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Abstract

:

In this study, rapid resistance in-season quick (RISQ) tests were developed for detecting the resistance in Echinochloa spp. to penoxsulam, metamifop, and quinclorac, which are widely used in rice fields to control E. spp. biotypes. Seedlings in 1–2 leaf stages from nine biotypes of E. crusgalli, E. crusgalli var. zelayensis, and E. glabrescens, with different susceptibility to the three herbicides tested, were transplanted to plates containing nutrient agar and different rates of herbicides. The survival rates were recorded at 8 days after treatment when no more new roots emerged for all the treatments. By comparing the results from RISQ tests and whole-plant pot bioassays statistically, discrimination rates could be determined to distinguish resistant plants from susceptible plants. For penoxsulam, metamifop, and quinclorac, the discrimination rates were 0.3, 0.6, and 2.4 µmol/L, respectively. Two additional biotypes of E. crusgalli collected in rice fields were used to confirm the validation of the RISQ test and the obtained results by the RISQ test were consistent with that of the whole-plant pot bioassay. Therefore, the developed RISQ test would be a possible alternative method to determine the susceptibility of E. spp. to certain herbicides.
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1. Introduction


Echinochloa spp. are annual grass weeds with a wide range of distribution from latitudes 50″ N to 40″ S [1], among which E. crusgalli is one of the most troublesome weed species colonizing rice fields [2,3]. The various species of Echinochloa genus are well adapted to wettable soils and are commonly found growing among both temperate and tropical crops, including potatoes, snap beans, sugar beet, green peas, and melons, in over 60 countries. In many major rice-growing regions, intensive monocropping, typically with two or even three harvests each year of direct-seeded rice, has prompted farmers to use considerable amounts of herbicides to control these grass weeds [4]. It is generally considered as an effective, simple, and comparatively inexpensive approach for the control of noxious weeds [5]. Meanwhile, modern agricultural production has come to depend heavily on the use of herbicides to control crop weeds [6].



The increased use of pesticides has contributed immensely to enhancing agricultural productivity, decreased losses of stored grains, and generally improved people’s living standard [7]. However, the application of large amounts of these chemicals would also bring negative repercussions for both human society and the environment, including economic loss to the user, inefficient control of pests, and potential environmental contamination [8]. Moreover, as a consequence of the large-scale use of herbicides, many weeds have evolved resistance to herbicides, which has accordingly become a threat to conventional agricultural practices, particularly as the number of reported incidences of resistance are still rising. Since the discovery of resistance to triazine herbicides in common groundsel (Senecio vulgaris) in 1968, there has been a substantial increase in the incidence of herbicide resistance worldwide [9]. Over the past 50 years, herbicide-resistant weeds have infested both cultivated and non-cultivated areas of the world. To date, 515 unique cases of herbicide-resistant weeds (including 267 species) had been identified in 72 countries [10].



The first case of E. spp. resistance found was the resistance to triazine in US corn fields [11], and more were reported to be resistant to propanil [12], thiobencarb, butachlor, mefenacet [13], paraquat, quinclorac [14], and the acetolactate synthase (ALS) and acetyl CoA carboxylase (ACCase) inhibitors [15]. In China, the most widely used post-emergence herbicides to control E. spp. are ALS and ACCase inhibitors, and auxin-like herbicides, such as penoxsulam, metamifop, and quinclorac, respectively. However, the resistance to penoxsulam and quinclorac in E. spp. have evolved and resistance mechanisms have been reported [14,16,17].



Different resistance detecting methods have been developed for numerous herbicides and weed species [18], including the whole-plant pot bioassay, agar-based seedling assay, thermal imagery, spectral indices, molecular biology-based assay, as well as physiology and biochemistry-based assays [19]. However, the existing tests or technology have their disadvantages, such as cost inefficiency, the prerequisites for a good understanding of resistance mechanisms, the requirement for expensive instruments, not being in-season, and so on. The resistance in-season quick (RISQ) test was first developed to detect resistance to post-emergence ACCase and ALS inhibitor herbicides in Lolium spp. [20]. It is a more cost effective, simple, and early-season bioassay compared with the many existing ones. The RISQ test has also been used to detect glyphosate resistance in Lolium, Eleusine, Conyza, and Amaranthus species [21]; resistance to clodinafop-propargyl and pinoxaden in L. rigidum [22]; and ALS resistance in Schoenoplectus juncoides [23].



