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            Abstract
          
        

        
          The two plant-parasitic nematodes, Helicotylenchus microlobus (spiral nematode) and Mesocriconema nebraskense (ring nematode) widely occur in Korean turfgrass fields. Control and management of these nematodes including other turfgrass nematodes is still at the basic level and therefore, a reliable control strategy is much needed to safeguard the golf courses from plant-parasitic nematodes. In this study, laboratory and field experiments were carried out to test the efficacy of four different nematicides against spiral and ring nematodes. Fluopyram showed a high control efficacy with LC50 of as low as 0.01440 ppm and LC90 of 17.241 ppm after 72 hours of treatment. There was a strong, and moderate linear correlation between the tested doses of abamectin and the corrected mortalities of H. microlobus and M. nebraskense, respectively. However, fosthiazate showed the greatest efficacy among all the tested nematicides in field conditions. This study therefore, suggests that these nematicides could be used in the control of Mesocriconema nebraskense and Helicotylenchus microlobus in turfgrass fields.
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      Introduction
      During the last few decades, the turfgrass industry has become one of the significant economic growth promoters worldwide, especially as a resource in creating surfaces for outdoor sports, recreational activities and providing aesthetic beauty (Vandenbossche et al., 2011). Turfgrass production has become one of the important economic agricultural businesses in many countries. Turfgrass in Korea is mostly used not only in creation of outdoor sports and recreational surfaces but also as lawn cover in home gardens, institutions, and cemeteries (Kim, 1991; Kang et al., 2016). Like other countries, Korean golf industry continues to grow, and is worth an estimated 11.4 trillion won (Bae et al., 2013; Lee et al., 2014; Koreabizwire, 2017). However, even with the increasing economic importance and demand for turfgrass in Korea, its cultivation methods, and pest and disease management systems are far from being optimal in the country (Choo et al. 2017). More specifically, the knowledge on occurrence, damage potential, and control of important turfgrass nematodes is very insufficient for a better turfgrass management system. Moreover, keeping a healthy golf course, especially putting greens un-attacked by various insect pests including nematodes is the most challenging job, yet it has a bearing on the golf course usability, and may influence golfers’ choice among the available golf courses (Crow, 2005; 2007; Brandenburg and Freeman, 2012). Various plant-parasitic nematodes are considered to be a common cause of turfgrass damage in football pitches and golf courses (Vandenbossche et al., 2011); and their presence on turfgrass results in a variety of symptoms that contribute to not only poor turf stands but also unsatisfactory turf quality even where damage may be considered to be fairly low.

      There have been a number of plant-parasitic nematodes implicated in turfgrass damage (Yu et al., 1998). However, sting, lance, root-knot, spiral, stunt, ring, pin and dagger nematodes are widely known to be the most common and destructive groups (Crow, 2010). Generally, nematode problems are known to be more common in warmer seasons; conditions which allow efficient nematode reproduction, with faster generation turn over (Aryal et al., 2015). Nematodes in cool-season turfgrass do not normally cause direct damage unless other stress factors are involved, (for example, a synergistic effect of plant-parasitic nematodes and fungal pathogens) or when populations occur at extremely high densities (Thompson et al., 2000; Watschke et al., 2013). It should also be noted that turfs are normally better grown on sand-based soil, characteristics which ensure rapid drainage, reduce compaction, and improve playability. However, nematode activities are also reported to be more favored and enhanced in sandy soils (Crow, 2017). In Korea, a few studies have implicated nematodes in damage of turf on golf courses (Choo et al., 1998; Khan et al., 2008). Albeit the limited surveys on the occurrence of turf nematodes in Korea, spiral nematode, Helicotylenchus microlobus (79%) and ring nematode, Mesocriconema nebraskense (62%) have recently been reported to be the most prevalent species occurring on most of the golf courses in the country (Mwamula and Lee, 2021).

