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Abstract

:

The brown planthopper (BPH), Nilaparvata lugens Stål (Hemiptera: Delphacidae) is one of the most destructive rice pests in Asia. The microbial metabolite decoyinine (DCY) has been extracted from Streptomyces hygroscopicus. Recent studies have suggested that treating rice seeds with DCY could improve the growth and yield of rice. To further assess the effects of priming the seeds of different rice varieties with DCY on rice seedling resistance against BPH, an age-stage, two-sex life table and choice test were applied to investigate the individual fitness, population parameters, and preference behavior of BPHs in this study. The results indicated that feeding on rice seedlings grown from seeds primed with DCY significantly affected BPHs’ adult longevity, oviposition period, fecundity, as well as the net reproductive rate (R0), intrinsic rate of increase (rm), finite rate of increase (λ), doubling time (DT), and population size in terms of BPH. The honeydew excretions and the weights of BPHs fed on DCY-pretreated rice plants were remarkably lowered. The two-way ANOVA results also showed that there were significant differences in the biological parameters, honeydew excretions, and of BPH weights owing to DCY treatment, rice variety, and the interactions between DCY treatment and rice variety. Additionally, the feeding and oviposition preferences of BPHs for the pretreated rice plants were reduced. Our results imply that the priming of seeds with DCY can improve rice resistance against BPH, which could facilitate the utilization of seed priming as a new avenue for effective crop protection.
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1. Introduction


Rice (Oryza sativa) is one of the most important global cereal crops and forms a staple food for more than 50% of the world’s human population. The brown planthopper (BPH, Nilaparvata lugens) is one of the most devastating rice pests in Asia, which not only damages rice plants by feeding on phloem sap and laying eggs in rice tissues but also transmits various rice viruses. BPH grows rapidly and has high fecundity under suitable conditions, thereby leading to serious losses in rice production [1,2,3]. The control of BPH mainly depends on spraying chemical pesticides. However, the extensive application of pesticides has caused BPH resistance and resurgence and also threatens the ecological environment [4]. Therefore, it is urgent to develop a cost-effective and eco-friendly method to control BPH.



Seed priming is a cost-effective and feasible technique to boost up the defense mechanism and thereby potential tolerance of plants towards biotic and abiotic stresses [5]. The priming of seeds results in ultrastructural modifications and the regulation of water content, the cell cycle, oxidative stresses, reserve mobilization, and protein synthesis, triggering an intricate signaling event [6]. Worrall et al. reported that the priming of tomato seeds with jasmonic acid (JA) showed significantly increased resistance against Manduca sexta L. (Lepidoptera: Sphingidae), Myzus persicae Sulzer (Hemiptera: Aphididae), and Tetranychus urticae Koch (Acari: Tetranychidae) [7]. In another similar study, Berglund et al. reported that spruce seedlings grown from seeds primed with JA displayed a significant reduction in seedlings infested by the pine weevil Hylobius abietis L. (Coleoptera: Curculionidae) [8]. Wheat seeds treated with calcium chloride primed a resistance to the aphid Schizaphis graminum Rondani (Hemiptera: Aphididae) [9]. Treating maize seeds with Bacillus pumilus affected the feeding behavior and host preference of the rootworm Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) [10]. Tobacco seeds treated with insect pathogenic fungus Beauveria bassiana showed enhanced resistance against microbial pathogens and insect pests [11]. Various studies have suggested that the priming of rice seeds increases growth and enhances tolerance to stresses including salinity, drought, heavy metals, temperature, and pathogens [12,13,14,15,16,17,18]. A recent study showed that rice seeds treated with the entomopathogenic bacterium Serratia marcescens promoted plant growth and increased resistance against BPH in rice seedlings [19]. These studies suggest that seed priming could enhance plant resistance against insect pests.



Decoyinine (DCY) is a secondary metabolite that was isolated from Streptomyces hygroscopicus [20]. DCY, also called angustmycin A, can inhibit guanosine monophosphate synthase [21]. DCY can suppress melanoma cell invasion and tumorigenicity in immunocompromised mice [22]. DCY is also known as a new plant growth regulator called Wugufengsu in China and studies have demonstrated that Wugufengsu can improve the growth and yield of maize and rice [23,24,25]. Seed treatment of the rice varieties Baixiang 139 and Guangliangxiang 2 with Wugufengsu significantly improved various rice growth indexes [24,25]. Shah et al. found that the fecundity of the small brown planthopper (SBPH, Laodelphax striatellus Fallén) that fed on the seedlings of the rice variety Wuyujing 3 grown from seeds pretreated with DCY was significantly reduced, and the activities of rice defense-related enzymes were also changed [26].



