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Oviposition is an important reproductive behavior that is triggered by mating in insects, and biogenic amines might be involved in its regulation. The effects of biogenic amines on oviposition have only been studied in a few insect species, and the findings to date have not been conclusive. In addition, there are few studies on the effects of biogenic amines on oviposition of the diamondback moth, Plutella xylostella L. Here, we tested how mating and biogenic amines regulate oviposition of P. xylostella by injecting amines and amine receptor antagonists into virgin and mated females and counting the number of eggs laid afterward. Biogenic amines of octopamine and tyramine could induce virgin adults of P. xylostella to lay eggs, while dopamine and serotonin had no such effect on oviposition. Furthermore, the octopamine antagonists mianserin, epinastine, and phentolamine inhibited oviposition by mated females. The tyramine antagonist yohimbine, dopamine antagonist SCH23390, and serotonin antagonist ketanserin did not block oviposition by mated females, and octopamine and tyramine-inducing oviposition by virgin females could be inhibited by the octopamine antagonists mianserin and epinastine instead of the tyramine antagonist yohimbine. We conclude that octopamine and its receptors are involved in mating-triggered oviposition in P. xylostella, while tyramine acts as a subsidiary. Further, the inducing effect of tyramine on oviposition is achieved via octopamine receptors instead of tyramine receptors. This experiment is helpful to further understand the role of biogenic amines in mating regulation and to provide a new strategy for controlling P. xylostella.
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INTRODUCTION

In insects, mating triggers many changes in the behavior and physiology of females, such as increasing oviposition, suppressing calling and pheromone synthesis, and re-mating (Gillott, 2003; Hirashima et al., 2007; Avila et al., 2011; Al-Wathiqui et al., 2016). Insect female oviposition can be elicited by some peptides and proteins transferred from male accessory glands through mating (Carmel et al., 2016) and by physical stimulation by males during mating (Giebultowicz et al., 1991). However, the underlining mechanisms and specific pathways in the downstream regulation of these factors are still unclear. In female moths, oviposition is usually activated within a few hours of mating (Kingan et al., 1995). Therefore, it is possible that a fast and sensitive neuropathic regulatory pathway participates in regulating insect oviposition.

Biogenic amines, including octopamine, tyramine, dopamine, and serotonin, serve as neurotransmitters, neuromodulators, and neurohormones, and they have essential effects on the regulation of physiological functions and behavior in insects (Roeder, 2005; Lange, 2009; Blenau and Thamm, 2011; Farooqui, 2012; Verlinden, 2018). As characteristic biogenic amines in invertebrates, octopamine and tyramine have similar functions as vertebrates adrenaline and norepinephrine, respectively (Blenau and Baumann, 2001). Octopamine is involved in a series of important behaviors and physiological activities, including olfactory learning and memory (Hammer and Menzel, 1998), rhythmic behaviors (Sombati and Hoyle, 1984), aggression (Zhou et al., 2008), feeding behaviors (Long and Murdock, 1983; Cohen et al., 2002), and energy metabolism (Mentel et al., 2003). Tyramine, which used to be regarded as the precursor of octopamine, also has neural functions in insects (Lange, 2009; Sinakevitch et al., 2017). Similar to octopamine in structure, tyramine shares most of its receptors with octopamine at different thresholds (Roeder, 2005; Farooqui, 2012). Besides some similar functions to octopamine, tyramine also has distinct effects on insect behavior such as regulating locomotion (Fox et al., 2006), excretion (Blumenthal, 2003; Cole et al., 2005), sensory signal processing (Blenau et al., 2000), gustatory responsiveness (Scheiner et al., 2017) and productive transition of queenless worker honeybees (Sasaki and Harano, 2007). Dopamine is widely distributed in vertebrates and invertebrates, and it has essential functions in learning and memory (Mizunami et al., 2009; Agarwal et al., 2011), motor behavior (Draper et al., 2007; Akasaka et al., 2010), sleeping and arousal (Kumar et al., 2012; Liu et al., 2012), and phase change (Ma et al., 2011) of insects. Serotonin (5-hydroxytryptamine, 5-HT) plays important roles in regulating rhythmic (Tomioka et al., 1993), aggression (Dierick and Greenspan, 2007), and the feeding behavior of insects (Dacks et al., 2003; French et al., 2014). In addition, biogenic amines are related to oviposition in different insects. Octopamine can induce oviposition in several insects such as the Indian meal moth, Plodia interpunctella (Rafaeli, 2004), and the rice leaf bug, Trigonotylus caelestialium (Yamane, 2014), but it inhibits oviposition of western tarnished plant bug, Lygus hesperus (Brent et al., 2016). Octopamine and tyramine were found to be essential in the regulation of Drosophila oviposition (Monastirioti, 2003; Cole et al., 2005). In two Callosobruchus species, tyramine can induce oviposition while octopamine has a limited inducing effect (Yamane and Miyatake, 2010). Besides octopamine and serotonin, dopamine and serotonin were also proved to be associated with oviposition in some species. For example, in virgin females of the fire ant, Solenopsis invicta, oviposition and oogenesis are associated with a high level of dopamine instead of octopamine (Boulay et al., 2001). In addition, dopamine was shown to induce egg-laying and maturing in the paper wasp, Polistes chinensis, whereas octopamine, tyramine, and serotonin had no such inducing effect (Sasaki et al., 2007). In contrast, serotonin prevented oviposition in the house fly, Musca domestica (Hays et al., 1969). However, the effects of biogenic amines on oviposition are not consistent in different insect species.