Given that most weed-management decisions must be made early in the growing season before plants mature and develop seeds, an ideal resistance test should be both effective and comparatively quick [24]. Therefore, the objective of the present work was to develop a reliable and quick assay for the detection of herbicide resistance in species of Echinochloa based on the RISQ test. Our specific objectives were as follows: (i) to determine the discriminating rates of different herbicides used against E. spp. in the RISQ test; and (ii) to verify the validity of the developed RISQ tests.




2. Materials & Methods


2.1. Plant Materials


In this study, eleven biotypes of Echinochloa species were used. Seeds of EC-2, EC-3, EC-4, EC-5, EZ-2, and EZ-3 were collected from rice fields with long histories of herbicide use in Anhui, Jiangsu provinces and Shanghai, whereas other seeds, EC-1, EZ-1, and EG-1, were collected from fallow fields in Jiangsu province that have not been sprayed with herbicides in recent years. The biotypes EC-6 and EC-7 were used in verifying this test. The resistant biotypes (EC-2 and EC-5) have been characterized as carrying mutations in ALS, responsible for the resistance to penoxsulam. The characteristics of the plant materials used in this study are shown in Table 1.




2.2. Sensitivity of Different Biotypes to the Three Herbicides


Penoxsulam (25 g/L OD, Corteva Agriscience, Shanghai, China), metamifop (10% EC, FMC Cooperation, Philadelphia, PA, USA), and quinclorac (50% WP, Jiangsu Xinyizhongkai Agrochemicals, Xinyi, China) were used in the present study. The susceptibility of different biotypes to the three herbicides was determined by a whole-plant pot assay. Details of the doses of herbicides used for different biotypes are shown in Table 2. Plants were grown in 7 × 7 × 7 cm plastic pots containing fertilizer: loam soil (1:3) under a day/night temperature regime of 30 °C/25 °C and 12-h photoperiod. For each herbicide treatment, 20 plants per biotype were sprayed at the early vegetative growth stages (2–3 leaves) using an automatic sprayer (3WP-2000), which was calibrated to deliver 600 L/ha solution at a speed of 291 mm s−1, from a spray nozzle at 300 mm above the sprayed surface with a spraying pressure of 0.3 MPa. After being treated, all the plants were returned to the greenhouse and grown under the same conditions as described above. Each treatment had four replicates and each experiment was repeated twice at the same conditions. At 21 days after treatment (DAT), the above-ground parts of the seedlings were collected and fresh weights were recorded.




2.3. Development of the RISQ Test


Seedlings were prepared according to the procedure described by Kaundun et al. [20], with minor modifications. Square Petri dishes (13 × 13 cm) were used as alternatives and the incubated plates were put in the incubator vertically instead of horizontally, which would allow the roots of seedlings to grow downward due to geotropism, and make the visual observation of root emergence much easier than that described by Kaundun et al.



2.3.1. Media Preparation


Agar powder (Beijing Solarbio Science & Technology Co., Ltd., Beijin, China) was added to ultrapure water at 1.2% w/v and placed in an autoclave (D-1-70, Beijing Faen Scientific Co., Ltd., Beijing, China) for sterilization. When the agar solution had cooled to approximately 50 °C, herbicides were added at the desired rates, and the resulting solutions were gently mixed at room temperature for 3 min. Thereafter, approximately 60 mL of each solution was poured into 13 × 13 cm square Petri dishes, which were placed horizontally in a laminar flow cabinet until the agar had cooled and solidified. Five square Petri dishes containing no herbicide were used as controls. All tests were performed immediately after the plates had been prepared.




2.3.2. Seedling Transplantation


The procedures used for seedling transplantation and subsequent growth followed the methods described by Kaundun et al. [20]. Initially, the seedlings from each biotype were cultured in the glasshouse under culture conditions used for whole-plant pot tests. When the seedlings had grown to the 2-leaf stage, they were carefully uprooted from the plastic pots. The roots were then washed in clean water to remove soil, and excess moisture was removed using filter papers. Seedlings were transplanted into square Petri dishes (13 × 13 cm) using a pair of forceps, placed horizontally with the roots below the growing point being gently pushed into the agar, and ensuring that the remaining roots were in contact with the agar. Ten seedlings were transplanted per Petri dish. A total of 50 plants per biotype were tested for each herbicide treatment. The Petri dishes were covered with lids and placed in an incubator with a day/night temperature regime of 30 °C/25 °C under a 12-h photoperiod. Plates containing no herbicides were used as controls.