Our recent study proved that the priming of seeds of the rice variety Taichung Native 1 (TN1) with DCY could improve its resistance against BPH [27]. Building on the previous report, which evaluated a susceptible rice variety, the effects of DCY were further evaluated on commercial rice varieties in this study, indicating DCY’s potential as an alternative for pest control in rice production. Here, we used an age-stage, two-sex life table to determine the fitness traits and population parameters of BPHs reared on rice seedlings of two different varieties pretreated with DCY. The feeding behavior and feeding preference of BPHs were also applied to assess the effects of DCY-pretreated rice seedlings on BPH. The present study contributes to our understanding of rice resistance when seedlings are primed with DCY and provides a simple strategy to achieve improvements in insect resistance in rice.




2. Materials and Methods


2.1. Insect and Plant Treatment


The BPH colony was continuously reared on the rice variety TN1 (a susceptible rice variety, provided by China National Rice Research Institute, Hangzhou, China) at a temperature of 27 ± 1 °C, a 70 ± 5% relative humidity, and a 16 h:8 h (L: D) photoperiod in a chamber [27].



DCY was purchased from Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China). The indica rice variety Liangyou566 and the japonica rice variety Nanjing9108, which are commercial rice varieties in Jiangsu and the neighboring provinces of China, were used as experimental rice materials for BPH feeding. The rice seeds (provided by Jiangsu Academy of Agricultural Sciences) were washed and soaked in the DCY solutions for 24 h at 28 °C with a photoperiod of 16 h:8 h (L:D) with the following concentrations: 0 mg/L (control), 25 mg/L (DCY25), 50 mg/L (DCY50), and 100 mg/L (DCY100), and they were then sprouted in the dark for 24 h [27]. After the rice seeds sprouted, they were grown in the growth chamber for one month, and then the rice seedlings were used for the subsequent experiments.




2.2. Survival, Development, and Reproduction


To assess the effects of DCY-pretreated rice plants of Liangyou566 and Nanjing9108 on the biological parameters of BPH, both the untreated and different concentrations of DCY-pretreated rice seedlings were used to feed the newly hatched BPH nymphs. One BPH nymph in a glass tube was considered as one replicate. The molting and death of each BPH nymph was recorded every day, and the rice plant of each tube was replaced weekly until the adult emerged. A female and a male of the same treatment were mated and placed into a new tube containing the corresponding rice plant. After BPH mating, the rice plants were replaced every day and the rice seedlings were dissected to observe whether eggs were laid to determine the pre-oviposition period. After the eggs were observed, the number of eggs was recorded, and then the rice seedlings were changed every three days to count the numbers of eggs laid until the female died.




2.3. Honeydew and Weight Measurement


Honeydew excretion is usually applied to evaluate a feeding index for the measurement of the susceptibility and resistance of plants to hemipteran pests [28]. A newly emerged BPH female adult was placed in a Parafilm® bag (Parafilm, Menasha, WI, USA) and then fixed in the leaf sheath of a 30-day-old rice plant for 24 h [27]. Then, the amount of honeydew secreted by female adults fed on the untreated rice plants and DCY100-pretreated plants of Liangyou566 and Nanjing9108 was measured. One female in a Parafilm® bag was considered as one replicate, and each treatment was performed with 30 replicates.



Newly hatched BPH nymphs were fed on the untreated rice plants and DCY100-pretreated plants of the two varieties. After feeding on these rice plants, the BPH nymphs grew up and emerged, and the females at 1 d, 3 d, 5 d, and 7 d after emergence were selected and weighed. Each group was performed with 21–30 replicates.




2.4. Feeding and Oviposition Choice Test


The method used to determine the feeding and oviposition preference behaviors of BPHs was described previously [27]. Three cups of untreated rice plants and three cups of DCY100-pretreated plants were placed in a cage and arranged in a circle. Thirty-five 3-day-old gravid BPH females were starved in a Petri dish for 1 h and then placed in the center of the circle. The number of BPHs settled on untreated rice plants and treated rice plants was recorded at different time points after release (2 h, 4 h, 8 h, 12 h, 24 h, and 48 h). The numbers of eggs laid in each rice plant were counted.




2.5. Life Table Analysis


Based on the data concerning daily survival and reproduction, the age-stage specific survival rate (sxj) (x = age, j = stage), age-stage specific life expectancy (exj), and age-stage reproductive value (vxj) were determined. sxj represents the probability that a newly born aphid will survive to age x and stage j, exj represents the expected survival period of an individual of age x and stage j, and vxj represents the devotion to future offspring at age x and stage j. The population life table parameters, including the net reproductive rate (R0 = ∑(lxmx)), mean generation time (T = ln(R0)/rm), intrinsic rate of increase (∑e−rm(x+1)lxmx = 1), finite rate of increase (λ = erm), and doubling time (DT = ln2/rm), were analyzed using the TWOSEX-MSChart program [29,30,31,32]. The bootstrap method with 100,000 re-samplings was applied to estimate the variances and standard errors of all population life table parameters, and the differences among the various treatments were calculated by a paired bootstrap test at the 5% significance level. The TIMING-MSChart program was used to project the population size in terms of BPH for 60 days under various DCY treatments. The population projection was begun with 10 individuals per treatment for comparative purposes [31].