The diamondback moth, Plutella xylostella (Lepidoptera: Plutellidae), is a worldwide and destructive pest of cruciferous vegetables (Liu et al., 2008; Huang et al., 2018). This moth has the characteristics of a short life cycle, great fecundity, and notorious insecticide resistance (Gong et al., 2013). Research on the effects of biogenic amines on P. xylostella oviposition could provide insights into the regulation of biogenic amines on oviposition and new methods for the control of P. xylostella. However, there is no information on the relationship between biogenic amines and oviposition in P. xylostella.

With the purpose of understanding the effects of biogenic amines in regulating oviposition of P. xylostella, four biogenic amines were tested for their effects on virgin P. xylostella oviposition. Since gene silencing in Lepidoptera is hard to achieve (Guan et al., 2018), we used different amine receptor antagonists to explore the role of biogenic amines in mating-induced oviposition and determined the involvement of amine receptors in oviposition. Moreover, the blocking effects of different antagonists on biogenic amine-induced oviposition were also tested.



MATERIALS AND METHODS


Study Insect

Plutella xylostella larvae were fed on cabbage plants (Brassica oleracea L. var. Qingan 70) at 25 ± 1°C, 60% RH, and 16L: 8D conditions. Pupae were transferred individually into 2 ml micro-centrifugal tubes with air holes on the surface until they emerged. The newly emerged adults were picked up every day and labeled as 1-day-old. Adults were screened based on their weights (females: 4.23 ± 0.70 mg; males: 2.74 ± 0.35 mg). Adults with body weights greater than these standards were deemed eligible for experiments. Adults were fed individually with a 10% sucrose solution (Huada, Shantou, Guangdong, China).



Mating Arrangements

A 2-day-old virgin female and a 2-day-old virgin adult male were put together into a cylindrical transparent box (diameter: 9 cm; height: 12 cm) 1 h before scotophase. Copulation was checked every 30 min during scotophase with a dim red light. Females that kept coupling for more than 30 min and finished coupling naturally were regarded as mated. In addition, a 2-day-old virgin female was put into a box alone as the control.



