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Root-feeding white grubs are one of the most serious pests of honeysuckle trees (Lonicera japonica) in China, directly damaging their roots and facilitating infection by soil pathogens. Entomopathogenic nematodes (EPNs) are considered as potential control agents against soil-dwelling insect pests. This study aimed to identify effective EPN species against white grubs through bioassay and field experiments. Among the EPN species screened against Holotrichia oblita under laboratory conditions, Steinernema feltiae and Heterorhabditis indica had low virulence, while S. longicaudum, S. glaseri, and H. bacteriophora applied at a rate of 400 IJs/larva caused a higher corrected mortality (80.00 ± 5.77%), which screened them as good candidates for future applications. The field experiments showed that both S. longicaudum and H. bacteriophora were approximately as effective in reducing white grubs as the insecticide phoxim, whereas S. glaseri caused a significantly lower reduction compared with these two EPNs and phoxim. Plant mortalities obtained from S. longicaudum, H. bacteriophora and the insecticide treatment plots were significantly lower than those observed in the water-treated control plots. All EPNs examined could establish well in the treated honeysuckle fields for 42 d, confirmed by Tenebrio molitar larvae baiting technique. Our findings suggest that EPNs could provide curative efficacy against white grubs and significantly reduce plant death in honeysuckle fields.
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1. Introduction

Honeysuckle, Lonicera japonica Thunb, is a Chinese medicinal plant native to East Asia and can be easily grown all over the world. It is renowned for its active compounds and widespread pharmacological effects on heat-evil, dysentery and swellings, body protection and lifespan extension as recorded in the famous classical book of Chinese material media “Ben Cao Gang Mu” (Shang et al., 2011). So many beneficial effects including anti-viral (Ding et al., 2017), anti-bacterial (Rahman and Sun, 2009), anti-oxidant (Kong et al., 2017), anti-inflammatory (Tang et al., 2016), anti-diabetic (Han et al., 2015) and neuroprotective (Wang et al., 2014) have been demonstrated for this plant. Moreover, it is also used as cosmetics, food products, and healthy beverages worldwide (Wang, 2010; Fang et al., 2020). Along with the great changes in the environment, food consumption, and lifestyle observed in the modern society, honeysuckle is playing an increasingly important role in our daily life (Yang et al., 2018). Honeysuckle cultivation has been expanded as the demand increases (Hu et al., 2022), while the problem of white grubs is becoming more and more serious (Xin, 2017; Li, 2022).

White grubs, which are the root-feeding larvae of scarab beetles, are one of the most severe soil-dwelling pests and are increasingly damaging honeysuckle cultivation (Xu and Wei, 2021). Holotrichia oblita Faldermann is one of the dominant species found in honeysuckle fields and it generally co-occurs with other white grub species, such as Brahmina faldermanni Kraatz and Maladera orientalis Motschulsky (Li, 2022). These larvae feed on honeysuckle roots, facilitating their infection by other soil pathogens and subsequent decay (Gao et al., 2020). The damages caused to the roots affect the entire plant, with serious impacts on tree growth and flowering, eventually leading to the plant's death (Liu et al., 2017; Gao et al., 2020).

For many years, white grubs in honeysuckle fields have been mainly controlled using chemical insecticides, such as phoxim and chlorpyrifos (Liu et al., 2017). However, the efficacy of these products is not always satisfactory as white grubs live concealed in the soil and in addition to the development of insecticide resistance (Gao et al., 2020). Therefore, in light of the increasing environmental and human safety concerns, and of the importance of honeysuckle flowers for medical purposes, alternative biological strategies are urgently needed to control white grubs in honeysuckle fields.