2.6. Statistical Analysis


The biological parameters were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) test (p < 0.05). The Student’s t-test was performed to determine statistical differences in the honeydew, weight, and oviposition preference between the control and DCY100 treatment (** p < 0.01). Feeding preference was analyzed using the binomial test (* p < 0.05, ** p < 0.01). Two-way ANOVA was performed to assess the effects of DCY treatment, rice variety, and the interactions between DCY treatment and rice variety on the biological parameters, honeydew, and weight (p < 0.05). All statistical analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA), and the figures were visualized using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Biological Parameters


The biological parameters of BPHs fed on the control plants and DCY-pretreated plants of two rice varieties (Liangyou566 and Nanjing9108) are given in Table 1 and Table 2. Compared with the control groups, the two DCY-pretreated rice varieties had no significant effect on the total nymphal duration, pre-oviposition period, or egg duration of BPHs but did have an effect on the nymphal duration of several instars. However, the adult longevity, oviposition period, and fecundity were significantly affected.



For BPHs fed on DCY-pretreated Liangyou566 plants, the male longevity and female longevity were both significantly shortened by DCY50 treatment, and the female longevity was also affected by DCY100 (Table 1). For Nanjing9108, the female longevity was significantly reduced under DCY treatments, but the male longevity was not affected (Table 2). These results were supported by the age-stage specific life expectancy (exj) curves (Figure 1 and Figure 2). The exj values for adult males on Liangyou566 were 20.29 d (control), 19.35 d (DCY25), 18.75 d (DCY50), and 19.5 d (DCY100). The exj values for females were 22.17 d (control), 18.62 d (DCY25), 18.09 d (DCY50), and 17.15 d (DCY100) (Figure 1). The exj values for males on Nanjing9108 were 19.60 d (control), 19.33 d (DCY25), 20.25 d (DCY50), and 19.40 d (DCY100), and the exj values for females were 20.76 d (control), 18.27 d (DCY25), 18.16 d (DCY50), and 17.48 d (DCY100) (Figure 2).



The oviposition periods of BPHs were shortened under different DCY treatments of Liangyou566 (except DCY25) and Nanjing9108 (Table 1 and Table 2). The fecundity was significantly decreased under all DCY treatments of Liangyou566 and Nanjing9108 (Table 1 and Table 2). The age-stage reproductive value (vxj) curves showed that the vxj values of BPHs were lower when they fed on DCY-pretreated rice plants (Figure 3 and Figure 4). For Liangyou566, the maximal vxj values of females were 93.35 (control), 56.47 (DCY25), 57.27 (DCY50), and 43.23 (DCY100) offspring/adult (Figure 3). For Nanjing9108, the maximal vxj values were 50.47 (DCY25), 56.61 (DCY50), and 49.14 (DCY100) offspring/adult, which were significantly lower than those of the control (102.00 offspring/adult) (Figure 4).



Meanwhile, two-way ANOVA was also used to analyze the effects of DCY treatment and rice variety on the biological parameters of BPHs (Table 3). The results showed that under DCY treatment, there were significant differences in the biological parameters, except for the nymphal duration of the 2nd and 4th instar, total nymphal duration of females, male longevity, and egg duration. Rice variety significantly affected all biological parameters except for pre-oviposition period and egg duration. Furthermore, the interactions between DCY treatment and rice variety had a significant effect on the nymphal duration of the 1st, 3rd, and 5th instars and the total nymphal duration of males and females. These results were also supported by the interaction plots (Figure S1). Through the above two-way ANOVA, it was found that there were certain interactive effects regarding DCY treatment and rice variety on the biological parameters of BPHs, but the main effects of DCY treatment or rice variety were greater, suggesting that the interactions may weaken their effects on the biological parameters to some extent.



In addition, the age-stage specific survival rate (sxj) indicated that no significant differences occurred between the control and DCY treatments (Figures S2 and S3).




3.2. Population Life Table Parameters


Two DCY-pretreated rice varieties significantly influenced the net reproductive rate (R0), intrinsic rate of increase (rm), finite rate of increase (λ), and doubling time (DT) (Table 4 and Table 5). The R0, rm, and λ values of BPHs fed on two varieties of rice plants were significantly decreased under DCY treatments, but their DT values were significantly increased, except for in the case of the DCY50 treatment of Nanjing9108. However, the mean generation time (T) of BPHs fed on the Liangyou566 plants was not significantly affected by DCY treatments (Table 4), and the T of BPHs fed on Nanjing9108 was shortened only with the DCY100 treatment (Table 5).



Differences in the population dynamics of BPHs reared on DCY-pretreated rice plants were marked over the 60-day simulation (Figure 5 and Figure 6). The projections in terms of population size were started from a population of 10 eggs. The curves for Liangyou566 showed that there were 18746 eggs, 208 females, and 329 males in the control; while there were 4452 eggs, 70 females, and 101 males in the DCY25 treatment; 5587 eggs, 89 females, and 161 males in the DCY50; and 2418 eggs, 51 females, and 116 males in the DCY100, after 60 days (Figure 5). For Nanjing9108, there were 16737 eggs, 171 females, and 281 males in the control; while there were 3515 eggs, 65 females, and 146 males in the DCY25 treatment; 3275 eggs, 89 females, and 139 males in the DCY50; and 2319 eggs, 49 females, and 126 males in the DCY100 (Figure 6).