Injection of Biogenic Amines Into Virgin Females

Octopamine hydrochloride (Sigma-Aldrich, Louis, MO, United States), tyramine hydrochloride (Sigma-Aldrich, Louis, MO, United States), dopamine hydrochloride (Sigma-Aldrich, Louis, MO, United States), and serotonin hydrochloride (Sigma-Aldrich, Louis, MO, United States) were dissolved in Milli-Q water at concentrations of 0.0001, 0.001, 0.01, 0.1, and 0.2 mol/L. Two-day-old virgin females were narcotized with CO2. Volumes of 0.3 μL of the different amine solutions at different concentrations were injected slowly into females through the intersegmental membrane between the 4th and 5th segments, using the Nanoinject II micro-injection instrument (Drummond Scientific, Broomall, PA, United States). The preparation of capillary needles were performed according to the methods mentioned by Chen et al. (2016). As the control, 0.3 μL of Milli-Q water was injected into virgin females.



Injection of Amine Receptor Antagonists Into Mated Females

Mianserin hydrochloride (Aladdin, Los Angeles, CA, United States), epinastine hydrochloride (Aladdin, Los Angeles, CA, United States), phentolamine hydrochloride (Aladdin, Los Angeles, CA, United States), yohimbine hydrochloride (Aladdin, Los Angeles, CA, United States), SCH23390 hydrochloride (Aladdin, Los Angeles, CA, United States), and ketanserin hydrochloride (Aladdin, Los Angeles, CA, United States) were dissolved into Milli-Q water at the concentrations of 0.005and 0.02 mol/L. Two-day-old virgin females and males were mated using the aforementioned method. Mated females were injected with 0.3 μL of each of six different amine receptor antagonists at different concentrations. As the control, 0.3 μL of Milli-Q water was injected into mated females using the method mentioned above.



Injection of Antagonists Mixed With Octopamine or Tyramine

Octopamine hydrochloride or tyramine hydrochloride and each of the different antagonists (i.e., mianserin hydrochloride, epinastine hydrochloride, phentolamine hydrochloride, yohimbine hydrochloride, SCH23390 hydrochloride, or ketanserin hydrochloride) were dissolved into Milli-Q water to get different solutions containing 0.1 mol/L octopamine or tyramine and 0.02 mol/L antagonist. Two-day-old virgin females were narcotized with CO2 and injected with 0.3 μL of different mixed solutions using the same method mentioned above. As the control, 0.3 μL of Milli-Q water was injected into virgin females.



Egg Counting

Each female from the treatment and control groups was transferred into a 3 cm petri dish containing fresh cabbage leaves and fed with a 10% source solution. Counting number of eggs and renewal of cabbage leaves and source solution in petri dishes were executed in every 24 h for 5 days.



Detection of Biogenic Amines Using High Performance Liquid Chromatography–Mass Spectrometry (HPLC–MS)

The methods of HPLC was designed according to the methods described by Ma et al. (2015), which was used for detection of octopamine and tyramine in locust. Two-day-old mated female and virgin female adults were collected, respectively. Mated females were collected 1 h after mating. Wings-off females in a group of three per sample were ground in a 1.5 mL micro-centrifuge tube. After grinding, sample was homogenized in 100 μL of 0.1 mol/L perchloric acid for 10 min. Then homogenized sample was centrifuged using a table-top micro-centrifuge (Eppendorf International, Hamburg, Germany) at 14,000 g for 10 min at 4°C. The supernatant was transferred into a chromatographic sample bottle and stored at −80°C for analysis. HPLC-MS (Thermo Scientific, Waltham, MA, United States) was equipped with C18 chromatographic column (Intertsil OSD-4 C18, 250mm × 3.0mm, 5 μm, Shimadzu Corporation). The flow rate was set at 250 μL/min with a temperature at 5°C. The mobile phase was composed of 7% acetonitrile (Sigma-Aldrich, Louis, MO, United States), 90 mmol/L monobasic phosphate sodium (Huada, Shantou, Guangdong, China), 50 mmol/L citric acid (Sigma-Aldrich, Louis, MO, United States), 2 mmol/L octanesulfonic acid (Sigma-Aldrich, Louis, MO, United States), 2 mmol/L NaCl (Huada, Shantou, Guangdong, China), and 50 mmol/L EDTA (Sigma-Aldrich, Louis, MO, United States). Then the LTQ XL linear ion trap mass spectrometer (Thermo Scientific, Waltham, MA, United States) with electrospray ionization source (ESI) was employed for analysis of separated samples. Target components were identified by scan and fragmentation using data dependent MS/MS as well as by comparing with four biogenic amine standards. Data were processed by Xcalibur 2.1 software (Thermo Scientific, Waltham, MA, United States).