2.3.3. Determination of Observation Time


The survival of the transplanted seedlings in each Petri dish under each treatment at different herbicide rates (0, 0.01, 0.1, 1, 10, and 100 µmol/L) was recorded daily until 11 DAT. When no more new roots emerged under the different treatments, the observation was stopped. The earliest day on which no more new roots emerged for all the treatments was taken as the optimal observation time.




2.3.4. Selection of Discriminating Rates of Herbicides


Serial rates for the selection of discriminating rates were set at the rate which could totally inhibit the root growth (Table 3), and the survived plants in each biotype were recorded.




2.3.5. The Whole-Plant Pot Assay


In this part, the whole-plant pot assay was performed as described in Section 2.2, except that 50 plants of each biotype and the recommended doses of penoxsulam (22.5 g a.i. ha−1), metamifop (100 g a.i. ha−1), and quinclorac (300 g a.i. ha−1) were applied. Also, 50 plants without herbicide treatment for each biotype were taken as contrast. At 21 DAT, the number of surviving plants was recorded.





2.4. Verification


Susceptible and resistant biotypes of E. crus-galli, collected from Pailou, Jiangsu Province (EC-6), and Ruanjiang, Hunan Province (EC-7), respectively, were tested with single discriminating rates of penoxsulam, metamifop, and quinclorac to verify the accuracy of the developed RISQ test. The specific method was the same as above. For each biotype, 50 individual seedlings (five plates and 10 plants of each) were tested.




2.5. Statistical Analysis


2.5.1. The Sensitivity of Different Biotypes


Fresh weights were measured and percentage inhibitions were calculated using the following equation [25]:


  p e r c e n t a g e   i n h i b i t i o n    %  =   c o n t r o l   t r e a t m e n t   c o n t r o l   × 100  



(1)







A probit regression Equation (2) [14] was fitted by SPSS to calculated the ED50 value of different biotypes to penoxsulam, metamifop, and quinclorac,


  Y = A + B X  



(2)




where Y represents the probit value; A is the intercept; B is the regression coefficient; and X is the base 10 logarithm of herbicide doses.



Biotypes were classified as high, moderate, or low resistance, or susceptible, based on the ED50. Herbicide resistance was classified into five groups: no resistance (S, RI < 2); low resistance (L, RI = 2–5); moderate resistance (M, RI = 6–10); high resistance (H, RI = 11–100); and very high resistance (VH, RI > 100) [26].




2.5.2. RISQ Test


The results of the RISQ test and whole-plant pot assay were analyzed with the Fisher exact test using GraphPad Prism 7.00 to determine correlations between the two tests. p-values greater than 0.05 indicated that there was no significant difference between the two tests and that the results were highly correlated.






3. Results


3.1. Susceptibility of Different Biotypes to the Three Herbicides


Based on the results from the whole-plant pot assay, for penoxsulam, EC-1, EG-1, EC-6, and EZ-1 were identified as susceptible (S) biotypes; EC-4 as low resistant (L); EC-7 as moderate resistant (M); and EC-2 and EC-3 as highly resistant (H) biotypes (Table 4).



Similarly, for metamifop, EC-1, EG-1, EZ-1, EC-6, and EC-7 were classified as S; EC-5 and EC-2 as L (Table 5), whereas for quinclorac, EC-1, EG-1, and EC-6 were classified as S; EZ-1 as L; EC-7 and EZ-3 as H; and EZ-2 as VH (Table 6). In addition, because the plants from EC-6 were all suppressed at the lowest doses of herbicides [penoxsulam (3.75 g a.i. ha−1), metamifop (7.5 g a.i. ha−1), and quinclorac (46.88 g a.i. ha−1)], it was identified as a susceptible (S) biotype (Table 4, Table 5 and Table 6).



Meanwhile, all the three species of Echinochloa genus shared the same susceptibility to penoxsulam and metamifop. However, biotype EZ-1 of E. crusgalli var. zelayensis appearred to be less susceptible to quinclorac than the other two species, which would be due to the different susceptibility between species, as the EZ-1 biotype had been confirmed to be susceptible to quinclorac.