Entomopathogenic nematodes (EPNs) are known as potential biological control agents and have been used to control a variety of soil-dwelling insects due to their superior ability to actively search for hosts (Grewal et al., 2005; Georgis et al., 2006). Some EPN species have been shown to be potentially highly efficient against different white grub species in turf grass or peanut fields, such as Steinernema scarabaei, S. longicaudum, S. glaseri, Heterorhabditis bacteriophora, and H. zealandica (Tamson and Alm, 1995; Koppenhöfer et al., 2000, 2002; Koppenhöfer and Fuzy, 2003a,b; Grewal et al., 2004; Du et al., 2009; Guo et al., 2015). However, knowledge of EPNs application to control white grubs in honeysuckle fields is still limited.

The successful application of EPNs strictly depends on environmental factors, such as soil texture, moisture, and temperature (Shapiro-Ilan et al., 2012a; Guo et al., 2015). Honeysuckle cultivation needs to pay more attention to the geo-herbalism (Zhang et al., 2003; Duan et al., 2019), for the soil characteristics is of great importance to the content of active compounds in honeysuckle flowers (Chen et al., 2021). Yimeng mountain area is the natural planting area for honeysuckle (Liu et al., 2008). Pingyi county, which is located in the Yimeng Mountains, is the largest honeysuckle production area in China (Zhang, 2021). The soil here is sandy and arid, which favors the accumulation of the plants' active compounds (Chen et al., 2021). Whether these soil conditions are also suitable for the successful application of EPNs needs to be explored.

More importantly, it is necessary to choose the appropriate EPN species to control the target pest by considering their virulence, environmental tolerance, and even persistence (Shapiro-Ilan et al., 2002, 2006a,b). The virulence of EPNs to white grubs varies with EPN and white grub species (Koppenhöfer and Fuzy, 2003a,b; Grewal et al., 2004). Although there are some differences in the virulence of each EPN to different white grub species, certain EPNs were shown to be pathogenic to several white grubs, as observed for H. bacteriophora against Popilia japonica Newman (Selvan et al., 1994), Maladera matrida Argaman (Glazer and Gol'Berg, 1993), H. parallela Motschulsky (Guo et al., 2013), and H. oblita (Guo et al., 2015). Little is known on the efficacy of certain EPNs against white grubs in the honeysuckle fields. More EPN species are needed to be screened for providing more alternatives to effectively control white grubs that always co-occur in the same honeysuckle fields.

Therefore, five EPN species, i.e., S. longicaudum X-7, S. glaseri KG, S. feltiae SN, H. bacteriophora H06, and H. indica LN2, reported with high virulence or good performance in the fields against several pests, for example, fungus gnats, Lepidopterous pests and white grubs (Yan et al., 2014; Wang et al., 2021), were chosen for bioassay screening against H. oblita, one of the dominant white grub species in honeysuckle fields. Subsequently, the control efficacy of high virulent EPN species screened in the bioassay was evaluated in the honeysuckle fields in the present study.



2. Materials and methods


2.1. EPNs

The Steinernema longicaudum X-7, S. glaseri KG, S. feltiae SN, H. bacteriophora H06, and H. indica LN2 species used in this study were provided by Weifang Hongrun Agriculture Science and Technology Co., LTD, China. Infective juveniles (IJs) were cultured in vitro in solid sponge media using the method described in Bedding (1981) with modifications (Han, 1996) and were formulated with vermiculite (200 mesh). IJ suspensions were used for experiments if more than 95% of IJs were alive, which was assessed using a microscope before the experiments (Yan et al., 2013).



2.2. Insects

The second instar larvae of H. oblita used for the bioassays were provided by the Cangzhou Academy of Agriculture and Forestry Science, China. The white grubs were reared and fed on dry potato pieces (0.5 × 0.5 × 0.5 cm). The size and weight of each instar larva were consistent with the measurements reported in Guo et al. (2015). The larvae were individually kept in plastic cups (with a diameter of 4.3, height of 7 cm, and a 2-mm-diameter hole in the lid) filled with 50 g of sandy soil (10% w/w soil moisture) at 25 ± 2°C and 50% relative humidity (RH). Six wheat seeds were added to each cup as food. The cups were kept at 25°C for 24 h and only grubs that showed signs of activity were selected for the bioassays (Koppenhöfer and Fuzy, 2008).