3.3. Honeydew Production and BPH Weight


To investigate the effects of DCY-pretreated rice plants on the feeding behavior of BPHs, the honeydew excretions were determined. Compared with the control, the honeydew excretions of BPH female adults fed on DCY100-pretreated rice plants were remarkably reduced (Figure 7). When feeding on DCY100-pretreated Liangyou566 and Nanjing9108 plants, the amount of honeydew produced by BPH females was decreased by 53.5% (Figure 7A) and 54.8% (Figure 7B), respectively.



To further analyze the effects of DCY100-pretreated rice plants on the development of BPHs, the weight of females at 1d, 3d, 5d, and 7d post-emergence was measured. The results indicated that the weight of females fed on DCY100-pretreated plants was decreased significantly for the two rice varieties (Figure 8 and Table S1).



In addition, the two-way ANOVA results suggested that DCY treatment significantly affected the honeydew excretions and weight of BPH females. Rice variety affected the honeydew excretions, but there were no interactions between DCY treatment and rice variety on the honeydew excretions and weight (Table 6).




3.4. Feeding and Oviposition Preference


To further explore the influence of DCY100-pretreated rice plants on the preference behaviors of BPHs, we compared the percentages of BPH females settling on the control rice plants and DCY100-pretreated plants. The results suggested that BPH females preferred to feed on the Liangyou566 control rice plants except for at 2 h and 4 h post-release, and approximately 83% of BPHs chose the control plants at 48 h (Figure 9A and Table S2). For Nanjing9108, significantly fewer BPHs preferred the DCY100-pretreated rice plants at all time points post-release, and approximately 90% of BPHs chose the control plants at 48 h (Figure 9B and Table S2).



Next, we also counted the number of eggs laid in the control rice plants and DCY-pretreated plants. The results indicated that the number of eggs laid in the DCY100-pretreated rice plants was significantly lower than in the control plants for both rice varieties (Figure 9C,D).





4. Discussion


Bio-priming is a type of seed priming that involves the inoculation of seeds with living microorganisms, microbial metabolites, or antagonist microorganisms such as fungi and plant growth-promoting bacteria as priming agents [5,33]. Studies have indicated that seed bio-priming with the microbial metabolite DCY could improve the germination indexes, growth, development, and yield of rice varieties [24,25]. Recent studies have found that the seed priming of rice varieties with DCY improved their resistance against planthoppers, but the tested rice varieties were susceptible rice varieties [26,27]. Here, we analyzed the influence of priming rice seeds of two commercial varieties with DCY on rice seedling resistance against BPH, with this method possibly providing a simple and feasible way of achieving improvements to the insect resistance of rice.



A life table can facilitate a comprehensive understanding of the development, survival, and reproduction of an insect population, revealing fitness levels in abiotic and biotic environmental conditions [34]. Here, we used an age-stage, two-sex life table to investigate the fitness traits of BPHs fed on the rice plants pretreated with DCY. This method not only considers male individuals, which are generally ignored in female age-specific life tables, but also pays attention to the differences among individual insects and the death of several pre-adult individuals [29,30]. Our results indicated that feeding on the rice seedlings of two varieties (Liangyou566 and Nanjing9108) grown from seeds primed with DCY did not affect the total nymphal duration, pre-oviposition period, or egg duration of BPHs, but it had an significant effect on the nymphal duration of several instars, adult longevity, oviposition period, and fecundity (Table 1 and Table 2). The exj and vxj curve analyses also supported these results (Figure 1, Figure 2, Figure 3 and Figure 4). Shah et al. reported that DCY-pretreated rice variety Wuyujing3 affected one of the biological parameters in SBPHs, i.e., the fecundity was significantly reduced, and the activities of rice defense-related enzymes were induced [26]. Then, Ma et al. showed that DCY-pretreated rice variety TN1 remarkably decreased the fecundity and egg hatchability of BPHs [27]. In our study, in addition to the fecundity, DCY-pretreated rice varieties also affected the adult longevity and oviposition period. In addition, the two-way ANOVA results indicated that DCY treatment, rice variety, and the interactions between these two factors significantly affected the biological parameters of BPHs (Table 3). Therefore, it could be speculated that DCY pretreatment of different rice varieties may prime various plant defense responses against insect pests.