3.2. Development of the RISQ Test


3.2.1. Determination of Observation Time


The numbers of surviving plants in different treatments were counted daily until 11 DAT to determine the point at which there were no further changes in the number of survivors. Percentage survival was calculated and plotted against DAT. The earliest day on which no more new roots emerged, resulting in a constant percentage survival for all the treatments, was selected as the optimal observation time. As shown in Figure 1, Figure 2 and Figure 3, 8 DAT was selected as the optimal test time for all three herbicides.




3.2.2. Selection of Discriminating Rates of Herbicides in the RISQ Test


When plants were exposed to the recommended field doses of herbicides [penoxsulam (22.5 g a.i. ha−1), metamifop (100 g a.i. ha−1), and quinclorac (300 g a.i. ha−1)], it was found that almost all plants of the susceptible biotypes were totally killed, whereas resistant biotypes showed varied inhibiting effects (Table 7a–c).



In subsequent tests, the lowest rate of penoxsulam that killed all the plants from all three susceptible biotypes was 0.3 µmol/L. At that rate, 100% of the individuals from EC-2 and EC-3, and 22% of EC-4 survived, of which EC-2, EC-3, and EC-4 were identified as highly resistant, highly resistant, and lowly resistant to penoxsulam, respectively. For the whole-plant pot assay at the recommend dose of penoxsulam, all the plants from the three sensitive biotypes were killed at 22.5 g a.i. ha−1, except for EG-1 (6% of the tested plants survived), while for the resistant biotypes, EC-2, EC-3, and EC-4, the survival rates were 100%, 100%, and 30%, respectively. These results were well correlated as no p values were less than 0.05 (Table 7a). Therefore, 0.3 µmol/L was taken as the discriminating rate for E. spp. to penoxsulam.



For metamifop, the lowest rate that killed all individuals from the three susceptible biotypes was 0.6 µmol/L, at which the survival rate for EC-2 (L) and EC-5 (L) were 28% and 6%, respectively (Table 7b). Therefore, 0.6 µmol/L was taken as the discriminating rate for E. spp. to metamifop.



For quinclorac, the lowest rate that killed all the susceptible biotypes was 2.4 µmol/L. At this rate, the percentage surviving of EZ-2 (VH) and EZ-3 (H) were 100% and 52%, respectively, which were not significantly different with the results from the whole-plant pot assay. Although EZ-1 was an L biotype, it was completely killed at 2.4 µmol/L (Table 7c). However, in the whole-plant pot assay, all the plants could be killed by the recommended dose of quinclorac, and between these two results, no significant difference were found. Therefore, such a false negative result would not affect the choice of quinclorac. As a result, 2.4 µmol/L was taken as the discriminating rate for E. spp. to quinclorac, although this rate could not be used to identify R biotypes.





3.3. Verification


Two E. crusgalli biotypes, which were identified by whole-plant bioassays as susceptible to all three herbicides (EC-6) and resistant to penoxsulam and quinclorac (EC-7), were used in the RISQ verification. When plants from EC-6 were subjected to the discriminating rates of penoxsulam, metamifop, and quinclorac, almost all of the tested seedlings from EC-6 were killed, from which it could be identified as being susceptible to these three herbicides, except for quinclorac. At 2.4 µmol/L quinclorac, 18% of the plants from EC-6 survived, which is a very high value. For EC-7, more than 50% of the tested seedlings survived from the treatment of penoxsulam and quinclorac at the discriminating rates, while nearly all the tested seedlings were killed by metamifop, which were consistent with the results from Section 3.1 (Table 8). From the results, it is verified that the developed RISQ test could be used to identify the resistance to penoxsulam and metamifop in E. spp., although for the field test, it still requires more research. However, for quinclorac, 2.4 µmol/L could only discriminate the E. spp. with high resistance to quinclorac, but not the susceptible biotypes, which is a problem to be solved in the future.





4. Discussion and Conclusions


Herbicides make an extremely valuable contribution to securing crop yields and are indispensable in traditional, mechanized arable farming [27]. However, intensive use of these herbicides worldwide has accelerated the selection of resistance genes in a number of weed grass species [28], and the number of reported cases of herbicide-resistant weeds continue to increase [10]. These resistant weeds endanger the productivity of modern cropping systems in many regions of the world [29], and represent a constraint on weed management in many cropping regions [30].