Yellow mealworms, Tenebrio molitor L., were purchased from Shandong Taian Wuma market. The mealworms were reared in a controlled room with 25 ± 2°C and 50% RH, and fed on wheat bran and fresh vegetable leaves. Similarly sized 9th- to 11th-instar larvae were chosen to evaluate nematode persistence by burying them in soil samples collected from the field experiments (Guo et al., 2015).



2.3. Bioassays
 
2.3.1. Virulence of different EPN species to second instar H. oblita larvae

One mL of IJ suspensions containing 200 IJs of S. longicaudum, S. glaseri, S. feltiae, H. bacteriophora, or H. indica was applied into each cup containing the H. oblita larvae (equal to 1.5 × 109 IJs ha−1). A similar volume of water without nematodes was added to the soil of control treatment. Three replicates were set for each treatment or control and each replicate tested 10 individual larvae. After the treatment, the cups were placed in the dark at 25 ± 2°C and 75 ± 5% RH. White grub mortality was assessed after 4, 7, and 14 d; the cadavers were placed onto moist filter paper and were dissected 3 d later to evaluate IJ invasion (Yan et al., 2013).



2.3.2. Effect of highly virulent EPN species applied at different rates

The bioassay was performed in plastic cups, as described above. IJ suspensions of the most effective EPN species screened in the first step, i.e., S. longicaudum, S. glaseri, or H. bacteriophora, were prepared. One mL of the nematode suspension containing 400, 200, 100, or 50 IJs was applied into each cup with one grub (equal to 3.0 × 109, 1.5 × 109, 7.5 × 108 or 3.75 × 108 IJs ha−1). Water without IJs was used as control. Ten cups with 10 individual larvae were set as one replicate and three replicates were set for each treatment or control. All cups were placed in the dark at 25 ± 2°C and 75 ± 5% RH. Grub mortality was assessed as described in the previous section.



2.3.3. Field experiments

Two field trials were conducted in different honeysuckle fields in the Pingyi area, China. Before the treatments, the presence of native EPN populations in the fields was assessed by baiting soil samples with yellow mealworms as described in Liu et al. (2009). No EPN populations were detected in the experimental fields. Grub population was estimated based on Du et al. (2009) and species were identified following the guidelines reported in Wei et al. (1989) and Cao and Li (2017). In brief, 30 honeysuckle plants were randomly selected and the soil around their roots (diameter = 40 cm, depth = 20 cm) was removed to identify larval species and calculate population abundance.

The first experiment was performed in a honeysuckle field in Fumin village (N35°15′23′′, E117°40′54′′) on August 26, 2020, at 1:30 pm, to determine which EPN species to apply against white grubs and at which rates. The sandy soil in the field had a water content of 8.09 ± 0.53%. The day was sunny, air temperature was 29°C and soil temperature was 27°C at a depth of 5 cm. The honeysuckle plants in the experiment field were 3 years old. Each plant covered an area of ~1.15 m2 (diameter = 1.21 m). Each experimental plot had an area of 48 m2 (15 m × 3.2 m) with a 1.6-m buffer space set between plots and containing 36 honeysuckle plants spaced 1.6-m apart within a row. The white grub species present in the experiment field were H. oblita, Brahmina faldermanni, and Serica orientalis with a ratio of 5: 4: 6. The population density was 5.67 ± 0.61 larvae per plant, and the larvae were mainly in the first, second, and third instar with a ratio of 1: 7: 2. S. longicaudum, S. glaseri, and H. bacteriophora treatments were applied at 3.0 × 109, 1.5 × 109, and 7.5 × 108 IJs/ha, respectively.

