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Abstract

:

At present, chemical pesticides remain the main approach for controlling Pieris rapae (L.) (Lepidoptera: Pieridae). This research proposes a novel laser irradiation method for managing P. rapae larvae as an alternative to chemical control. The effectiveness of controlling larvae and the influencing factors of lasers were studied to estimate optimal parameter combinations. Tests using the antifeedant effect and mortality of the larvae as dependent variables showed that the laser power, irradiation area, laser opening time and irradiation position were positively correlated with the P. rapae controlling effect. The optimal parameters for each factor were the following: laser power, 7.5 W; irradiation area, 6.189 mm2; laser opening time, 1.177 s; and irradiation position, middle of the abdomen. Based on these observations, a validation experiment was performed using the optimal combination of parameters, and the results showed that the antifeedant percentage of P. rapae larvae within 24 h posttreatment was 98.49%, whereas the mortality rate was 100%. The optimal parameter combination identified in the study was suitable for P. rapae larvae from the first- to fifth-instar stages, and a more effective controlling effect was observed with the younger larvae. These results can provide a theoretical basis for future pest control using laser pest-killing robots.
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1. Introduction


Adult Pieris rapae (L.) (Lepidoptera: Pieridae) is one of the most numerous and tenacious butterflies in the world [1], and the larvae are a notorious pest of Cruciferae. In some serious cases, the larvae consume all the leaves and can even cause soft rot [2]. At present, chemical control remains the main control method for these larvae. The long-term use of chemical pesticides has caused harm to humans and the environment and forms a vicious cycle [3]. Therefore, the identification of an eco-friendly control method is urgently needed to support the demand for a greater quantity cruciferous plant of higher quality.



Lasers are light sources with high energy density and good monochromaticity and directionality [4]. Since their invention, lasers have been used for many applications; in fact, lasers are a high-tech tool used to meet the challenges of sustainable agriculture [5]. For instance, lasers can be used as biostimulator devices, and studies have shown that laser irradiation can stimulate various plant organs and tissues [6,7,8]. The irradiation of seeds, seedlings or plants by a low-intensity laser can improve their yield and quality due to stimulation of their biochemical and physiological processes [9,10]. In addition, lasers are biological inhibition devices, and some studies have shown that the thermal effects of lasers can damage or cause localized mortality in biological tissues [11,12,13]. Compared with traditional treatments [14], the use of laser irradiation for weed control has shown good results in terms of effectiveness, efficiency and environmental protection [15,16,17].



Similarly, lasers can also be used in agricultural pest control. The effect of lasers for pest extermination or as a pest deterrent has been investigated since the 1960s [18,19,20]. These studies prove that the laser-based pest control uses the laser’s thermal effect to damage or kill larvae. When the laser irradiation intensity exceeds the absorption level of the epidermis, heat damages the local exoskeleton and the internal tissue under it [21]. Obayashi et al. [22] conducted the laser irradiation experiment of drosophila and demonstrated the irradiation of mosquitos or fly pests can cause death or infertility. Faruki et al. [23] studied the effect of 254 nm laser irradiation on egg hatching and adult emergence of the stored-grain pest eggs. The significantly reduced hatching and adult emergence caused by laser irradiation in the experimental pests proved that irradiation is an efficacious method for pest control. Keller et al. [24] used the short laser pulses to kill flying pests and studied the effect of laser pulses with different working parameters on the mortality of mosquitoes. Sorungbe et al. [25] proved that laser irradiation can kill arthropod pests, including eggs, nymphs and adults, and had a significant impact on eggs hatching, adult emergence and mortality of the tropical warehouse moth Ephestia cautella (Walker).



Studies have shown that the biological effects of laser-controlled biological tissue are related to the wavelength, laser power, irradiation area, laser opening time and irradiation position [26,27]. In this study, the controlling effect of 450 nm laser on P. rapae larvae and the experimental factors of lasers (laser power, irradiation area, laser opening time and irradiation position) were studied. Furthermore, the optimal combination of working parameters was estimated. Ultimately, through verification test, the universality of its ability to prevent the P. rapae at different instars attack was evaluated.




2. Materials and Methods


2.1. Insects


In this study, eggs of P. rapae were collected from Yunyuan Scientific Research Base, Hunan Agricultural University, Changsha, Hunan Province, China, and reared in a laboratory (Hunan Province Key Laboratory of Intelligent Agricultural Machinery and Equipment, Changsha, China) to obtain different instars of P. rapae. During collection, leaves with eggs were placed in a growth chamber with a temperature of 25 °C and 85% relative humidity (RH) [28]. After hatching, the larvae were lured to fresh broccoli leaves and placed on a petri dish under the same temperature and RH conditions.



The total amount of food eaten by the 1st- to 3rd-instar P. rapae larvae accounted for only 2.53% of the total food consumption [29]. Therefore, fourth-instar larvae were used (~9 days after hatching).




2.2. Laser Irradiation Experiment Equipment


The laser irradiation device is shown in Figure 1a. The device consisted of a semiconductor laser module (Model No. 450 nm/10 W; New Legend Technology Co., Ltd., Wuhan, China), a fine-tuning bracket (Model No. T10; SunTime Technology Co., Ltd., Shenzhen, China), a 90 × 15 mm Petri dish (Model No. 82302-1090; Citorest Scientific Co., Ltd., Haimen, China) and a portable computer for laser control. The light spot of the semiconductor laser module was round, the focal length could be adjusted and the minimum focal diameter was over 0.1 mm. During the experiment, the semiconductor laser was fixed on the fine-tuning bracket and oriented vertically, facing downward. A yellow label with a cross mark was attached to the base of the fine-tuning bracket. The intersection of the cross mark was on the same vertical line as the output laser.