Statistical Analysis

All data are expressed as the means ± standard error (SE). The Statistical Package for the Social Sciences 19.0 software (SPSS Inc., Chicago, IL, United States) was employed for statistical analyses. Significant differences between samples were determined using a Student’s t-test and one-way analysis of variance (ANOVA), Duncan and Tamhane’s T2 test at 5 and 0.1% significance levels.



RESULTS


Role of Mating in Regulating Oviposition by P. xylostella Females

Compared with virgin females of diamondback moth, the number of eggs laid by mated females was significantly higher on days 1 to 3 after mating, and it was highest on the first day after mating. On day 5 after mating, the number of eggs laid by mated females was lower than that of virgin females (day 1, t = 15.025, df = 23.491, p < 0.001; day 2, t = 10.771, df = 37.468, p < 0.001; day 3, t = 4.751, df = 39.820, p < 0.001; day 4, t = −1.366, df = 56, p = 0.177; day 5, t = −3.870, df = 55.560, p = 0.001; Figure 1A). Meanwhile, the total number of eggs laid by mated females in 5 days was significantly higher than virgin females (t = 11.767, df = 44.780, p < 0.001; Figure 1B).
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FIGURE 1. Effect of mating on female oviposition by Plutella xylostella. (A) Number of eggs laid by virgins (n = 34) and mated females (n = 24) one to 5 days after mating. (B) Total number of eggs laid by virgins (n = 34) and mated females (n = 24) for 5 days after mating. Individual data is displayed with dots. **indicates a significant difference (p < 0.01, Student’s t-test).




Effects of Biogenic Amines on Oviposition by Virgin P. xylostella Females

The number of eggs laid by virgin females injected with 0.3 μL of 0.2 mol/L octopamine and tyramine was significantly higher than the control on days 1 and 2, while the dopamine and serotonin treatments showed no significant difference to the control on days 1 and 2 after injection. Although both octopamine and tyramine could induce virgin females to lay eggs, the females injected with octopamine laid more eggs than tyramine treatments (day 1, df = 4,125, F = 22.496, p < 0.001; day 2, df = 4,125, F = 5.720, p < 0.001; Figure 2A). On day 3, the females injected with serotonin laid less eggs than control, while there was no significant difference among the control and other amine treatments (df = 4,125, F = 4.371, p = 0.002; Figure 2A). On day 4, except for the tyramine treatment, the number of eggs laid in each of other biogenic amine treatments was significantly lower than in the control (df = 4,125, F = 5.380, p < 0.001; Figure 2A). On day 5, the number of eggs laid in each of other biogenic amine treatments was significantly lower than in the control (df = 4,125, F = 10.067, p < 0.001; Figure 2A).
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FIGURE 2. Effect of biogenic amine injections on oviposition by virgin females of Plutella xylostella. Number of eggs laid by females from days 1–5 (A), and total number of eggs laid by females in 5 days (B) after injection with 0.3 μL of 0.2 mol/L octopamine (n = 24), tyramine (n = 30), dopamine (n = 25), serotonin (n = 24), and Milli-Q water as a control (n = 27). Individual data is displayed with dots. (C) Dose-response study of the effects of biogenic amines on the number of eggs laid by virgin females within 24 h after injection (24 ≤ n ≤ 32). Different letters on the top of bars indicate significant differences between treatments on the same day (p < 0.05, ANOVA, Duncan). The dotted line in (C) indicates the number of eggs laid by virgin females injected with Milli-Q water.