      Zoysia spp. accounts for about 95.7% of the sod production in Korea. This is due to its high demand as a resource for establishing roadside slope covers and graveyard beautification (Bae et al., 2013). However, Kentucky blue-, Bent-, Bermuda- and Rye-grass are also produced, mainly for golf courses. In Korea, golf courses are mostly established using cool-season grasses, and Kentucky blue is given priority because of its cheap nature in terms of production and availability, and its ability to form dense lush and durable lawn that lives up to its reputation. Despite the high acceptability, Kentucky bluegrass requires a relatively high level of maintenance, and is also sensitive to parasitic nematodes. Turf infested with plant-parasitic nematodes can often persist with no visible damage but high population densities could lead to severe damage with symptoms like yellowing, wilting, browning, or thinning out. Other diseases and symptoms like brown patch (R. solani) are normally manifested on almost any cool season turf like Kentucky bluegrass and perennial ryegrasses while chances of damage are even higher on warm season grasses like Zoysiagrass; differing in only symptoms and severity of damage (Min et al. 2014).

      Helicotylenchus spp. are one of the most ubiquitous plant-parasitic nematodes worldwide, normally associated with various horticultural, agronomic, and ornamental crops, including turfgrass (O’Bannon et al., 1989). On the other hand, Mesocriconema nebraskense is known to prefer grasses and woody perennials (Olson et al., 2017). The extensive host range of both nematode groups makes management generally difficult. Chemical control is currently the most reliable approach to reduce plant-parasitic nematode populations below threshold levels in most agricultural systems. Fenamiphos has been the predominantly used, most effective nematicide on golf courses, until the phasing out of its production in 2007 following a review on its safety profile by Environmental Protection Agencies (Fleming et al., 2008). Recent nematicides are considered to be much safer, with a relatively low risk to non-target organisms in the environment. This study therefore aimed at testing the efficacy of selected nematicides for the control of Helicotylenchus microlobus and Mesocriconema nebraskense on Kentucky bluegrass.

    

    

  
    
      Materials and methods
      
        Nematicides
        Four different nematicides used in this study were fluopyram, imicyafos, fosthiazate, abamectin and ethoprophos. All these chemicals have a well-known nematicidal activity and have been tested and applied as nematode control chemical agents, especially in the past two decades (KCPA, 2016). Fluopyram is a non-fumigant fungicide widely used to control many fungal pathogens, including nematodes in various agricultural crops (Faske and Hurd, 2015). Ethoprophos is non-systemic, non-fumigant nematicide, which is also known to be effective against several other soil-borne insects, and is commonly used in Korea. On the other hand, imicyafos, fosthiazate and abamectin are non-fumigants; and are registered as nematicides against other plant-parasitic nematodes in Korea (KCPA, 2016). All the nematicides used in this study were obtained from local pesticide market.

      

      
        Soil sampling
        Soil samples were taken during the survey period of 2019 from Namhae South cape Country Club, located in 249 Jindong-ri, Changseon-myeon, Namhae-gun, Gyeongsangnam-do, South Korea. Areas with symptoms of nematode damage were given priority during sampling. Each sample (11 cm in diameter and 20 cm deep), was taken using a standard hole cutter, placed in plastic bags and stored at 4oC until analysis.

      

      
        Nematode extraction, identification and counting
        300-gram subsample was taken from previously collected field sample after thorough mixing. Nematodes were extracted from the soil by a combination of modified Cobb’s sieving and Baermann funnel methods (Jenkins, 1964). The collected nematode suspension was then examined under a stereomicroscope, Nikon SMZ 1000 (Nikon, Tokyo, Japan). Helicotylenchus microlobus and Mesocriconema nebraskense were identified and enumerated as promorphs (nematode forms which are easily recognizable at low magnification (less than ×100) under stereomicroscope) (Fig. 1). Species confirmation were done according to diagnostic criteria using morphological, morphometric and molecular tools as detailed by Mwamula et al. (2020a, 2020b).

        
          
          

          Fig. 1. 
				
          

          
            Helicotylenchus microlobus (A) and Mesocriconema nebraskense (B).
          