The observation platform was set to observe the changes of P. rapae after irradiation (Figure 1b). Chemical-free broccoli leaves collected from a field of broccoli plants were cut into a circular disc with a diameter of 56 mm. The filter paper and broccoli leaves were replaced every 24 h. One larva was placed in each petri dish. During culture, the dishes were maintained under conditions of 25 °C, 85% humidity and a 16 h light/8 h dark regime [28].




2.3. Test of the Effect of Laser Irradiation on Pieris rapae Larvae


2.3.1. Test Process


In this study, single working parameters (experiment 1) were first tested, and based on the experimental results, further tests were performed using combinations of different working parameters (experiment 2). Furthermore, the working parameters were optimized and verified (experiment 3), and the 1st- to 5th-instar P. rapae larvae were evaluated with the optimal working parameter combination (experiment 4). Each treatment included 20 P. rapae larvae and was replicated three times; a total of 120 1st-instar, 120 2nd-instar, 120 3rd-instar, 3240 4th-instar, and 180 5th-instar larvae were used. The larvae were tested using the following steps:



	
Before the test, the working parameters (laser power, irradiation area, laser opening time) were adjusted to the target value by adjusting the laser irradiation device;



	
When the experiment was performed, P. rapae larva was placed in a petri dish. After the P. rapae stopped moving, the dish was moved such that the irradiation position of the P. rapae was directly above the intersection of the cross marks;



	
The laser was started and stopped after the set time to complete the laser strike. The larvae were not fixed during the test. Then, these larvae were placed on the observation platform after laser irradiation, and normal larvae (i.e., those without laser irradiation) were added as the control group (CK);



	
The antifeedant percentage and mortality rate of the larvae after 24 h, 48 h and 72 h were calculated.







2.3.2. Experiment 1: Single Working Parameter Tests


The specific design of the single working parameter tests is shown in Table 1. There is no interaction between laser power, irradiation area, laser opening time and irradiation position. The average head widths of the 3rd-, 4th- and 5th-instar P. rapae larvae are 0.9000 mm, 1.5640 mm, and 2.7380 mm [30], respectively. Therefore, the diameter range of the irradiation area was set to 0.1–3 mm, and the irradiation areas were thus 0.01 mm2, 0.79 mm2, 3.14 mm2 and 7.07 mm2, respectively. Laser irradiation was performed without fixing the larvae, and four different laser opening times (0.5 s, 1 s, 2 s and 3 s) were tested in the tests.



The body of P. rapae larvae can be divided into the head (sensory and feeding center), thorax (movement center) and abdomen (metabolism and reproduction center) [31]. Therefore, four representative irradiation positions were selected: head, mesothorax, middle and end of the abdomen. The tests were repeated three times, and a total of 1080 4th-instar larvae ((17 + 1(CK)) groups × 20 larvae × 3 replicates = 1080 larvae) were thus used.




2.3.3. Experiment 2: Combinations of Different Working Parameters Tests


Based on the results of the single working parameter tests, the ranges of the four parameters were selected and used to perform tests of various combinations of different working parameters. The four parameters tested in this experiment exerted nonlinear effects on the antifeedant percentage and mortality rate of P. rapae larvae. Therefore, a Box–Behnken design (BBD) was used to perform surface analysis tests with four factors and three levels, as shown in Table 2. The experimental design was created with Design-Expert 10.0.4 (Stat-Ease Inc., Minneapolis, MN, USA), and 29 sets of tests were generated. Therefore, a total of 1800 4th-instar larvae ((29 + 1(CK)) groups × 20 larvae × 3 replicates = 1800 larvae) were thus used.



After the tests, optimization analysis on response surface was carried out by BBD experimental design method. It identified the optimal parameter combinations by the multiple quadratic regression equation fitting each independent variables and dependent variables.




2.3.4. Dependent Variables


In the test, the antifeedant percentage was used to evaluate the inhibition or hindrance effect of laser irradiation on the feeding behavior of P. rapae larvae. Every 24 h, the feeding areas of the larvae were measured using squared grid paper (1 × 1 mm). The average feeding area of the larvae after 24 h, 48 h and 72 h were calculated. The leaves and filter paper were replaced after every measurement. The following formula was used to calculate the antifeedant percentage (nonselective) [32,33]:


   Antifeedant    =    Area   eaten   by   the   control   group  −  Area   eaten   by   the   test   group     Area   eaten   by   the   control   group    × 100  



(1)







The mortality rate was selected as another indicator of the controlling effect of laser irradiation on larvae. Time measurements were obtained to estimate the antifeedant percentage, the number of dead larvae in each group was counted, and the mortality within 3 days was calculated. The larvae were gently touched with a brush. If no reaction was detected, the larvae were considered dead [34].