The population life table parameters R0, T, rm, λ, and DT are often used to evaluate the growth capacity for a given insect population under a specific environmental condition, and they often vary with host plants and local environmental conditions [35,36,37]. Our study showed that priming rice seeds with DCY significantly decreased the population parameters (R0, rm, and λ) and increased the DT of BPHs fed on the plants of Liangyou566 and Nanjing9108 (Table 4 and Table 5), suggesting that the population growth capacity of the DCY treatment groups was significantly lower than that of the control groups. A similar study demonstrated that the R0, rm, and λ values of BPHs reared on DCY50-pretreated TN1 rice plants were reduced significantly, while the DT was increased [27]. Meanwhile, another study reported that the R0, rm, and λ of SBPHs fed on DCY100-pretreated Wuyujing3 plants were significantly lower, but the DT was higher [26]. A population projection based on an age-stage, two-sex life table can reveal the changes in stage structures during population growth, and the TIMING-MSChart program is usually used for population prediction when analyzing the life tables of insects [31] such as Bemisia tabaci [38], Bactrocera dorsalis [39], and Spodoptera frugiperda [40]. Predicted population dynamic curves indicated that the simulated control population grew faster than the DCY-treated populations (Figure 5 and Figure 6), which also supported the results of the population life table parameters. Therefore, we inferred that DCY could prime the seeds of various rice varieties to suppress the population of planthoppers.



In BPH, the amount of food intake can be directly reflected by the amount of honeydew excretion [41]. Our results suggested that the honeydew from newly emerged BPH females fed on either DCY100-pretreated Liangyou566 or Nanjing9108 rice plants were both significantly reduced (Figure 7). Ma et al. demonstrated that feeding on DCY-pretreated TN1 rice plants significantly reduced the honeydew excretions of BPHs and also affected the electrical penetration graph responses [27]. In addition, the weights of female BPHs fed on DCY100-pretreated plants of two rice varieties were decreased significantly (Figure 8), and these results were consistent with those of a previous study [27]. Recent studies have indicated that treating seeds with triflumezopyrim enhanced rice resistance against BPH by inhibiting phloem ingestion, which resulted in the reduced fecundity of females and lowered the population in the field [42,43]. A two-way ANOVA suggested that the effect of DCY treatment on the honeydew excretions and weights of BPHs was greater than rice variety and the interactions between DCY treatment and rice variety (Table 6). Thus, it could be inferred that DCY-pretreated rice plants may disrupt the development of BPHs by affecting their feeding behavior, thus inhibiting their reproduction.



The interactions between plants and bio-priming agents may affect the survival and preference of insect pests via certain underlying mechanisms, such as the induction of systemic resistance or feeding deterrence [11,44]. Insect pests choose the host plants on which to feed and oviposit depending on their nutritional requirements and have evolved complex behavioral and sensory mechanisms to locate and select a preferred host for oviposition and avoid unsuitable plants [45,46,47]. Our study indicated that BPH females preferred to feed and oviposit on untreated rice plants rather than DCY100-pretreated plants of Liangyou566 and Nanjing9108 (Figure 9). Ma et al. also demonstrated that the numbers of BPH females and the number of eggs laid in TN1 rice seedlings grown from seeds pretreated with DCY were significantly lower than those of the control [27]. Disi et al. showed that D. v. virgifera larvae showed less attraction to plants grown from maize seeds treated with B. pumilus than the untreated plants [10]. Similarly, Niu et al. found that the inoculation of rice seeds with bacterial entomopathogen S. marcescen affected the preference of BPHs for rice seedlings and caused elevated levels of secondary metabolites [19]. In rice, treatment with Bacillus velezensis YC7010 could enhance defenses against BPH by inducing changes in secondary metabolites [48]. We therefore suggest that the reduced feeding and oviposition preference of BPHs may be driven by DCY-mediated resistance or changes in secondary metabolites in rice. Our study suggests that seed priming with DCY could improve the resistance of different rice varieties against BPH, but we did not investigate the underlying mechanism of DCY-mediated rice resistance, and the future work should focus on this.