In China, E. spp. are the most noxious weeds in both direct-seeding and transplanting paddy fields. The most widely-used post-emergence herbicides to control E. spp. are penoxsulam, metamifop, and quinclorac, which belong to ALS inhibitor, ACCase inhibitor, and auxin-like herbicides, respectively. However, resistance to penoxsulam, metamifop, and/or quinclorac in E. spp. have evolved [14,16], although metamifop-resistance in E. crusgalli has not yet been reported (data in the present paper). Therefore, quick resistance detecting technologies have become urgent requirements for the management of herbicide resistance.



In order to effectively tackle the problem of herbicide resistance, it would therefore be beneficial to have a simple means of determining which weeds are resistant to a particular herbicide [31]. In this regard, an increasing number of methods have been developed for detecting resistant weeds. Whole-plant tests performed under glasshouse conditions could most closely simulate conditions experienced in the field, which is currently one of the most commonly used methods for screening herbicide resistance. However, a major limitation of the whole-plant test is that several months are required to obtain the final results. Pollen germination has been applied to detect target site-based resistance to ALS inhibitors and ACCase inhibitors in Lolium rigidum [32] and A. myosuroides [33], which was performed on specific agar mediums and the results could be observed in 2 h. Other seed-basedtests have also been developed, such as the tribenuron-methyl resistance in Papaver rhoeas [34,35]; quiclorac resistance in E. spp. [36]; ALS inhibitor resistance in Avena sterilis [37]; and dicamba resistance in Chenopodium album. However, these tests would take 10 to 20 d before the results were obtained and were labor intensive as the root and/or shoot lengths should be measured in general. All these mentioned tests could not be performed at the early vegetative growth stage of weeds in season and subsequently give directions for the choice of herbicides.



Some in-season detection methods have also been reported. Methods based on leaf chlorophyll fluorescence have been developed to detect ALS and ACCase inhibitor resistance in E. spp. [38,39], Apera spica-venti [40], and A. myosroiudes [41,42], and glyphosate resistance in E. indica [43], in 2 to 10 days, respectively. Although it could detect resistance in season, it requires special equipment and detecting sensors, which would be very expensive and professional grade. Leaf disc flotation was developed to detect glyphosate-resistant plants in 48 h [44], but complex procedures were needed. With further exploration on herbicide resistance mechanisms, molecular biology-based detections were developed for rapid and in-season resistance detection. Tests based on PCR (qPCR and/or droplet digital PCR etc), CAPS/dCAPS, and LAMP have been developed to detect target-site based resistance to ACCase and ALS inhibitors in A. myosuroides [27], Beckmannia syzigachne [45,46]; and L. spp. [47], glyphosate resistance in L. perenne [48] and Amaranthus palmeri [49]. Meanwhile, SNaPshot, genome-wide signatures and next-generation sequencing have also been used to detect herbicide resistance. A SNaPshot assay had been developed to detect the ACCase inhibitor resistance in L. spp. [50]. Genome-wide signatures had been used to detect 2,4-D resistance in Trifolium pratense [51], and the next-generation sequencing had been reported to detect ALS inhibitor resistance in E. crusgalli [52]. However, these methods are mutation-specific and limited to known mutations. Also, as various mutations in ACCase and/or ALS could confer resistance, it would be very costly and time consuming to develop methods and to identify each and every one of these mutations [20]. Furthermore, it could not be used to detect non-target site-based resistance, which had appeared to be a more dominant mechanism for resistance to ACCase and ALS inhibitors in grass weeds [53]. Novel techniques have emerged in herbicide resistance detection. Monoclonal antibody for CP4 EPSPS had been tested to detect glyphosate resistance in weeds, although it is still in development [54]. Image-based spectral reflectance has been conceptually proved to have the possibility in discriminating the glufosinate-resistant and -susceptible varieties of Zea mays, Gossypium hirsutum, and Glycine max, which would also assist in the detection of herbicide resistance in weeds [55].