To estimate the best working parameter combination, the antifeedant percentage and mortality rate of the larvae were converted into their membership degrees (Wi and Ui, respectively), and a comprehensive score was calculated. The priority was to improve the antifeedant percentage of the larvae. Therefore, the weight of the antifeedant effect should be greater than that of the mortality. According to previous studies [35,36], the weights of the antifeedant percentage and mortality rate were 0.7 and 0.3, respectively, and the comprehensive score (Ki) was used as the evaluation indicator and calculated using the following formula [37]:


   K i  = 0.7 ×  W i  + 0.3 ×  U i   



(2)




where a greater Ki value obtained from the formula indicated a better combination of working parameters.





2.4. Statistical Analysis


The data were statistical analyzed using SPSS Statistics 25.0 software (SPSS, Inc., Chicago, IL, USA). The data for insect antifeedant percentage (%), mortality rate (%) and comprehensive score were statistically investigated using Tukey’s honestly significant difference test and one-way analysis of variance (ANOVA). All percentage values were transformed by arcsine square root to improve the normality and homoscedasticity of data analysis [38], but the untransformed percentage values are shown in the figures and tables. The predicted and adjusted R2 within 0.2 of each other and adequate precision values greater than 4 suggested that the models can be used for navigation in the designed space [39].





3. Results


3.1. Experiment 1: Effects of Single Working Parameters on the Antifeedant Percentage and Mortality Rate of Pieris rapae Larvae


The results from the laser irradiation tests with single working parameters are shown in Figure 2. The mortality of the control group was not adjusted because no larvae died within 72 h. The larvae were collected for tests from 5 October 2019 to 2 April 2020.



3.1.1. Laser Power


As shown in Figure 2a,e, the antifeedant percentages and mortality rates of P. rapae larvae increased sharply as the laser power increased. All treatments showed significant differences in repellent activity at 24 h (F = 214.66, df = 4, 10, p < 0.001), 48 h (F = 297.28, df = 4, 10, p < 0.001) and 72 h (F = 289.40, df = 4, 10, p < 0.001) (Figure 2a). The mortality rate of 100% was detected 48 h posttreatment with a laser power of 5 W, and the same results were obtained with 7.5 W and 10 W (Figure 2e). However, when the laser power was greater than 7.5 W, no significant differences in the antifeedant percentages after 24 h (F = 0.004, df = 1, 4, p = 0.952), 48 h (F = 0.003, df = 1, 4, p = 0.960) and 72 h (F = 0.001, df = 1, 4, p = 0.971) (7.5 W vs. 10 W) or mortality rates (7.5 W vs. 10 W: after 24 h, Same, all 96.67%; 48 h: Same, all 100%) were detected. The antifeedant percentage (24 h, 15.84%; 48 h, 22.21%; 72 h, 49.56%) and mortality rate (24 h, 16.66%; 48 h, 63.33%; 72 h, 83.33%) obtained with a laser power of 1 W were extremely significantly different from those obtained with the other laser powers (Figure 2a,e). Therefore, the laser power range was adjusted to 1.5–7.5 W, and values within this range were used in the various combinations of different working parameters tested in subsequent tests.




3.1.2. Irradiation Area


This effectiveness of killing larvae using laser irradiation was significant at each 24 h interval (antifeedant percentage: 24 h, F = 22.04, df = 3, 8, p < 0.001; 48 h, F = 33.66, df = 3, 8, p < 0.001; 72 h, F = 35.04, df = 3, 8, p < 0.001) (Figure 2b). If the irradiation area was greater than 0.01 mm2, a mortality rate of 100% was observed 48 h posttreatment (Figure 2f). Moreover, at 24 h posttreatment, the antifeedant percentage and mortality rate obtained with an irradiation area of 0.01 mm2 were 79.14% and 66.67%, respectively. No significant difference was found between irradiation areas of 0.79 mm2 and 0.01 mm2 at all tested posttreatment times (0.79 mm2 vs. 0.01 mm2: antifeedant percentages, 24 h, F = 0.006, df = 1, 4, p = 0.943; 48 h, F = 0.066, df = 1, 4, p = 0.811; 72 h, F = 0.074, df = 1, 4, p = 0.799; mortality rate: 24 h, F = 0.500, df = 1, 4, p = 0.519; 48 h, Same, all 100%). Therefore, the diameter range of the irradiation area was set to 1–3 mm, which indicates that the irradiation area was between 0.79 and 7.07 mm2.




3.1.3. Laser Opening Time


The laser irradiation tests showed that the antifeedant percentages and mortality rates associated with laser opening time increased in an irradiation time-dependent manner (Figure 2c,g). The highest killing effect was observed at 72 h posttreatment with all laser opening times, and antifeedant percentages of 79.12%, 87.42%, 91.99% and 95.07% were detected at 0.5 s, 1 s, 2 s and 3 s, respectively (Figure 2c). A mortality rate of 100% was found at 72 h posttreatment with all laser opening times (Figure 2g). However, 76.67 ± 5.77% of the larvae left the irradiation area within 3 s, which indicated that the laser opening time was too long (data not shown). Moreover, no markedly significant difference was found between the laser opening times of 2 s and 3 s at all posttreatment times (2 s vs. 3 s: antifeedant percentage, 24 h, F = 2.819, df = 1, 4, p = 0.168; 48 h, F = 5.186, df = 1, 4, p = 0.085; 72 h, F = 5.375, df = 1, 4, p = 0.081; mortality rate: 24 h, F = 8.000, df = 1, 4, p = 0.047; 48 h, Same, all 100%). Therefore, the laser opening time range was adjusted to 0.5–2.5 s.