5. Conclusions


Our study investigated the effects of priming the seeds of rice varieties with DCY on BPH using an age-stage, two-sex life table, measurements of honeydew excretion, and a choice test. The results showed that DCY applied as a seed treatment to rice varieties significantly affected the adult longevity, oviposition period, and fecundity of BPHs as well as population parameters (R0, rm, λ, and DT). The honeydew excretions and the weights of BPHs were also decreased. Meanwhile, the feeding and oviposition preference were significantly reduced. Based on the present study, we conclude that DCY can prime the seeds of rice varieties to resist the BPH, and that seed priming, as an environmental-friendly technique, has great potential in sustainable crop protection. The results of the two-way ANOVA showed that significant differences occurred in the biological parameters, honeydew excretions, and weights of BPHs under DCY treatment, rice variety, and the interactions between DCY treatment and rice variety, suggesting that rice variety could determine different responses to DCY treatment, highlighting the necessity of exploring the effects of DCY on different rice varieties.
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Figure 1. Age-stage specific life expectancy (exj) of BPHs reared on decoyinine (DCY)-pretreated Liangyou566 rice plants. (A) Control (0 mg/L); (B) DCY25 (25 mg/L); (C) DCY50 (50 mg/L); (D) DCY100 (100 mg/L). 
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Figure 2. Age-stage specific life expectancy (exj) of BPHs reared on decoyinine (DCY)-pretreated Nanjing9108 rice plants. (A) Control (0 mg/L); (B) DCY25 (25 mg/L); (C) DCY50 (50 mg/L); (D) DCY100 (100 mg/L). 
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Figure 3. Age-stage reproductive value (vxj) of BPHs reared on decoyinine (DCY)-pretreated Liangyou566 rice plants. (A) Control (0 mg/L); (B) DCY25 (25 mg/L); (C) DCY50 (50 mg/L); (D) DCY100 (100 mg/L). 
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Figure 4. Age-stage reproductive value (vxj) of BPHs reared on decoyinine (DCY)-pretreated Nanjing9108 rice plants. (A) Control (0 mg/L); (B) DCY25 (25 mg/L); (C) DCY50 (50 mg/L); (D) DCY100 (100 mg/L). 
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Figure 5. BPH population prediction based on the data of life table when fed on decoyinine (DCY)-pretreated Liangyou566 rice plants over 60 days. (A) Control (0 mg/L); (B) DCY25 (25 mg/L); (C) DCY50 (50 mg/L); (D) DCY100 (100 mg/L). 
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Figure 6. BPH population prediction based on the data of life table data when fed on decoyinine (DCY)-pretreated Nanjing9108 rice plants over 60 days. (A) Control (0 mg/L); (B) DCY25 (25 mg/L); (C) DCY50 (50 mg/L); (D) DCY100 (100 mg/L). 
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Figure 7. The amount of honeydew produced by a newly emerged BPH female fed on the control rice plants and DCY100-pretreated plants after 24 h. (A) Liangyou566; (B) Nanjing9108. Asterisks indicate statistical differences between the control and treatment (** p < 0.05, Student’s t-test). Data represent means ± SE. DCY100, 100 mg/L decoyinine. 
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Figure 8. The weight of BPH females fed on the control rice plants and DCY100-pretreated plants at 1 d, 3 d, 5 d, and 7 d post-emergence. (A) Liangyou566; (B) Nanjing9108. Asterisks indicate statistical differences between the control and treatment (** p < 0.01, Student’s t-test). Data represent means ± SE. DCY100, 100 mg/L decoyinine. 
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Figure 9. Feeding and oviposition preference of BPHs. The percentage of gravid females choosing the untreated rice plants or DCY100-pretreated plants during 48 h. (A) Liangyou566; (B) Nanjing9108. The number of eggs laid by gravid females in the untreated rice plants or DCY100-pretreated plants. (C) Liangyou566; (D) Nanjing9108. Asterisks indicate statistical differences between the control and treatment (* p < 0.05, ** p < 0.01, binomial test for (A,B), Student’s t-test for (C,D), ns, no significant difference). Data represent means ± SE. DCY100, 100 mg/L decoyinine. 
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Table 1. Biological parameters of BPHs reared on Liangyou566 rice plants pretreated with various concentrations of decoyinine (DCY).
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	Parameters
	Control

(0 mg/L)
	DCY25

(25 mg/L)
	DCY50

(50 mg/L)
	DCY100

(100 mg/L)





	1st instar (d)
	2.03 ± 0.02 b
	2.51 ± 0.07 a
	2.19 ± 0.07 b
	2.21 ± 0.07 b



	2nd instar (d)
	2.44 ± 0.06 a
	2.33 ± 0.06 a
	2.47 ± 0.07 a
	2.45 ± 0.07 a



	3rd instar (d)
	2.62 ± 0.06 a
	2.35 ± 0.06 b
	2.69 ± 0.06 a
	2.59 ± 0.07 a



	4th instar (d)
	2.34 ± 0.06 a
	2.41 ± 0.07 a
	2.40 ± 0.07 a
	2.33 ± 0.06 a



	5th instar (d)
	2.49 ± 0.07 ab
	2.58 ± 0.08 a
	2.00 ± 0.02 c
	2.33 ± 0.06 b



	Total nymphal duration ofmales (d)
	11.82 ± 0.14 ab
	12.18 ± 0.11 a
	11.60 ± 0.08 b
	11.71 ± 0.08 b



	Total nymphal duration of females (d)
	12.13 ± 0.27 a
	12.14 ± 0.08 a
	12.05 ± 0.05 a
	12.25 ± 0.12 a



	Male longevity (d)
	18.37 ± 0.21 a
	17.94 ± 0.30 a
	16.98 ± 0.22 b
	17.66 ± 0.22 ab



	Female longevity (d)
	19.00 ± 0.32 a
	17.71 ± 0.54 ab
	16.91 ± 0.63 b
	16.00 ± 0.56 b



	Pre-oviposition period (d)
	3.22 ± 0.11 a
	3.71 ± 0.15 a
	3.64 ± 0.14 a
	3.60 ± 0.15 a



	Oviposition period (d)
	15.78 ± 0.37 a
	14.00 ± 0.53 ab
	12.91 ± 0.64 b
	12.30 ± 0.74 b