Compared with the existing methods, the RISQ test is a reliable, quick, cost effective, and an in-season test to detect target-site based and non-target-site based resistance in Conyza canadensis, L. multiflorum, L. rigidum, E. indica, and A. rudis [20,21] to certain ACCase and/or ALS inhibitors, as well as glyphosate. In the present study, our RISQ tests could discriminate between the resistant and susceptible biotypes of E. spp. to penoxsulam, metamifop, and quinclorac, in 8 days, which is a much shorter observation time than those previously reported, and would allow the famers to choose proper post-emergence herbicides to control E. spp. in time. Also, the development of RISQ tests will also facilitate in monitoring and finding resistance, and assist weed scientists in subsequent researches. However, further research will be required to include more species of E. spp. and herbicides, to widen the scope of application and to shorten the observation time to meet the optional application stage of post-emergence herbicides.
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Figure 1. Percentage of daily survival of various biotypes at different penoxsulam concentrations (%). 
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Figure 2. Percentage of daily survival of various groups at different metamifop concentrations (%). 
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Figure 3. Percentage of daily survival of various biotypes at different quinclorac concentrations (%). 
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Table 1. Characteristics of the biotypes used to develop the RISQ test.
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	Biotypes *
	Species
	Origin
	Susceptibility





	EC-1 (JNBX-1)
	E. crusgalli
	Baixia, Jiangsu province in China (33°49′ N, 119°23′ E)
	susceptible to penoxsulam, metamifop, and quinclorac



	EG-1 (JJXY-1)
	E. glabrescens
	Minhe, Xiannv, Jiangdu, Jiangsu province in China (32°42′ N, 119°63′ E)
	susceptible to penoxsulam, metamifop, and quinclorac



	EZ-1 (JNX-S)
	E. crusgalli var. zelayensis
	Academy of Agricultural Sciences, Jiangsu province in China

(32°04′ N, 118°86′ E)
	resistant to quinclorac



	EC-2 (AXXZ-6)
	E. crusgalli
	Xuanzhou, Xuancheng, Anhui province in China

(30°47′ N, 118°14′ E)
	resistant to penoxsulam



	EC-3 (AXXZ-8)
	E. crusgalli
	Xuanzhou, Xuancheng, Anhui province in China(30°47′ N, 118°14′ E)
	resistant to penoxsulam



	EC-4 (JHLS-1)
	E. crusgalli
	Lianshui, Huaian, Jiangsu province in China

(33°25′ N, 119°30′ E)
	resistant to penoxsulam



	EC-5 (AXXZ-2)
	E. crusgalli
	Xuanzhou, Xuancheng, Anhui province in China(30°56′ N, 110°59′ E)
	resistant to penoxsulam



	EZ-2 (SSX-R)
	E. crusgalli var. zelayensis
	Xinbing, Songjiang, Shanghai in China (31°03′ N, 121°23′ E)
	resistant to quinclorac



	EZ-3 (JCW-R)
	E. crusgalli var. zelayensis
	Wujin, Changzhou, Jiangsu province in China

(31°70′ N, 119°94′ E)
	resistant to quinclorac



	EC-6 (JNLS-1)
	E. crusgalli
	Lishui, Jiangsu province in China (31°32′ N,118°89′ E)
	susceptible to penoxsulam, metamifop, and quinclorac



	EC-7 (HYYJ-1)
	E. crusgalli
	Yuanjiang, Hunan province in China (28°84′ N,112°35′ E)
	resistant to penoxsulam and quinclorac







*: To simplify the biotype coding, the biotypes have been re-coded and the original coding indicated in brackets, as most of the biotypes have been presented in previously published papers or dissertations.
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Table 2. Herbicide doses used in whole-plant pot bioassays for the E. spp. populations.
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Herbicides

	
Herbicide Doses (g a.i./ha)

	
Biotypes






	
penoxsulam

	
0, 2.8125, 5.625, 11.25, 22.5, 45

	
EC-1, EZ-1, EG-1, EC-2, EC-4




	
0, 5.625, 11.25, 22.5, 45, 90

	
EC-3




	
0, 3.75, 7.5, 15, 30, 60

	
EC-6, EC-7




	
metamifop

	
0, 12.5, 25, 50, 100, 200

	
EC-1, EZ-1, EG-1, EC-2, EC-2




	
0, 7.5, 15, 30, 60, 120, 240

	
EC-6, EC-7




	
quinclorac

	
0, 75, 150, 300, 600, 1200

	
EC-1, EZ-1 EG-1, EZ-3




	
0, 150, 300, 600, 1200, 2400

	
EZ-2




	
0, 46.88, 93.75, 187.5, 375, 750, 1500

	
EC-6, EC-7
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Table 3. Herbicide rates for screening the discriminating rates of the three herbicides.
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	Herbicides
	Herbicide Rates (µmol/L)
	Tested Biotypes