3.1.4. Irradiation Position


As shown in Figure 2d,h, the antifeedant percentages and mortality rates of the irradiation position were significant at each 24 h interval (Antifeedant percentage: 24 h, F = 26.91, df = 3, 8, p < 0.001; 48 h, F = 24.56, df = 3, 8, p < 0.001; 72 h, F = 26.66, df = 3, 8, p < 0.001; mortality rate: 24 h, F = 15.58, df = 3, 8, p = 0.001; 48 h, F = 11.33, df = 3, 8, p = 0.003; 72 h, Same, all 100%). Moreover, the larvae exhibited different reaction times when different body parts were irradiated. The head was the most sensitive, followed by the mesothorax and the middle and end of the abdomen (data not shown). However, the lowest killing effect was found with an irradiation position at the end of the abdomen (antifeedant percentages of 53.24%, 65.92% and 79.00% at 24 h, 48 h and 72 h; mortality rate of 33.33% at 24 h), and this effect was extremely significantly different from that obtained with the other irradiation positions (Figure 2d,h). To ensure the inclusion of three levels of each test factor for the response surface, the irradiation position was set as the head, mesothorax and middle of the abdomen.




3.1.5. Dependent Variables


The results from the single working parameter tests with 17 groups (Figure 2) showed that 11 of the groups exhibited a mortality rate of 100% at 48 h posttreatment, whereas a mortality rate of 100% was found at 72 h posttreatment with all 17 groups. Therefore, only results measured after 24 h were used.





3.2. Experiment 2: Effects of Different Working Parameter Combinations on the Antifeedant Percentage and Mortality Rate of Pieris rapae Larvae


The test results are shown in Table 3. The larvae were collected in the Hunan Province Key Laboratory of Intelligent Agricultural Machinery and Equipment, Changsha, China, from 10 April to 20 June 2020.



Establishment of Regression Model


To simplify the regression equation, the nonsignificant terms based on the original equation were removed, the model was manually optimized, and the second-order polynomial equation is provided below [40,41]. The three-dimensional (3D) contour plot of an equation is the best method for expressing the linear, interaction and quadratic effects of working parameters on the responses, and the third and fourth variables were maintained at the zero level to obtain the 3D response surfaces [42]. The plots of the significant interaction terms for Y1, Y2 and K are illustrated in Figure 3.




	1.

	
24 h antifeedant percentage (%) Y1:











   Y 1  = 79.14 + 7.28 A + 6.28 B + 7.09 C + 5.85 D − 4.36 A C − 1.92 B C − 3.86 B D − 4.11  A 2  + 4.54  B 2  − 5.42  C 2  − 2.76  D 2   



(3)




where A, B, C and D represent the laser power, irradiation area, laser opening time and irradiation position, respectively.



In this case, A, B, C, D, AC, BD, A2, B2, C2 and D2 were found to be significant model terms (p < 0.05). The effect of laser power (A) on the antifeedant percentage was the most significant (F = 96.41, df = 1, 13, p < 0.0001). The interactions AC (laser power and laser opening time; F = 11.53, df = 1, 13, p = 0.0034; Figure 3a) and BD (irradiation area and irradiation position; F = 9.03, df = 1, 13, p = 0.0080; Figure 3b) had a more significant positive impact on the 24 h antifeedant percentage than the other interactions.



The R2 value was found to be 0.9616, which indicated a realistic fit of the model to the experimental data [40]. The predicted R2 (0.9061) and the adjusted R2 (0.9367) values were within 0.2 of each other, whereas adequate precision values were greater than 4, which indicated a satisfactory model fit [39].




	2.

	
24 h mortality rate (%) Y2:











   Y 2  = 70.00 + 15.83 A + 11.11 B + 16.11 C + 11.39 D + 2.50 A B + 4.17 A D − 3.47  A 2  + 4.44  B 2  − 8.06  C 2  − 3.47  D 2   



(4)




where A, B, C and D represent the laser power, irradiation area, laser opening time and irradiation position, respectively.



In this case, A, B, C, D, AD, A2, B2, C2 and D2 were found to be significant model terms (p < 0.001). The laser opening time (C) had the most significant effect on the mortality rate (F = 245.15, df = 1, 14, p < 0.0001). The interaction AD (laser power and irradiation position; F = 5.47, df = 1, 14, p = 0.0311; Figure 3c) had a more significant positive impact on the 24 h mortality rate than the other interactions.



The R2 value was found to equal 0.9777, which indicated a realistic fit of the model to the experimental data [40]. The predicted R2 (0.9467) and the adjusted R2 (0.9653) values were within 0.2 of each other, whereas adequate precision values were greater than 4, which indicated a satisfactory model fit [39].




	3.

	
Comprehensive score K:











  K = 0.66 + 0.19 A + 0.16 B + 0.19 C + 0.15 D − 0.08 A C − 0.037 B C − 0.067 B D − 0.086  A 2  + 0.098  B 2  − 0.13  C 2  − 0.062  D 2   



(5)




where A, B, C and D represent the laser power, irradiation area, laser opening time and irradiation position, respectively.