          

          

        

      

      
        Laboratory test
        
          Acute toxicity of nematicidal compounds
          Nematicidal activity of four different nematicides against all the vermiform stages of the two species was tested. In laboratory conditions, a nematode suspension containing approximately 100 nematodes/ml of each species (free living nematodes inclusive, but not counted) was prepared and placed in each single well of a 12 multi-well culture plate. Each well was filled with 1 ml of the 4 different nematicides at different doses in 4 replicates. Details on the nematicides, their active ingredients and doses used at different concentrations are listed in Table 1. Four replicates of a control were also set up in the same way but with only water. The multi-well plates were then kept in growth chamber (Han Baek HB 303 DH-0, Korea) at 25ºC and the mortality of the two species was checked under a stereomicroscope (Nikon SMZ 1000, Nikon, Tokyo, Japan) 24, 48 and 72 hours after treatment.

          
            Table 1. 
				
            

            
              Nematicide formulations used in the study, their active ingredients and the rate of application
            
            

          

          
            
              
                	Nematicides
                	Formulationa)
                	Active ingredients (%)
                	Rate of application (ppm)
              

            
            
              	Abamectin
              	EC
              	1.68
              	200
              	50
              	12.5
              	3.12
            

            
              	Fluopyram
              	SC
              	40
              	33.6
              	8.4
              	2.1
              	0.525
            

            
              	Fosthiazate
              	SL
              	30
              	150
              	37.5
              	9.3
              	2.34
            

            
              	Imicyafos
              	SL
              	30
              	600
              	150
              	37.5
              	9.37
            

          

          
            
              a)EC; emulsifiable concentrate, SC; suspension concentrate, SL; soluble concentrate. 
            

          

          

        

      

      
        Field test
        Nematicidal efficacy of imicyafos, fosthiazate, fluopyram and ethoprophos against spiral and ring nematodes were tested in field conditions on Kentucky bluegrass under fairway at Namhae Southcape Country Club. In this experiment, initial population density of plant-parasitic nematodes (spiral and ring nematodes) and nematicidal efficacy (in terms of population reduction) in treated plots were compared with nematode populations recovered from untreated plots. Individual treatment plots comprising three replications; each sized (10 m × 1 m) were treated with imicyafos, fosthiazate, ethoprophos (60 g/10 m2) and fluopyram (100 g/10 m2). Soil samples were collected before treatment to count the initial nematode population, and 30 days after treatment to ascertain the effect of the chemicals on final nematode population. Samples were taken in the same way as described above.

      

      
        Statistical analysis
        Data from the laboratory tests were analyzed by logit/probit dose response/mortality regression; calculated using SAS statistical package version 9.4 (SAS Institute Inc., NC, USA). Treatment means were compared using Tukey's honestly significant difference (HSD) test at P ≤ 0.05. Corrected mortality was calculated using Microsoft Excel. Corrected mortality was also used to calculate lethal concentrations (LC) required to kill 50% (LC50) and 90% ( LC90) of the nematodes. For the field trials, nematode populations were determined at 30 days after treatment and the corrected population reduction was equally calculated.

      

    

    

  
    
      Results
      
        Acute toxicity of nematicides in laboratory conditions
        Treatment of nematode populations with various concentrations of the nematicides showed variations in the acute toxicity of compounds depending on concentrations. Fluopyram showed a high control efficacy with LC50 and LC90 of as low as 0.0144 and 17.241 ppm, respectively after 72 hours of treatment (Table 2). Fosthiazate was the second most effective compound, also with LC50 and LC90 of as low as 1.30 and 51.44 ppm, respectively. Abamectin showed a moderate efficacy with LC50 at 19.6 ppm after 72 hours of treatment. However, the recorded LC90 required very high doses. On the other hand, just like abamectin, imicyafos showed similar results, with its LC50 recorded as 5.2 ppm, and a very high LC90 (14269 ppm) after 72 hours of treatment.

        
          Table 2. 
				