The second experiment was conducted in Nanwan village (N35°16′56″, E117second) on August 18, 2021, at 4:30 pm, to assess the efficacy of EPNs against white grubs at the selected application rate and the protection provided to honeysuckle plants. The sandy soil in the fieldhad a water content of 6.22 ± 0.34%; the day was sunny with an air temperature of 27°C and soil temperature of 26°C at a depth of 5 cm. The honeysuckle plants were 3 years old. Each plant covered an area of ~1.04 m2 (diameter = 1.15 m). Each experimental plot had an area of ~100 m2 (33.3 m × 3.0 m) with a 1.5-m buffer space set between plots and contained 75 honeysuckle plants spaced 1.6 m apart within a row. The white grub species present in this experiment field were H. oblita, S. orientalis, and Hoplosternus incanus with a ratio of 8: 9: 2. The population density was 3.20 ± 0.05 larvae per plant and the larvae were mainly in the first, second, and third instar with a ratio of 1: 8: 1. S. longicaudum, S. glaseri, and H. bacteriophora treatments were applied at 1.5 × 109 IJs/ha.

In both experiments, phoxim (EC 48%, Shandong United Pesticide Industry Co. Ltd, Jinan, China) at a dosage of 4,500 mL/ha was used as a positive control. Water without IJs or insecticide was set as a negative control. In the first and second experiments, 15 L and 30 L of water, respectively, containing different concentrations of IJs or phoxim were sprayed on the soil around each plant root. A similar volume of only water was used for the control experiment. No additional irrigation or other insecticides were supplied. Each treatment was conducted in four replicates (plots) and all the plots were arranged in a randomized complete block design. Throughout both experiments, soil temperature at a depth of 5 cm ranged from 16 to 25°C.

White grub populations were monitored 7, 21, and 42 d after treatment (DAT) in both experiments. In the second experiment, plants selected for the larval abundance were excluded; the number of dead plants and total plants in each plot were determined on May 15, 2022, to calculate plant mortality.

EPN persistence in the soil was evaluated by assessing the mortality of yellow mealworm larvae buried in the soil samples 7, 14, 21, 28, 42 d after EPN application in both experiments. Soil sample (10 cm × 10 cm × 10 cm) around each plant roots was taken and five soil samples were taken from each plot. Then, 10 mealworm larvae were put in each soil sample and mortality was assessed 4 d later. Dead larvae were incubated in petri dishes with moist filter paper and were dissected 3 d later to estimate IJ invasion (Yan et al., 2013).




2.4. Statistical analysis

The H. oblita and T. molitor bioassay data were corrected for control mortality using Abbott's formula (Abbott, 1925). The percentage reductions in white grubs in the field experiments were calculated based on Liu et al. (2007) and Guo et al. (2013, 2015). Plant mortality was calculated using the following equation:

[image: image]

where Pd is the percentage of dead plants in each plot, and Nd and Na indicate the number of dead plants and the total number of plants in each plot, respectively.

Arcsine square root transformation was applied to the percentage data before statistical analysis in SPSS 16.0 (SPSS Inc., Chicago, IL). Means were separated using Tukey's test and differences among means were considered significant at P < 0.05.




3. Results


3.1. Virulence of different EPN species against H. oblita

A significant difference was observed between white grub mortalities (hereafter referred to as “mortalities”) caused by different EPN species (Figure 1). At 4 DAT, S. longicaudum and H. bacteriophora caused higher mortalities than S. feltiae and H. indica, while their values were not significantly different from the mortalities associated with S. glaseri (F = 8.401; df = 4, 10; P = 0.003). With time, an increase in mortality was observed in all treatments. Until 7 DAT, S. longicaudum, S. glaseri, and H. bacteriophora, caused significantly higher mortalities than S. feltiae and H. indica (F = 6.110; df = 4, 10; P = 0.009). At 14 DAT, the mortalities (63.33 ± 3.33% to 66.67 ± 3.33%) observed in the treatments with S. longicaudum, S. glaseri, and H. bacteriophora, were significantly higher than that by H. indica (F = 9.357; df = 4, 10; P = 0.002).


[image: Figure 1]
FIGURE 1
 Corrected mortality of Holotrichia oblita Faldermann treated with Steiernema longicaudum X-7 (Sl), S. glaseri KG (Sg), S. feltiae SN (Sf), Heterorhabditis bacteriophora H06 (Hb), and H. indica LN2 (Hi) evaluated at 4, 7 and 14 DAT. Different letter(s) on the bars represent significant differences among treatments on the same day (P < 0.05, Tukey's test).