A negative sign in front of the factors indicates an inverse relationship between the response of interest and the studied factors, and a positive sign indicates the opposite [39]. Therefore, the results showed that the K values of the working parameters with the linear effects of the variables A, B, C and D and the quadratic variable B2 exhibited a positive effect (Equation (5)). However, the quadratic variables A2, C2 and D2 and the interaction variables AC, BC and BD exerted a negative effect. Moreover, due to the quadratic effects of the variables, both the 24 h antifeedant percentages and the mortality rates of P. rapae larvae also decreased (Equations (3) and (4)).



In this case, A, B, C, D, AC, BD, A2, B2, C2 and D2 were found to be significant model terms (p < 0.05). The effect of laser power (A) on the comprehensive score was the most significant (F = 161.94, df = 1, 13, p < 0.0001). The interactions AC (laser power and laser opening time; F = 9.28, df = 1, 13, p = 0.0073; Figure 3d) and BD (irradiation area and irradiation position; F = 6.66, df = 1, 13, p = 0.0195; Figure 3e) exerted more significant positive impacts on the comprehensive score than the other interactions. The R2 value was found to equal 0.9740, which indicated a realistic fit of the model to the experimental data. This finding also indicated that 97.4% of the variation in response could be elucidated effectively and showed that 2.6% of the variations occurred when the tests were performed [40]. The predicted R2 (0.9241) and the adjusted R2 (0.9573) values were within 0.2 of each other, whereas adequate precision values were greater than 4, which indicated a satisfactory model fit [39].





3.3. Experiment 3: Optimization of Working Parameters and Validation


The derived correlations (Experiment 2) enabled optimization of the working parameters by means of maximization of all responses [39]. The combination of the response analysis and the analysis of the maximal comprehensive score determined the optimal batches with a predictive response, which are presented in Table 4. The larvae were collected in the Hunan Province Key Laboratory of Intelligent Agricultural Machinery and Equipment, Changsha, China, from 27 June to 10 July 2020.



The cross-validation of the model, the estimated responses and the percentage of the relative error of the predicted and experimental values identified the optimal laser power (7.5 W), the optimal irradiation area (6.189 mm2), the optimal laser opening time (1.177 s) and the optimal irradiation position (middle of the abdomen). With the optimal combination of working parameters, the corresponding predicted response values for the 24 h antifeedant percentage and mortality rate of 4th-instar P. rapae larvae were 98.49% and 100%, respectively.




3.4. Experiment 4: Verification Test with 1st- to 5th-Instar Pieris rapae Larvae


In the field environment, 1st- to 5th-instar P. rapae larvae existed simultaneously. Therefore, to verify the universality of the working parameters in controlling the P. rapae larvae under field situations, the optimal combination of parameters was used to irradiate 1st- to 5th-instars. The larvae were collected in the Hunan Province Key Laboratory of Intelligent Agricultural Machinery and Equipment, Changsha, Hunan Province, China, from 13 July to 18 July 2020.



As shown in Figure 4, the 1st- to 3rd-instar larvae showed no significant differences in the antifeedant percentages (24 h, F = 8.00, df = 4, 10, p = 0.004; 48 h, F = 6.01, df = 4, 10, p = 0.010) or mortality rates (12 h, F = 16.50, df = 4, 10, p = 0.0002; 24 h, same, all 100%). The antifeedant percentages and mortality rates of the 5th-instar larvae were lower than those of the 4th-instar larvae, but no markedly significant difference was found between the 4th- and 5th-instar larvae (the antifeedant percentage: 24 h, F = 1.78, df = 1, 4, p = 0.254; 48 h, F = 0.32, df = 1, 4, p = 0.603; mortality rate, 12 h, F = 1.00, df = 1, 4, p = 0.374; 24 h, 100 ± 0.00%, 96.67 ± 3.33%). Moreover, the mortality rate of the 4th- and 5th-instar larvae at 36 h was 100%. Overall, the results showed that the laser test parameters were suitable for 1st- to 5th-instar larvae and that younger larvae exhibited higher antifeedant percentages and mortality rates.





4. Discussion


This research proposes a laser irradiation method for managing P. rapae larvae as an alternative to chemical control. The effectiveness of controlling larvae and the influencing factors of 450 nm lasers were studied. Furthermore, the optimal combination of parameters was estimated. The results indicate the noncontact method of laser irradiation exhibits high efficiency at controlling P. rapae larvae.



It has been shown that many insecticides, such as 1.8% avermectin, 5% chlorobenzamide, 6% spinetoram and some plant extracts [43,44,45,46,47], have been commonly used to control P. rapae larvae in recent years. Most of these insecticides exhibited a pest reduction rate of less than 80% within 3 days after treatment, and the insecticidal effectiveness decreased over time [47]. Moreover, among the 74 plant extracts tested, the most effective plant extract caused an antifeedant percentage of 96.10% after 48 h [43]. After 24 h, the laser-based method used in this research showed the same insecticidal effectiveness on larvae as traditional chemical control for 3 days and the increase in the antifeedant percentage after 48 h reached 99.27%. Thus, the laser-based method for controlling larvae exhibits the merits of avoiding the development of resistance and effectively reducing the harm of pesticide residues in the environment to human beings.