          

          
            Lethal concentrations of nematicides treated against Helicotylenchus microlobus and Mesocriconema nebraskense after 24, 48 and 72 hours of treatment
          
          

        

        
          
            
              	Nematicidal
compounds
              	Time
              	LC50 (95% fiducial limits) ppm
              	LC90 (95% fiducial limits) ppm
              	
                x
                2
              
              	P
            

          
          
            	Abamectin
            	24 h
            	399.7 (69.9 - 8.36E + 4)
            	1.27E + 6 (15433.0 - 9.68E + 12)
            	24.42
            	0.0001
          

          
            	48 h
            	330.5 (103.1 - 2626.0)
            	1.14E + 8 (1.84E + 6 - 3.75E + 11)
            	24.42
            	0.0001
          

          
            	72 h
            	19.6 (3.0 - 1571.0)
            	3.62E + 5 (2945.0 - 7.48E + 18)
            	29.95
            	0.0001
          

          
            	Fluopyram
            	24 h
            	5.77 (1.876 - 14.454)
            	77.310 (26.539 - 1199)
            	38.07
            	0.0001
          

          
            	48 h
            	0.545 (0.017 - 1.769)
            	32.893 (11.378 - 526.068)
            	38.07
            	0.0001
          

          
            	72 h
            	0.014 - 4 (*)a)
            	17.241 (*)
            	4.23
            	0.0396
          

          
            	Fosthiazate
            	24 h
            	18.034 (5.442 - 44.738)
            	243.260 (84.729 - 3552)
            	4.23
            	0.0396
          

          
            	48 h
            	5.997 (2.302 - 11.215)
            	88.714 (43.323 - 321.972)
            	70.52
            	0.0001
          

          
            	72 h
            	1.300 (0.010 - 4.791)
            	51.449 (17.401 - 933.583)
            	70.52
            	0.0001
          

          
            	Imicyafos
            	24 h
            	170.3 (*)
            	5.08E + 6 (*)
            	24.42
            	0.0001
          

          
            	48 h
            	16.2 (1.6 - 53.6)
            	11444.0 (1078.0 - 1.52E + 8)
            	26.17
            	0.0001
          

          
            	72 h
            	5.2 (0.0 - 28.8)
            	14269.0(*)
            	26.17
            	0.0001
          

        

        
          
            a)Could not calculate fiducial limits. 
          

        

        

      

      
        Correlation between corrected mortality and nematicide dose
        To visualize the nematicide-nematode mortality interactions, correlation between the tested doses of the chemicals and the corrected mortalities of Helicotylenchus microlobus and Mesocriconema nebraskense was tested. Commensurate with the moderate efficacy of abamectin, a moderate correlation between the tested doses of abamectin and corrected mortality of Helicotylenchus microlobus (R=0.793, df=13, P=0.0004) and Mesocriconema nebraskense (R=0.635, df=13, P=0.0109) was observed (Fig. 2A and 2B, respectively). Fluopyram doses / concentrations showed a moderate uphill relationship with the corrected mortality of Helicotylenchus microlobus (R=0.687, P=0.0046), while a weak uphill relation was observed when compared with corrected mortality of Mesocriconema nebraskense (R=0.249, P=0.0005) (Fig. 3). Additionally, fosthiazate concentrations showed a strong correlation with the corrected mortality of Helicotylenchus microlobus (Fig. 4A) (R=0.975) but the relation was not statistically significant (P=7.134). On the other hand, a comparison with corrected mortality of Mesocriconema nebraskense demonstrated a weak uphill linear relation (R=0.266) (Fig. 4B), which was also not statistically significant (P=0.3379). Likewise, a strong non-significant correlation between imicyafos dose / concentration and corrected mortality of Helicotylenchus microlobus was observed (Fig. 5A) (R=0.845, P=7.4502). However, a significant moderate correlation between imicyafos and Mesocriconema nebraskense was evident (R=0.707; P=0.0031) (Fig. 5B).

        
          
          

          Fig. 2. 
				
          

          
            Linear regression of corrected mortality of Helicotylenchus microlobus (A) and Mesocriconema nebraskense (B). (P<0.05), when treated with abamectin.
          
          

          

        

        
          
          

          Fig. 3. 
				
          

          
            Linear regression of corrected mortality of Helicotylenchus microlobus (A) and Mesocriconema nebraskense (B), when treated with fluopyram.
          
          

          

        

        
          
          

          Fig. 4. 
				
          

          
            Linear regression of corrected mortality of Helicotylenchus microlobus (A) and Mesocriconema nebraskense (B), when treated with fosthiazate.
          
          

          

        

        
          
          

          Fig. 5. 
				
          

          
            Linear regression of corrected mortality of Helicotylenchus microlobus (A) and Mesocriconema nebraskense (B), when treated with imicyafos.
          
