shergill, L.S.; Boutsalis, P.; Preston, C.; Gill, G.S. Fitness costs associated with 1781 and 2041 ACCase-mutant
alleles conferring resistance to herbicides in Hordeum glaucum Steud. Crop Prot. 2016, 87, 60–67. [CrossRef]

27. Hoffman, W.A.; Poorter, H. Avoiding bias in calculations of relative growth rate. Ann. Bot. 2002, 90, 37–42.
[CrossRef]

28. Hartmann, H.T.; Kester, D.E.; Davies, T.F. Principal of propagation by seed. In Plant Propagation, Principals
and Practices; Prentice-Hall International, Inc.: Upper Saddle River, NJ, USA, 1990; pp. 104–136.

29. Vila-Aiub, M.M.; Neve, P.; Powles, S.B. Resistance cost of a cytochrome P450 herbicide metabolism
mechanism but not an ACCase target site mutation in a multiple resistant Lolium rigidum population.
New Phytol. 2005, 167, 787–796. [CrossRef] [PubMed]

30. Vila-Aiub, M.M.; Neve, P.; Steadman, K.J.; Powles, S.B. Ecological fitness of a multiple herbicide-resistant
Lolium rigidum population: Dynamics of seed germination and seedling emergence of resistant and
susceptible phenotypes. New Phytol. 2005, 184, 751–767. [CrossRef] [PubMed]

31. Délye, C.; Jasieniuk, M.; Le Corre, V. Deciphering the evolution of herbicide resistance in weeds. Trends
Genet. 2013, 29, 649–658. [CrossRef] [PubMed]

32. Délye, C. Weed resistance to acetyl-coenzyme A carboxylase inhibitors: An update. Weed Sci. 2005, 53,
728–746. [CrossRef]

33. Délye, C.; Zhang, X.Q.; Chalopin, C.; Michel, S.; Powles, S.B. An isoleucine residue within the
carboxyl-transferase domain of multidomain acetyl-CoA carboxylase is a major determinant of sensitivity
to aryloxyphenoxypropionate but not to cyclohexanedione inhibitors. Plant Physiol. 2003, 132, 1716–1723.
[CrossRef] [PubMed]

34. Malone, J.M.; Boutsalis, P.; Baker, J.; Preston, C. Distribution of herbicide-resistant acetyl-coenzyme A
carboxylase alleles in Lolium rigidum across grain cropping areas of South Australia. Weed Res. 2014, 54,
78–86. [CrossRef]

35. Martins, B.A.; Sánchez-Olguín, E.; Perez-Jones, A.; Hulting, A.G.; Mallory-Smith, C. Alleles contributing to
ACCase-resistance in an Italian ryegrass (Lolium perenne ssp. multiflorum) population from Oregon. Weed Sci.
2014, 62, 468–473. [CrossRef]

36. Ahrens, W.H.; Stoller, E.W. Competition, growth rate, and CO2 fixation in triazine-susceptible and -resistant
smooth pigweed (Amaranthus hybridus). Weed Sci. 1983, 31, 438–444.

http://dx.doi.org/10.1146/annurev-arplant-042809-112119
http://www.ncbi.nlm.nih.gov/pubmed/20192743
http://dx.doi.org/10.1186/s12864-016-2915-8
http://www.ncbi.nlm.nih.gov/pubmed/27495977
http://dx.doi.org/10.1080/07352689.2017.1316134
http://dx.doi.org/10.1016/j.tplants.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17161644
http://dx.doi.org/10.1614/WS-D-12-00065.1
http://dx.doi.org/10.1614/WS-D-15-00065.1
http://dx.doi.org/10.3389/fpls.2017.01078
http://www.ncbi.nlm.nih.gov/pubmed/28690621
http://dx.doi.org/10.1614/WS-03-152R1
http://dx.doi.org/10.1111/j.1365-3180.2011.00852.x
http://dx.doi.org/10.1016/j.cropro.2016.04.025
http://dx.doi.org/10.1093/aob/mcf140
http://dx.doi.org/10.1111/j.1469-8137.2005.01465.x
http://www.ncbi.nlm.nih.gov/pubmed/16101915
http://dx.doi.org/10.1111/j.1469-8137.2009.03055.x
http://www.ncbi.nlm.nih.gov/pubmed/19825013
http://dx.doi.org/10.1016/j.tig.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23830583
http://dx.doi.org/10.1614/WS-04-203R.1
http://dx.doi.org/10.1104/pp.103.021139
http://www.ncbi.nlm.nih.gov/pubmed/12857850
http://dx.doi.org/10.1111/wre.12050
http://dx.doi.org/10.1614/WS-D-13-00169.1