3.2. Effects of application rates on the virulence of superior EPNs

White grub mortalities varied with EPN application rates (Figure 2). Generally, the higher application rates were, the higher mortalities were obtained. White grub mortalities kept increasing with time. At 4 DAT, the mortalities caused by S. longicaudum at 400 IJs/larva and H. bacteriophora at 400 and 200 IJs/larva were significantly higher than that incurred by the same EPN species applied at lower rates (F = 5.020; df = 11, 24; P < 0.001). No significant difference was observed among the three application rates used for S. glaseri. At 14 DAT, the highest mortalities, ranging from 70.00 ± 5.77% to 80.00 ± 5.77%, were caused by S. longicaudum, S. glaseri, and H. bacteriophora at 400 IJs/larva (F = 4.478; df = 11, 24; P = 0.001).
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FIGURE 2
 Corrected mortality of Holotrichia oblita Faldermann treated with Steinernema longicaudum X-7 (Sl), S. glaseri KG (Sg), and Heterorhabditis bacteriophora H06 (Hb) at rates of 50, 100, 200, and 400 IJs per larva evaluated at 4, 7, and 14 DAT. Different letter(s) on the bars represent significant differences among treatments on the same day (P < 0.05, Tukey's test).




3.3. Effects of EPN application in honeysuckle fields

The reduction in white grub population (hereafter referred to as “grub reduction”) in the EPN- and phoxim-treated plots at different sampling times in the two experiments were shown in Table 1.


TABLE 1 Percentage reduction in white grubs obtained from different treatments at 7, 21, and 42 days after treatment (DAT) in honeysuckle fields in Fumin (first experiment) and Nanwan (second experiment), Shandong, China.

[image: Table 1]

In the first experiment, the treatments with S. longicaudum and H. bacteriophora at all application rates showed high efficacy against white grubs. At 7 DAT, when compared insecticide phoxim, S. longicaudum and H. bacteriophora at all application rates caused similar grub reduction, while S. glaseri at 7.5 × 108 IJs/ha caused a significantly lower grub reduction (F = 4.754, df = 9, 30; P = 0.001). No significant difference was observed among the grub reduction from the treatments with the same EPNs at different application rates. However, the application of S. longicaudum and H. bacteriophora at the high rates of 3.0 × 109 and 1.5 × 109 IJs/ha and low rate of 7.5 × 108 IJs/ha caused > 76% and ≈ 65% grub reduction, respectively. However, grub reduction caused by both EPN species applied at 7.5 × 108 IJs/ha significantly increased over time, reaching 77.32 ± 3.79%. All rates of S. longicaudum and H. bacteriophora caused grub reductions ranging from 74.57 ± 4.65% to 81.21 ± 4.30% after 42 DAT, which were not significantly different from those obtained using phoxim, but significantly higher than the reductions obtained using S. glaseri at 7.5 × 108 IJs/ha (F = 4.590, df = 9, 30; P = 0.001).

In the second experiment, S. longicaudum and H. bacteriophora were approximately as efficient as phoxim in reducing white grub population. At 7 DAT, phoxim was more effective against white grubs when compared with the EPNs. The grub reductions caused by S. longicaudum, S. glaseri, and H. bacteriophora at 1.5 × 109 IJs/ha were 75.46 ± 3.36%, 67.65 ± 1.77%, and 75.28 ± 2.78%, respectively, significantly lower than that caused by phoxim (F = 9.687; df = 3, 12; P = 0.002). However, with time, the differencesbetween phoxim and the EPNs S. longicaudum and H. bacteriophora, were reduced to zero. Until 42 DAT, these two species and phoxim had the same efficacy, achieving grub reductions that were significantly higher than that caused by S. glaseri KG (F = 6.292; df = 3, 12; P = 0.008).