At present, the frequency vibration insecticidal lamp is widely used in physical control methods [48]. The lamp uses the phototaxis of pests to lure pests and then kill them through the power grid. According to the investigation of Ye et al. [49], the lamp can trap and kill 30 species of pests in 5 orders and 17 families and can trap and kill pests in main orders and families in vegetable fields. However, the lamp has the same killing ability for beneficial insects and nontarget insects in the control area, threatening the natural ecological balance [50]. On the other hand, the above methods have a certain trapping and killing effect on adults such as moths but have no effect on larvae directly endangering vegetable crops.



The application of other laser technologies to control pests is mainly aimed at stored grain pests and adult pests such as flies, which cannot move by themselves and need long-term irradiation [25,51]. However, the control method proposed in this study directly affects larvae, and the laser opening time is only 1.117 s. This approach can achieve the target killing of crop pests through a noncontact method. Moreover, the results of the study on P. rapae can be used as a basis for laser control of other Lepidopteran pests. Unified approaches for killing a variety of pests remain to be studied further. As revealed from the mentioned research and the experimental results of the paper, the laser irradiation method exhibits high efficiency at controlling P. rapae larvae. In addition, the results here can provide support for eventually application in the field to replace or compliment insecticides and other pest management techniques. This paper also proposes a physical control method for controlling larvae by laser irradiation. In this method, machine vision is used to accurately identify and locate P. rapae larvae in a field or processing plant, and a laser actuator is then used to perform a precise strike to achieve efficient and pollution-free pest mortality. Presently, Sumesh et al. [52] and our team [53] both designed a laser pest control device based on machine vision. With this device, the researchers examined the strike accuracy of laser and control effect of laser irradiation in the laboratory or field. The achieved result can provide theoretical reference for the design and analysis of laser pest control device.




5. Conclusions


In the study, a physical control method of controlling P. rapae larvae by laser irradiation is proposed. By testing the controlling effect of 450 nm laser on P. rapae larvae and studying the influencing factors of lasers (laser power, irradiation area, laser opening time and irradiation position), the optimal combination of working parameters was obtained to improve the controlling performance of P. rapae larvae.



The main research conclusions were drawn:




	
The optimal combination for the maximum comprehensive score was as follows: laser power, 7.5 W; irradiation area, 6.189 mm2; laser opening time, 1.177 s; and irradiation position, middle abdomen.



	
The optimal combination identified based on the observations was used to verify the experiment. The results showed that the decrease in the antifeedant percentage of P. rapae larvae after 24 h was 98.49%, whereas the 24 h mortality rate was 100%.



	
The combination of the experimental parameters was suitable for 1st- to 5th-instar P. rapae larvae, and the mortality rate of the 5th-instar larvae at 36 h also was 100%.








The results indicate the capacity of laser irradiation to serve as a high-efficiency and noncontact physical control method against P. rapae. Although the high antifeedant percentage and mortality rate are good predictors of field success in laser, the control effect of laser irradiation against P. rapae should be evaluated in the field. The approaches for this technology in processing plants or field remain to be studied further.
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Figure 1. Schematic design of laser irradiation test equipment. (a) Experimental device for laser irradiation. The 450 nm semiconductor laser module (10 W) regulated the irradiation power and opening time of the Pieris rapae larvae irradiation experiment. The fine-tuning bracket and petri dish were adjusted to control irradiation area and irradiation position, respectively. (b) Petri dishes for observing irradiated P. rapae. Observe the irradiated P. rapae larvae placed in the petri dish with moist filter paper and broccoli leaves at the bottom after the experiment. Each petri dish contains 10 vents (1 mm in diameter) for air circulation. 
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Figure 2. Antifeedant percentages and mortality rates (Mean ± SE) of 4th-instar P. rapae larvae after 24 h, 48 h and 72 h under varying working parameter tests. We repeated the experiment 3 times of putting 20 P. rapae larvae into the petri dish in turn for laser irradiation and observation. Only one working parameter was tested in each experiment, and the other working parameters were fixed (Table 1). The tested working parameters were laser power (a,e), irradiation area (b,f), laser opening time (c,g) and irradiation position (d,h). Bars with the same letters indicate no significant difference among the tested groups within each observation time (ANOVA followed by Tukey’s honestly significant difference test, p > 0.05), while test between different observation times cannot be compared with each other. 
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Figure 3. Response surface plots showing the effects of significant interaction terms on the 24 h antifeedant percentage (a,b), 24 h mortality rate (b) and comprehensive score (d,e). Insets (a,d) show the prediction results of irradiation experiment at laser power of 1.5–7.5 W, irradiation area of 3.93 mm2, laser opening time of 0.5–2.5 s and irradiation position on mesothorax (0). Insets (b,e) show the prediction results of irradiation experiment at laser power of 4.5 W, irradiation area of 0.79–7.07 mm2, laser opening time of 1.5 s and irradiation position on head (−1), mesothorax (0) and middle of abdomen (1). Inset (c) shows the prediction results of irradiation experiment at laser power of 1.5–7.5 W, irradiation area of 3.93 mm2, laser opening time of 1.5 s and irradiation position on head (−1), mesothorax (0) and middle of abdomen (1). Use the red points to indicate those response values that are higher than the predicted value, while orange points mean the opposite. 
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Figure 4. Antifeedant percentages (a) and mortality rates (b) (Mean ± SE) of 1st- to 5th-instar P. rapae larvae in optimal working parameters tests. Bars with the same letters indicate no significant difference among the tested groups within each observation time (ANOVA followed by Tukey’s honestly significant difference test, p > 0.05), while test between different observation times cannot be compared with each other. 
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Table 1. List of working parameters used in 18 groups of single factor laser irradiation experiment.
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	Experiment Number 1
	Laser Power/W
	Irradiation Area 2/mm2
	Laser Opening Time/s
	Irradiation Position 3