          

          

        

      

      
        Effect of different nematicidal compounds in field conditions
        The corrected nematode population reduction rates of both the spiral and ring nematode varied differently depending on the nematicide (Fig. 6). Although the corrected population reduction among the treated nematicides were not statistically significant (df=3, 14, F=1.38, P<0.3162), fosthiazate showed the greatest population reduction (86%) among all the tested nematicides (Fig. 6) while ethoprophos showed the lowest nematode population reduction (60%).

        
          
          

          Fig. 6. 
				
          

          
            Mean corrected population reduction of plant-parasitic nematodes 30 days after treatment with different nematicides. Bars (±SD) with the same lowercase letters within treatment are not significantly different (Duncan’s test, P<0.05).
          
          

          

        

      

    

    

  
    
      Discussion
      Abamectin, fluopyram, fosthiazate and imicyafos are comparatively newer chemicals that have been shown to suppress several nematode species and other agronomic pests (Kim et al., 2015; 2016). These chemicals have been used as insecticides and miticides for several years. However, regarding the control of nematodes using these compounds, most tests have been done on specific nematode groups like root-knot, root lesion, cyst and sting nematodes (Faske and Starr, 2006; Faske and Hurd, 2015; Crow et al., 2014; Kim et al., 2015; 2016). Among all the above listed nematicides tested in laboratory conditions, fluopyram showed the greatest efficacy and acute toxicity on the two studied nematode species. In our study, fluopyram was able to kill about 90% of the population with a dose of 77.31-17.24 ppm. Fluopyram is generally known to be effective against various plant-parasitic nematode groups on turfgrass and other agricultural crops (Crow et al., 2017). For example, fluopyram has been shown to reduce sting nematode populations on turfgrass and commercial strawberry (Petelewicz et al., 2020; Watson et al., 2020). Additionally, Faske and Hurd (2015) demonstrated that fluopyram was very effective at disrupting motility of Meloidogyne incognita and Rotylenchulus reniformis, hence reducing the ability of both nematode species to infect host roots.

      Fosthiazate was depicted as the second most lethal compound on Helicotylenchus microlobus and Mesocriconema nebraskense. Fosthiazate, a granular non-fumigant nematicide, is widely accepted for its high efficacy, easy application and safer properties; mostly applied in the control of nematodes like cyst and root knot nematodes (Giblin-Davis et al., 1993; Lamberti et al., 2000). Whereas fosthiazate has been used in effective control of root-knot, cyst, and lesion nematodes in other cropping systems (Kim et al., 2016; Faske and Hurd, 2015), there have also been positive reports of its efficacy against plant-parasitic nematodes in turfgrass agroecosystems. For example, Giblin-Davis et al. (1993) demonstrated that fosthiazate was as effective as or even more effective than fenamiphos in reducing the soil populations of both the sting nematode (Belonolaimus longicaudatus) and root-knot nematodes (Meloidogyne spp.) on turfgrass.

      In contrast, abamectin is known to be highly effective in suppressing different nematode populations at optimal concentrations (Crow et al., 2014). However, our results depicted that a higher concentration of abamectin were required to suppress / kill the tested nematode populations. The demonstrated outcome is comparable to the findings of Faske and Starr (2006) who reported that, much as the exposure of abamectin to Meloidogyne incognita resulted in irreversible paralysis and thus inhibited infection, the chemical showed less sensitive action against populations of Rotylenchulus reniformis with a much higher LD90. Similarly, our results demonstrated that imicyafos was also only effective at high doses, and efficacy depended on the exposure time (LC50= 5.2 ppm, and LC90 of as high as 14269.0 ppm after 72 hours of treatment). Imicyafos, a newly developed non-fumigant nematicide, is widely used in Korea and Japan to control cyst, root-knot and lesion nematodes (Wada et al., 2011; Kim et al., 2016; Huang et al., 2016). It should therefore be noted that, the efficacy of abamectin and imicyafos against plant-parasitic nematodes seems to vary depending on specific nematode species under investigation. Despite these findings, these compounds are still rated as excellent chemical options for nematode management, especially root-knot nematodes.