	penoxsulam
	0, 0.3, 0.6, 0.9, 1.2, 1.5
	EC-1, EZ-1, EG-1, EC-2, EC-3, EC-4



	metamifop
	0, 0.3, 0.6, 0.9, 1.2, 1.5
	EC-1, EZ-1, EG-1, EC-2, EC-5



	quinclorac
	0, 0.6, 1.2, 2.4, 4.8, 9.6
	EC-1, EZ-1, EG-1, EZ-2, EZ-3
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Table 4. The susceptibility of different E. spp. to penoxsulam.
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	Population
	ED50 ± SE

(g a.i./ha)
	RI
	Susceptibility





	EC-1
	3.10 ± 0.32
	1.00
	S



	EG-1
	5.67 ± 1.57
	1.83
	S



	EZ-1
	6.10 ± 0.60
	1.97
	S



	EC-4
	10.40 ± 1.79
	3.35
	L



	EC-3
	58.29 ± 5.68
	18.80
	H



	EC-2
	40.45 ± 4.14
	13.05
	H



	EC-6
	<3.75
	<2
	S



	EC-7
	28.61 ± 3.53
	9.23
	M
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Table 5. The susceptibility of different E. spp. to metamifop.
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	Population
	ED50 ± SE

(g a.i./ha)
	RI
	Susceptibility





	EC-1
	15.59 ± 3.81
	1.00
	S



	EG-1
	29.65 ± 3.76
	1.90
	S



	EZ-1
	29.96 ± 1.79
	1.92
	S



	EC-2
	63.09 ± 7.69
	4.05
	L



	EC-5
	51.85 ± 12.43
	3.33
	L



	EC-6
	<7.5
	<2
	S



	EC-7
	22.10 ± 3.41
	1.42
	S
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Table 6. The susceptibility of different E. spp. to quinclorac.
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	Population
	ED50 ± SE

(g a.i./ha)
	RI
	Susceptibility





	EC-1
	23.89 ± 1.66
	1.00
	S



	EG-1
	42.26 ± 2.80
	1.77
	S



	EZ-1
	94.96 ± 1.29
	3.97
	L



	EZ-2
	2457.52 ± 149.69
	102.87
	VH



	EZ-3
	416.79 ± 3.05
	17.45
	H



	EC-6
	<46.88
	<2
	S



	EC-7
	354.36 ± 73.33
	14.83
	H
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Table 7. The percentage surviving in the RISQ test compared with whole-plant pot tests for different susceptible and resistant Echinochloa spp. biotypes treated with (a) penoxsulam, (b) metamifop, and (c) quinclorac.






Table 7. The percentage surviving in the RISQ test compared with whole-plant pot tests for different susceptible and resistant Echinochloa spp. biotypes treated with (a) penoxsulam, (b) metamifop, and (c) quinclorac.





	
(a) penoxsulam




	
Biotypes

	
Whole-Plant Pot Test

(g a.i./ha)

	
Herbicide Rate in RISQ Test

(µmol/L)

	
p-Value *




	
22.5

	
0

	
0.3

	
0.6

	
0.9

	
1.2

	
1.5




	
EC-1

	
0 ± 0.00

	
100 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EG-1

	
6 ± 2.45

	
100 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0.2424




	
EZ-1

	
0 ± 0.00

	
100 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EC-2

	
100 ± 0.00

	
100 ± 0.00

	
100 ± 0.00

	
72 ± 5.83

	
54 ± 5.10

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EC-3

	
100 ± 0.00

	
100 ± 0.00

	
100 ± 0.00

	
52 ± 3.74

	
44 ± 5.10

	
2 ± 2.00

	
0 ± 0.00

	
>0.9999




	
EC-4

	
30 ± 3.16

	
100 ± 0.00

	
22 ± 3.74

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0.1609




	
(b) metamifop




	
Biotypes

	
Whole-Plant Pot Test

(g a.i./ha)