3.4. Effects of EPN application on plant mortality

Plant mortality in different treatment plots was shown in Figure 3. Plant death from plots treated with S. longicaudum, S. glaseri, H. bacteriophora, and phoxim were 0.84 ± 0.48%, 2.09 ± 0.41%, 0.83 ± 0.41%, and 0.85 ± 0.49%, respectively. No significant difference was observed among the treatments with the EPNs and phoxim. While the mortalities observed in plots treated with S. longicaudum, H. bacteriophora, and phoxim were all significantly lower than those in the control plots treated with water (4.19 ± 0.49%) (F = 4.442; df = 4, 15 P = 0.014).


[image: Figure 3]
FIGURE 3
 Plant mortality observed in different plots treated with Steinernema longicaudum X-7 (Sl), S. glaseri KG (Sg), and Heterorhabditis bacteriophora H06 (Hb) at 1.5 × 109 IJs/ha, and phoxim at 4,500 mL/ha evaluated on May 13, 2022. Different letter(s) on the bars represent significant differences among treatments and the water-based control (CK) (P < 0.05, Tukey's test).




3.5. EPN persistence

The mortalities of baited yellow mealworm larvae were calculated. S. longicaudum, S. glaseri, and H. bacteriophora were able to persist in the soil for 42 d after application (Table 2). Yellow mealworm mortalities ranged from 20.00 ± 4.08% to 45.00 ± 2.89% in the first field trail and from 27.50 ± 4.79% to 45.00 ± 2.89% in the second one. No significant difference was observed among treatments on the same sampling day (experiment 1: F ≤ 1.586; df = 8, 27; P ≥ 0.176; experiment 2: F ≤ 0.984; df = 2, 9; P ≥ 0.411).


TABLE 2 Corrected mortality of Tenebrio molitor bait larvae in soil samples collected from the first (Fumin) and second (Nanwan) experiments conducted in Shandong, China at 7, 14, 21, 28, and 42 DAT.
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4. Discussion

The screening of EPN species is critical to achieve a successful biocontrol of pests. Foremost, suitable EPN species must be matched with the target pest (Lacey and Georgis, 2012; Shapiro-Ilan and Dolinski, 2015). Among the EPN species tested via bioassay in this study, S. longicaudum, S. glaseri, and H. bacteriophora showed high virulence to H. oblita, which was congruent with previous studies that S. longicaudum (Li et al., 2007; Du et al., 2009; Guo et al., 2013), S. glaseri, and H. bacteriophora were highly pathogenic to a variety of scarab larvae (Grewal et al., 2005; Koppenhöfer and Fuzy, 2006). In contrast, our results showed that S. feltiae and H. indica were slightly virulent to grubs. The virulence of EPNs varies with different EPN species and target pests (Lacey et al., 2015) and little is known about that caused by S. feltiae and H. indica to scarab larvae. These two species have been reported to have a wide host range, with high virulence to fungus gnats (Zhao, 2013; Yan et al., 2019) and Lepidopterous pests (Lacey et al., 2015; Wang et al., 2021). Their lack of virulence to scarab larvae maybe partly due to their failure in overcoming host defenses (Wang et al., 1995; Lara-Reyes et al., 2021).

Although we firstly screened EPN species through laboratory bioassays to narrow down the candidates, the importance of confirming the virulence determined via bioassay by conducting subsequent filed trials cannot be overemphasized (Shapiro-Ilan et al., 2012b). In the honeysuckle fields treated in this study, the efficacy of S. glaseri against white grubs was not satisfactory. Although this was the first EPN species used to control white grubs at large scales (Gaugler et al., 1992), studies have shown that its field efficacy has deteriorated (Selvan et al., 1994; Converse and Grewal, 1998). Long-term laboratory culture may be one of the main factors responsible for its reduced performance (Converse and Grewal, 1998; Lee et al., 2002). Moreover, the potential virulence of S. glaseri against other white grub species co-occurring in same field may be another factor affecting its field efficacy. This virulence remains to be determined, as in this study we only assessed the virulence against the larvae of H. oblita.