      All the tested nematicides were able to reduce nematode populations by at least 60% in field conditions. Although, fluopyram showed high acute toxicity against the nematode populations in laboratory conditions, it ranked second (77.5% population reduction) to fosthiazate (82.5%). However, in the recent golf course experimental results published by Na et al. (2021), fluopyram was shown to effectively suppress mixed nematode populations (Paratrichodorus minor, Helicotylenchus microlobus, Paralongidorus koreanensis, Mesocriconema curvatum, and Tylenchorhynchus thermophilus) by about 81.8% population reduction after 60 days of treatment. Additionally, Faske and Hurd (2015) reported that the effect of fluopyram on motility of Meloidogyne incognita and Rotylenchulus reniformis were more pronounced compared to treatment of these species’ populations with either aldicarb or iprodione. Fluopyram is known to have an intermediate soil adsorption value, with an extremely long soil half-life of up to two years (Crow et al., 2017). The intermediate level of soil adsorption allows the chemical to move through the soil and its effects on the nematode population can be sustained for a long time in soil, thus providing longer nematode population suppression effect than other nematicides with short soil half-life.

      On the other hand, fosthiazate is an acetylcholinesterase inhibitor that negatively affects nematode hatching and movement (Koyanagi et al., 1998; Woods et al., 1999). Whereas inhibition of acetylcholinesterase by oxime carbamates like aldicarb may be reversible, this process is thought to be irreversible with fosthiazate (Woods et al 1999). This could therefore explain the high efficacy of fosthiazate in the field compared to mortality tests in laboratory. In the field conditions, nematode reproduction and fitness depends on their ability to freely move in soil and find new hosts. The immobile condition caused by the mode of action of fosthiazate (inhibition of acetylcholinesterase) definitely reduces nematode fitness in addition to the eventual mortality, thus causing population suppressions. Imicyafos and ethoprophos showed comparatively lower mortality than fluopyram and fosthiazate. However, imicyafos has been shown to have a significant effect on other plant-parasitic nematodes like Pratylenchus penetrans (Wada et al., 2011) and Meloidogyne spp. (Kim et al., 2015). Therefore, its moderate action herein may be attributed to species specific attributes or variations in the required dosage for effective control of the nematode species under study, among other factors.

      Regression coefficient results showed no negative relation between the tested nematicides and nematode mortality. The results therefore demonstrated that there is strong correlation between nematicide treatment and corrected mortality of especially Helicotylenchus microlobus. The weak uphill relationships observed between nematicide treatment and mortality of Mesocriconema nebraskense may be explained in terms of differences in nematicide properties, influence of soil properties, nematode-chemical tolerance abilities and possible variations in the required dosage for effective control of the nematode species (Crow et al., 2017). Control of nematodes in turfgrass systems is influenced by many factors, including the differences in migration patterns of the different nematode species. For example, ring nematodes are known to occupy lower soil layers during cold seasons including spring, and they move higher up in the soil profile during summer (Crow et al., 2017). Nematicides like abamectin, imicyafos and even fluopyram have major limitations: Abamectin has a very low water solubility, yet with an extremely high soil adsorption value; these properties do not allow it to move well within the soil (Crow et al., 2017). Wada et al., (2011) also reported that unlike soil fumiganttype nematicides which transcend through even the deeper soil layers, the effectiveness of imicyafos on the soil nematode communities is highly limited to the surface soil layer. Fluopyram is also a contact nematicide, even though it is known to be taken up by roots to control fungal foliar diseases (Crow et al., 2017). Therefore, these compounds especially abamectin and imicyafos, when sprayed onto the turfgrass surfaces and irrigated, very little amounts of the chemicals make it through the turf thatch, and therefore may only show effectiveness on nematode populations near the soil surface. The current field tests were performed during the spring season, and this could explain the differences in the sensitivity of the ring nematodes to the tested nematicides. Thus, more controlled pot tests under controlled environment conditions in green house involving tests of the chemical on pure cultured population of Mesocriconema nebraskense may provide a more accurate interaction between the nematode and the tested nematicides. However, this study demonstrated that these chemical compounds are good alternatives for the nematode management in turfgrass.
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