	
Herbicide Rate in RISQ Test

(µmol/L)

	
p-Value **




	
100 ± 0.00

	
0

	
0.3

	
0.6

	
0.9

	
1.2

	
1.5




	
EC-1

	
0 ± 0.00

	
100 ± 0.00

	
34 ± 5.19

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EG-1

	
0 ± 0.00

	
100 ± 0.00

	
14 ± 2.45

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EZ-1

	
0 ± 0.00

	
100 ± 0.00

	
30 ± 3.16

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EC-2

	
32 ± 3.74

	
100 ± 0.00

	
66 ± 5.10

	
28 ± 3.74

	
2 ± 2.00

	
0 ± 0.00

	
0 ± 0.00

	
0.6753




	
EC-5

	
16 ± 2.45

	
100 ± 0.00

	
70 ± 3.16

	
6 ± 2.45

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
0.1997




	
(c) quinclorac




	
Biotypes

	
Whole-Plant Pot Test

(g a.i./ha)

	
Herbicide Rate in RISQ Test

(µmol/L)

	
p-Value ***




	
300

	
0

	
0.6

	
1.2

	
2.4

	
4.8

	
9.6




	
EC-1

	
0 ± 0.00

	
100 ± 0.00

	
78 ± 3.74

	
26 ± 2.45

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EG-1

	
0 ± 0.00

	
100 ± 0.00

	
92 ± 3.74

	
26 ± 4.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EZ-1

	
0 ± 0.00

	
100 ± 0.00

	
72 ± 3.74

	
22 ± 2.00

	
0 ± 0.00

	
0 ± 0.00

	
0 ± 0.00

	
>0.9999




	
EZ-2

	
100 ± 0.00

	
100 ± 0.00

	
100 ± 0.00

	
100 ± 0.00

	
100 ± 0.00

	
100 ± 0.00

	
100 ± 0.00

	
>0.9999




	
EZ-3

	
50 ± 0.32

	
100 ± 0.00

	
100 ± 0.00

	
88 ± 3.74

	
52 ± 3.74

	
2 ± 2.45

	
0 ± 0.00

	
>0.9999








* Fisher’s exact test to evaluate the correlation between the whole-plant pot test at the recommended field rate (22.5 g a.i./ha) and best discriminating rate of penoxsulam in the RISQ test (0.3 µmol/L) method. ** Fisher’s exact test to evaluate the correlation between the whole-plant pot test at the recommended field rate (100 g a.i./ha) and best discriminating rate of metamifop in the RISQ test (0.6 µmol/L) method. *** Fisher’s exact test to evaluate the correlation between the whole-plant pot test at the recommended field rate (300 g a.i./ha) and best discriminating rate of quinclorac in the RISQ test (2.4 µmol/L) method.
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Table 8. The field samples and percentage surviving under discriminative rates of penoxsulam, metamifop, and quinclorac in the RISQ test.
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Population

	
Characteristics

	
Origin

	
RISQ Test




	
Untreated

	
Penoxsulam 0.3 µmol/L

	
Metamifop 0.6 µmol/L

	
Quinclorac

2.4 µmol/L






	
EC-6

	
suspected resistant field

	
Lishui, Jiangsu province in China

	
100 ± 0.00

	
2 ± 0.20

	
3 ± 0.20

	
18 ± 0.66




	
EC-7

	
suspected resistant field

	
Yuanjiang, Hunan province in China

	
100 ± 0.00

	
64 ± 0.60

	
6 ± 0.40

	
62 ± 0.58

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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 (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
0.1 ymolL

2 ® 2w
3 z
H :
1 1
i i
on e et on i et )
- — 100 it
E £ H
fw fw fw
P | 9 i

@






nav.xhtml


  agronomy-13-00841


  
    		
      agronomy-13-00841
    


  




  





media/file0.png





media/file2.png
0.1 ol

0 pmoliL. 0.01 pmol/L.
. i. i
H { -
H 1. I
i i i
LI
. 10 pmolL. e
120 - .
100 A= N .
i
w0 H " .
/
| ;
“ 17 : .
| E eire et
oS4 . : i
,
, 1Ir ? . /
;
| :






media/file5.jpg





media/file6.png
Percent survival %

0jumolL. 1 ponol
© s w s w
f f
© £ w )
» » »
LA — ER—
1 ot 10 molt.
-
zw e s w0
3 L H
“ D / iw
H £ H
I / i
o | P 1






media/file3.jpg





media/file1.jpg