	1
	1
	0.01
	2
	Middle



	2
	2.5
	0.01
	2
	Middle



	3
	5
	0.01
	2
	Middle



	4
	7.5
	0.01
	2
	Middle



	5
	10
	0.01
	2
	Middle



	6
	5
	0.01
	2
	Middle



	7
	5
	0.79
	2
	Middle



	8
	5
	3.14
	2
	Middle



	9
	5
	7.07
	2
	Middle



	10
	5
	0.01
	0.5
	Middle



	11
	5
	0.01
	1
	Middle



	12
	5
	0.01
	2
	Middle



	13
	5
	0.01
	3
	Middle



	14
	5
	0.01
	2
	Head



	15
	5
	0.01
	2
	Mesothorax



	16
	5
	0.01
	2
	Middle



	17
	5
	0.01
	2
	End



	Control group (CK)
	–
	–
	–
	–







1 In experiments 1–5, only the laser power (1–10 W) was changed, and the other working parameters were averaged or eigenvalues. In experiments 6–9, only the irradiation area (0.01–7.07 mm2) was changed. In experiments 10–13, only the irradiation area (0.5–3 s) was changed. In experiments 14–17, only the irradiation position (head, mesothorax, middle and end of the abdomen) was changed. Experiment 18 was the control group (CK). 2 The larvae were irradiated at the focal point when the value of irradiated area was 0.01 mm2. 3 The head irradiation position was in the 1st section of the larvae. The mesothorax irradiation position was between the 3rd and 4th segments of the larvae; the middle part of the abdomen irradiation position was between the 8th and 9th segments; and the end of the abdomen irradiation position was between the last section and penultimate segment.
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Table 2. Combined experiment table based on the experimental results of a single working parameter designed by the Response Surface Methodology (RSM).
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Factors

	
Factor Levels 1




	
−1

	
0

	
1






	
Laser power/W

	
1.5

	
4.5

	
7.5




	
Irradiation area/mm2

	
0.79

	
3.93

	
7.07




	
Laser opening time/s

	
0.5

	
1.5

	
2.5




	
Irradiation position 2

	
Head

	
Mesothorax

	
Middle of abdomen








1 There were only three levels for each factor. −1, 0 and 1 correspond to low value, middle value and high value, respectively. 2 The head irradiation position was located in the 1st section of the larvae; the mesothorax irradiation position was located between the 3rd and 4th segments of the larvae; the middle of the abdomen irradiation position was located between the 8th and 9th segments.
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Table 3. Antifeedant percentages and mortality rates (Mean ± SE) of 4th-instar Pieris rapae larvae after 24 h of irradiation in 29 groups of different working parameter combination tests.
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Experiment Number 1