Unlike S. glaseri KG, both S. longicaudum and H. bacteriophora achieved an acceptable level of grub control in the treated honeysuckle fields, where multiple species of white grubs co-occurred. To ensure a successful control, it is important that EPN species are highly pathogenic to several grub species, as these have overlapping geographic ranges and may often co-occur in the same fields (Grewal et al., 2004). Steinernema longicaudum and H. bacteriophora have been shown to perform well against different white grub species; for example, S. longicaudum proved to be effective against Polyphylla gracilicornis (Fan, 2015) and Holotrichia ovata (Zhang et al., 2006) in bioassays, and against Exomala orientalis in turf grass (Lee et al., 2002) and H. parallela in peanut fields (Guo et al., 2013), while H. bacteriophora performed well against Popillia japonica in turf grass (Koppenhöfer and Fuzy, 2003a,b; Grewal et al., 2004; Torrini et al., 2020), H. parallela (Guo et al., 2013), and H. oblita (Guo et al., 2015) in peanut fields. Although we did not test the virulence of either EPN to the white grub species mentioned above via bioassay, we believe that both are suitable to control them based on the results of the present study and the good field performance reported in previous studies.

In addition to the suitability of EPN species, adequate environmental conditions, especially in terms of soil moisture, are considered as another important factor in EPN application (Kaya, 1990; Shapiro-Ilan et al., 2006a). The honeysuckle trees in this study were planted in hill fields with sandy soil characterized by poor water retention. However, according to our data, the soil moisture detected during the experimental period ranged from 8.07 to 16.33%, and EPNs could establish well in this soil. The honeysuckle trees in the experiment fields were 3-years-old, with lush vines covering the ground. We speculated that the good level of shade and frequent rainfall in summer and autumn contributed to the adequate soil moisture. Generally, white grub outbreaks in honeysuckle are persistent (Li, 2022). In this study, EPNs could reduce white grub populations in the long term in the fields, which indicated that soil conditions, including soil moisture, texture, and temperature (16–25°C), favored EPN establishment, dispersal, and contact with hosts (Guo et al., 2015).

In the present study, plant mortalities in the plots treated with S. longicaudum, H. bacteriophora, and phoxim were significantly reduced by a rate of ≈80% compared with the values observed in the control plots treated with water. This indicated that the reduction in white grubs obtained through the above-mentioned treatments could lower plant mortality. To improve the curative qualities of honeysuckle flowers, more attention should also be paid to ecological planting. In particular, the application of EPNs to control pests dwelling below the ground is of great significance for ecological planting, not only for biological control purposes, but also to enhance plant defenses (Helms et al., 2019). Further studies should focus on the effects of EPNs on the soil system and the quality of honeysuckle flowers after EPN application.

In our study, both S. longicaudum and H. bacteriophora treatments performed well against white grubs in honeysuckle fields. However, H. bacteriophora may be considered as a more promising agent due to its relatively lower production cost (Guo et al., 2013) and higher stability under unfavorable conditions (Yan et al., 2010) compared with S. longicaudum. The EPN application rate is of paramount importance, varying across target pests and environmental settings (Shapiro-Ilan and Dolinski, 2015). Generally, higher application rates could enhance the efficacy of the treatments to some degree, achieving results within a shorter period of time (Guo et al., 2015). This would also entail an increase in costs; however, applying lower EPN rates will increase the risk of low efficacy against white grubs (Shapiro-Ilan et al., 2006a), as suggested by the data in our first experiment. Our results showed that 1.5 × 109 IJs/ha would be an optimal application rate for honeysuckle fields, considering that higher rates did not determine a greater reduction in white grubs at all.

In summary, the present study highlighted the potential of using EPNs against white grubs in honeysuckle fields. Additional studies are needed on how to accelerate the effects of EPN treatments through the joint application of EPNs and other entomopathogenic agents, such as Metarhizium anisopliae and Beauveria bassiana, among others, which will improve efficacy.
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