	Fecundity (eggs)
	186.91 ± 12.80 a
	90.71 ± 3.65 b
	96.64 ± 7.11 b
	73.25 ± 5.04 b



	Egg duration (d)
	7.08 ± 0.10 a
	7.11 ± 0.09 a
	7.16 ± 0.08 a
	7.07 ± 0.09 a







Means ± standard error followed by different lowercase letters within a row are significantly different among different rice treatments (p < 0.05, Tukey’s HSD test).
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Table 2. Biological parameters of BPHs reared on Nanjing9108 rice plants pretreated with various concentrations of decoyinine (DCY).
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	Parameters
	Control

(0 mg/L)
	DCY25

(25 mg/L)
	DCY50

(50 mg/L)
	DCY100

(100 mg/L)





	1st instar (d)
	2.14 ± 0.05 a
	2.33 ± 0.06 a
	2.32 ± 0.06 a
	2.26 ± 0.06 a



	2nd instar (d)
	2.49 ± 0.06 a
	2.36 ± 0.06 a
	2.40 ± 0.06 a
	2.49 ± 0.07 a



	3rd instar (d)
	2.74 ± 0.06 a
	2.44 ± 0.07 b
	2.48 ± 0.06 b
	2.60 ± 0.06 ab



	4th instar (d)
	2.31 ± 0.06 a
	2.40 ± 0.06 a
	2.38 ± 0.07 a
	2.38 ± 0.06 a



	5th instar (d)
	2.33 ± 0.06 ab
	2.43 ± 0.06 a
	2.35 ± 0.06 ab
	2.18 ± 0.05 b



	Total nymphal duration ofmales (d)
	11.87 ± 0.09 a
	11.85 ± 0.09 a
	11.84 ± 0.07 a
	11.79 ± 0.08 a



	Total nymphal duration of females (d)
	12.28 ± 0.12 a
	12.18 ± 0.08 a
	12.10 ± 0.13 a
	12.19 ± 0.09 a



	Male longevity (d)
	17.71 ± 0.18 a
	17.33 ± 0.28 a
	17.25 ± 0.26 a
	17.60 ± 0.21 a



	Female longevity (d)
	19.48 ± 0.26 a
	17.05 ± 0.49 b
	16.95 ± 0.44 b
	16.33 ± 0.47 b



	Pre-oviposition period (d)
	3.42 ± 0.12 a
	3.59 ± 0.17 a
	3.47 ± 0.16 a
	3.43 ± 0.15 a



	Oviposition period (d)
	16.24 ± 0.29 a
	13.46 ± 0.51 b
	13.16 ± 0.28 b
	12.57 ± 0.52 b



	Fecundity (eggs)
	176.68 ± 11.67 a
	86.73 ± 4.72 b
	94.11 ± 6.07 b
	76.86 ± 4.57 b



	Egg duration (d)
	7.01 ± 0.08 a
	7.11 ± 0.09 a
	7.14 ± 0.08 a
	7.00 ± 0.08 a







Means ± standard error followed by different lowercase letters within a row are significantly different among different rice treatments (p < 0.05, Tukey’s HSD test).
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Table 3. Results of two-way ANOVA for the effects of decoyinine (DCY) treatment and rice variety on the biological parameters of BPHs.
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Parameters