Agronomy 2018, 8, 106 11 of 11

37. Holt, J.S. Reduced growth, competitiveness, and photosynthetic efficiency of triazine-resistant Senecio vulgaris
from California. J. Appl. Ecol. 1988, 25, 307–318. [CrossRef]

38. Beckie, H.J.; Tardif, F.J. Herbicide cross-resistance in weeds. Crop Prot. 2012, 35, 15–28. [CrossRef]
39. Shergill, L.S.; Malone, J.; Boutsalis, P.; Preston, C.; Gill, G. Target-site point mutations conferring resistance

to ACCase-inhibiting herbicides in smooth barley (Hordeum glaucum) and hare barley (Hordeum leporinum).
Weed Sci. 2015, 63, 408–415. [CrossRef]

40. Vila-Aiub, M.M.; Yu, Q.; Han, H.; Powles, S.B. Effect of herbicide resistance endowing Ile-1781-Leu and
Asp-2078-Gly ACCase gene mutations on ACCase kinetics and growth traits in Lolium rigidum. J. Exp. Bot.
2015, 66, 4711–4718. [CrossRef] [PubMed]

41. Zhang, X.Q.; Powles, S.B. The molecular bases for resistance toacethyl co-enzyme A carboxylase (ACCase)
inhibiting herbicides in two target based resistant biotypes of annual ryegrass (Lolium rigidum). Planta 2006,
223, 550–557. [CrossRef] [PubMed]

42. Steadman, K.J. Dormancy release during hydrated storage in Lolium rigidum seeds is dependent on
temperature, light quality and hydration status. J. Exp. Bot. 2004, 55, 929–937. [CrossRef] [PubMed]

© 2018 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/10.2307/2403628
http://dx.doi.org/10.1016/j.cropro.2011.12.018
http://dx.doi.org/10.1614/WS-D-14-00134.1
http://dx.doi.org/10.1093/jxb/erv248
http://www.ncbi.nlm.nih.gov/pubmed/26019257
http://dx.doi.org/10.1007/s00425-005-0095-x
http://www.ncbi.nlm.nih.gov/pubmed/16133206
http://dx.doi.org/10.1093/jxb/erh099
http://www.ncbi.nlm.nih.gov/pubmed/15020641
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials 
	Greenhouse Dose-Response 
	Effect of Burial Depth on Germination Rate (GR) of AH3, BO2, and HF Populations 
	Water Stress and NaCl Salinity Stress on Germination Percentage (GP) of AH3, BO2, and HF Populations 
	Effect of Light Regimes on Seed Germination of AH3, BOS2, and HF Populations 
	Comparison of Relative Yield Total (RYT) and Relative Crowding Coefficient (RCC) between T. aestivum and L. rigidum 
	Data Analysis 

	Results 
	Herbicide Screening Experiment 
	Dose–Response Assay in the Greenhouse 
	Effect of Burial Depth on Germination Rate (GR) of R and S Populations 
	Water Stress and NaCl Salinity Stress on Germination Percentage (GP) of R and S Populations 
	Effect of Light Regimes on Seed Germination of R and S Populations 
	Comparison of RYT and RCC of T. aestivum and L. rigidum (S and R Populations) 

	Discussion 
	Conclusions 
	References