	
Working Parameters 2

	
Mean (%) 24 h

Antifeedant Percentage

	
Mean (%) 24 h Mortality Rate

	
Comprehensive Score 3




	
A

	
B

	
C

	
D






	
1

	
1

	
0

	
0

	
1

	
87.59 ± 4.25

	
96.67 ± 3.33

	
0.9127




	
2

	
0

	
0

	
0

	
0

	
80.54 ± 3.55

	
66.67 ± 3.33

	
0.6668




	
3

	
1

	
−1

	
0

	
0

	
77.79 ± 8.22

	
73.33 ± 3.33

	
0.6461




	
4

	
0

	
1

	
1

	
0

	
89.15 ± 1.32

	
90.00 ± 0.00

	
0.9127




	
5

	
1

	
0

	
0

	
−1

	
75.58 ± 3.96

	
63.33 ± 3.33

	
0.5665




	
6

	
0

	
0

	
−1

	
1

	
69.21 ± 5.83

	
53.33 ± 3.33

	
0.4144




	
7

	
0

	
0

	
−1

	
−1

	
53.34 ± 2.78

	
26.67 ± 3.33

	
0.0282




	
8

	
−1

	
0

	
1

	
0

	
73.36 ± 4.33

	
63.33 ± 3.33

	
0.5279




	
9

	
0

	
1

	
0

	
1

	
87.77 ± 3.31

	
90.00 ± 0.00

	
0.8886




	
10

	
0

	
0

	
0

	
0

	
73.90 ± 1.77

	
73.33 ± 3.33

	
0.5781




	
11

	
0

	
0

	
0

	
0

	
82.03 ± 6.58

	
73.33 ± 3.33

	
0.7202




	
12

	
−1

	
−1

	
0

	
0

	
64.17 ± 7.23

	
46.67 ± 3.33

	
0.2991




	
13

	
−1

	
0

	
0

	
−1

	
58.21 ± 8.36

	
36.67 ± 3.33

	
0.1542




	
14

	
0

	
0

	
0

	
0

	
82.18 ± 4.54

	
66.67 ± 3.33

	
0.6955




	
15

	
0

	
−1

	
1

	
0

	
80.4 ± 5.36

	
66.67 ± 3.33

	
0.6644




	
16

	
0

	
−1

	
0

	
1

	
83.37 ± 4.02

	
70.00 ± 0.00

	
0.7300




	
17

	
0

	
0

	
0

	
0

	
77.05 ± 8.23

	
70.00 ± 0.00

	
0.6195




	
18

	
−1

	
1

	
0

	
0

	
78.81 ± 3.00

	
63.33 ± 3.33

	
0.6230




	
19

	
−1

	
0

	
0

	
1

	
70.23 ± 6.58

	
53.33 ± 3.33

	
0.4323




	
20

	
0

	
0

	
1

	
−1

	
73.07 ± 5.94

	
63.33 ± 3.33

	
0.5228




	
21

	
0

	
0

	
1

	
1

	
85.19 ± 4.18

	
90.00 ± 0.00

	
0.8436




	
22

	
−1

	
0

	
−1

	
0

	
51.72 ± 6.36

	
26.67 ± 3.33

	
0.0000




	
23

	
1

	
0

	
−1

	
0

	
74.84 ± 3.51

	
56.67 ± 3.33

	
0.5264




	
24

	
0

	
−1

	
0

	
−1

	
66.59 ± 3.35

	
53.33 ± 3.33

	
0.3687




	
25

	
1

	
0

	
1

	
0

	
79.03 ± 1.98

	
90.00 ± 0.00

	
0.7359




	
26

	
1

	
1

	
0

	
0

	
91.81 ± 2.20

	
100.00 ± 0.00

	
1.0000




	
27

	
0

	
1

	
−1

	
0

	
81.24 ± 0.60

	
66.67 ± 3.33

	
0.6791




	
28

	
0

	
1

	
0

	
−1

	
86.43 ± 2.36

	
73.33 ± 3.33

	
0.7971




	
29

	
0

	
−1

	
−1

	
0

	
64.81 ± 3.91

	
40.00 ± 5.77

	
0.2830








1 We repeated the experiment 3 times of putting 20 P. rapae larvae into the petri dish in turn for laser irradiation and observation. 2 The working parameters and their levels are represented by coded values for reading convenience, which are then converted into actual operation values in the experiment. Coded values −1, 0 and +1 for A (laser power) correspond to actual values of 1.5, 4.5 and 7.5 W, respectively; for B (irradiation area) to actual values of 0.79, 3.93 and 7.07 mm2, respectively; for C (laser opening time) to actual values of 0.5, 1.5 and 2.5 s, respectively; and for D (irradiation position) to head, mesothorax and middle of the abdomen, respectively. 3 Comprehensive score was calculated according to the mean antifeedant percentage and the mean mortality rate within 24 h posttreatment (Equation (2)).













[image: Table] 





Table 4. Composition of optimized samples with estimated responses and the cross-validation of the model.






Table 4. Composition of optimized samples with estimated responses and the cross-validation of the model.





	
Value

	
Optimal Working Parameters 1

	
Mean (%) 24 h

Antifeedant Percentage

	
Mean (%) 24 h Mortality Rate

	
Comprehensive Score 3

	
Desirability 4




	
A

	
B2

	
C

	
D






	
Predicted 5

	
5.222

	
7.070

	
1.585

	
1.000

	
91.01

	
100.00

	
0.979

	
0.980




	
Actual 6

	
5.222

	
7.070

	
1.585

	
1.000

	
98.33 ± 0.41a

	
96.67 ± 3.33a

	

	




	
Bias 7 (%)

	

	

	

	

	
7.44

	
−3.45

	

	




	
Predicted 5

	
7.500

	
6.189

	
1.177

	
1.000

	
88.50

	
100.50

	
0.922

	
0.952




	
Actual 6

	
7.500

	
6.158

	
1.177

	
1.000

	
98.49 ± 0.60a

	
100 ± 0.00a

	

	




	
Bias 7 (%)

	

	

	

	

	
10.14

	
−0.5

	

	




	
Predicted 5

	
7.500

	
4.961

	
1.539

	
1.000

	
86.76

	
100.00

	
0.891

	
0.918




	
Actual 6

	
7.500

	
4.908

	
1.539

	
1.000

	
97.91 ± 0.72a

	
100 ± 0.00a

	

	




	
Bias 7 (%)

	

	

	

	

	
11.39

	
0.00

	

	








1A is the laser power (W); B is the irradiation area (mm2); C is the laser opening time (s); and coded value 1.000 for D (irradiation position) corresponds to the actual parameter of the middle of the abdomen. The cross-validating model used 3 groups of optimized samples with estimated responses. 2 The irradiation area (B) of 7.07 mm2, 6.158 mm2 and 4.908 mm2 indicates that the diameters are 3 mm, 2.8 mm and 2.5 mm, respectively. 3 Comprehensive score was calculated according to the mean antifeedant percentage and the mean mortality rate within 24 h posttreatment (Equation (2)). Calculating comprehensive score requires more than three groups of data; therefore, there is no comprehensive score in the actual. 4 Desirability represents satisfaction of the composition of the optimized sample with estimated responses. 5 The response values and reliability of the optimized sample combination for prediction. 6 Actual values are mean ± SEs of three biological replicates. Mean values followed by the same letter in the column are not different by the Tukey’s honestly significant difference test (p > 0.05). 7 Bias (%) = 100 × (Actual − Predicted)/Actual. The negative sign in front of the biases indicates an inverse deviation between the value of actual and predicted, while vice versa applies for the positive sign.
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