	
DCY Treatment

	
Rice Variety

	
Interaction




	
DF

	
F

	
p

	
DF

	
F

	
p

	
DF

	
F

	
p






	
1st instar

	
3

	
10.36

	
<0.0001

	
2

	
26.66

	
<0.0001

	
6

	
2.227

	
0.0389




	
2nd instar

	
3

	
1.105

	
0.3463

	
2

	
52.69

	
<0.0001

	
6

	
0.5299

	
0.7857




	
3rd instar

	
3

	
3.336

	
0.0191

	
2

	
67.74

	
<0.0001

	
6

	
3.780

	
0.0010




	
4th instar

	
3

	
2.007

	
0.1117

	
2

	
23.74

	
<0.0001

	
6

	
1.283

	
0.2627




	
5th instar

	
3

	
9.673

	
<0.0001

	
2

	
486.4

	
<0.0001

	
6

	
4.756

	
<0.0001




	
Total nymphal duration of males

	
3

	
10.59

	
<0.0001

	
2

	
20.87

	
<0.0001

	
6

	
3.017

	
0.0068




	
Total nymphal duration of females

	
3

	
2.244

	
0.0835

	
2

	
22.39

	
<0.0001

	
6

	
2.618

	
0.0175




	
Male longevity

	
3

	
0.4504

	
0.7171

	
2

	
47.31

	
<0.0001

	
6

	
0.7703

	
0.5936




	
Female longevity

	
3

	
4.189

	
0.0064

	
2

	
92.57

	
<0.0001

	
6

	
1.309

	
0.2531




	
Pre-oviposition period

	
3

	
4.595

	
0.0037

	
2

	
0.8806

	
0.4157

	
6

	
1.400

	
0.2146




	
Oviposition period

	
3

	
6.959

	
0.0002

	
2

	
90.39

	
<0.0001

	
6

	
1.324

	
0.2466




	
Fecundity

	
3

	
52.47

	
<0.0001

	
2

	
3.216

	
0.0417

	
6

	
1.821

	
0.0953




	
Egg duration

	
3

	
0.8031

	
0.4925

	
2

	
1.489

	
0.2265

	
6

	
0.0741

	
0.9984








The statistical comparisons contained the raw data of TN1 rice variety from our previous study [27]. DF: degree of freedom; F: Fisher distribution; p: significant level (p < 0.05).
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Table 4. Population parameters of BPHs reared on Liangyou566 rice plants pretreated with various concentrations of decoyinine (DCY).
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	Parameters
	Control

(0 mg/L)
	DCY25

(25 mg/L)
	DCY50

50 mg/L)
	DCY100

(100 mg/L)





	R0 (offspring)
	63.221 ± 11.531 a
	32.288 ± 5.789 b
	31.731 ± 6.001 b
	23.254 ± 4.582 b



	T (d)
	27.075 ± 0.489 ab
	26.749 ± 0.265 b
	27.999 ± 0.266 a
	27.082 ± 0.470 ab



	rm (d−1)
	0.153 ± 0.007 a
	0.130 ± 0.007 b
	0.123 ± 0.007 b
	0.116 ± 0.007 b



	λ (d−1)
	1.166 ± 0.009 a
	1.139 ± 0.008 b
	1.131 ± 0.008 b
	1.123 ± 0.008 b



	DT (d)
	4.526 ± 0.228 b
	5.336 ± 0.306 a
	5.613 ± 0.331 a
	5.966 ± 0.410 a







R0: net reproductive rate; T: mean generation time; rm: intrinsic rate of increase; λ: finite capacity of increase; DT: doubling time. Means ± standard error were estimated using the bootstrap technique with 100,000 re-samplings. The differences were compared using a paired bootstrap test with the TWOSEX-MSChart program. Different lowercase letters indicate significant differences among different treatments (p < 0.05).
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Table 5. Population parameters of BPHs reared on Nanjing9108 rice plants pretreated with various concentrations of decoyinine (DCY).






Table 5. Population parameters of BPHs reared on Nanjing9108 rice plants pretreated with various concentrations of decoyinine (DCY).





	Parameters
	Control

(0 mg/L)
	DCY25

(25 mg/L)
	DCY50

(50 mg/L)
	DCY100

(100 mg/L)





	R0 (offspring)
	55.213 ± 9.849 a
	26.687 ± 5.426 b
	25.784 ± 4.779 b
	23.057 ± 4.422 b



	T (d)
	27.601 ± 0.287 ab
	28.081 ± 0.375 a
	26.822 ± 0.390 bc
	26.642 ± 0.254 c



	rm (d−1)
	0.145 ± 0.007 a
	0.116 ± 0.007 b
	0.122 ± 0.009 b
	0.118 ± 0.008 b



	λ (d−1)
	1.156 ± 0.008 a
	1.123 ± 0.008 b
	1.130 ± 0.010 b
	1.125 ± 0.009 b



	DT (d)
	4.770 ± 0.228 b
	5.989 ± 0.392 a
	5.661 ± 0.423 ab
	5.885 ± 0.410 a







R0: net reproductive rate; T: mean generation time; rm: intrinsic rate of increase; λ: finite capacity of increase; DT: doubling time. Means ± standard error were estimated using the bootstrap technique with 100,000 re-samplings. The differences were compared using a paired bootstrap test with the TWOSEX-MSChart program. Different lowercase letters indicate significant differences among different treatments (p < 0.05).
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Table 6. Results of two-way ANOVA for the effects of decoyinine (DCY) treatment and rice variety on the honeydew excretions and weight of BPHs.






Table 6. Results of two-way ANOVA for the effects of decoyinine (DCY) treatment and rice variety on the honeydew excretions and weight of BPHs.





	
Indices

	
DCY Treatment

	
Rice Variety

	
Interaction




	
DF

	
F

	
p

	
DF

	
F

	
p

	
DF

	
F

	
p






	
Honeydew

	
1

	
1864

	
<0.0001

	
1

	
11.28

	
0.0011

	
1

	
0.2746

	
0.6012




	
1d weight

	
1

	
82.08

	
<0.0001

	
1

	
0.1722

	
0.6789

	
1

	
0.4393

	
0.5088




	
3d weight

	
1

	
197.4

	
<0.0001

	
1

	
0.7779

	
0.3796

	
1

	
0.0979

	
0.7549




	
5d weight

	
1

	
223.4

	
<0.0001

	
1

	
0.2950

	
0.5881

	
1

	
1.717

	
0.1927




	
7d weight

	
1

	
174.8

	
<0.0001

	
1

	
2.159

	
0.1451

	
1

	
0.0005

	
0.9824








DF: degree of freedom; F: Fisher distribution; p: significant level (p < 0.05).
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