The total number of eggs laid by females injected with 0.2 mol/L octopamine and tyramine within 5 days after injection was significantly higher than that for the control, while dopamine and serotonin treatments were significantly lower than the control (df = 4,123, F = 11.669, p < 0.001; Figure 2B).

A gradient of doses of biogenic amines were injected into virgin females, and the number of eggs was counted 24 h after injection. There was no significant difference between contorl and biogenic amine tratments at concentrations of 0.0001, 0.001, and 0.01 mol/L. At concentrations of 0.1 and 0.2 mol/L, the number of eggs laid by virgin females injected with octopamine and tyramine was significantly higher than for the control, while there were still no significant difference between dopamine and serotonin treatments and control. The number of eggs laid by females injected with 0.2 mol/L of octopamine was significantly more than that for the tyramine treatment (0.0001 mol/L, df = 4,118, F = 0.172, p = 0.952; 0.001 mol/L, df = 4,118, F = 1.025, p = 0.398; 0.01 mol/L, df = 4,119, F = 0.492, p = 0.741; 0.1 mol/L, df = 4,133, F = 10.773, p < 0.001; 0.2 mol/L, df = 4,125, F = 20.909, p < 0.001; Figure 2C).



Effects of Different Biogenic Amine Receptor Antagonists on Mating-Induced Oviposition

At a concentration of 0.02 mol/L, mianserin, epinastine, and phentolamine showed the ability to inhibit oviposition by mated females. Mianserin had the strongest but shorter inhibiting effect for 1 day, while phentolamine and epinastine had longer inhibition durations of 4 and 3 days, respectively. Yohimbine, SCH23390, and ketanserin had no significant influence on mated female oviposition one to 5 days after injection (day 1, df = 6,152, F = 47.611, p < 0.001; day 2, df = 6,152, F = 4.108, p = 0.001; day 3, df = 6,152, F = 4.908, p < 0.001; day 4, df = 6,152, F = 5.064, p < 0.001; day 5, df = 6,152, F = 1.974, p = 0.073; Figure 3A). The total number of eggs laid by mated females over 5 days was also significantly decreased by mianserin, phentiolamine, and epinastine, while other antagonists had no significant effect (df = 6,152, F = 30.618, p < 0.001; Figure 3C). At a concentration of 0.005 mol/L, mianserin and epinastine reduced the number of eggs laid by mated females, and the reducing effects lasted for 1 and 3 days, respectively. On the first day after injection, 0.005 mol/L of mianserin had a stronger inhibiting effect than epinastine (day 1, df = 6,154, F = 29.472, p < 0.001; day 2, df = 6,154, F = 3.801, p = 0.001; day 3, df = 6,154, F = 5.766, p < 0.001; day 4, df = 6,154, F = 3.994, p = 0.001; day 5, df = 6,154, F = 2.338, p = 0.035; Figure 3B). Mianserin and epinastine both decreased the total number of eggs laid by mated females over 5 days, while epinastine had a stronger inhibiting effect than mianserin (df = 6, 154, F = 11.271, p < 0.001; Figure 3D). A concentration of 0.005 mol/L of yohimbine, phentolamine, SCH23390, and ketanserin had no significant influence on the number of eggs laid by mated females one to 5 days after injection (Figures 3B,D).
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FIGURE 3. Effect of different biogenic amine antagonists on mating-induced oviposition by Plutella xylostella. Number of eggs laid by mated females from days 1–5 after injection with 0.3 μL of 0.02 mol/L (A) or 0.005 mol/L (C) antagonists and Milli-Q water as a control (20 ≤ n ≤ 24). Total number of eggs laid by mated females for 5 days after injection with 0.3 μL of 0.02 mol/L (B), or 0.005 mol/L (D) antagonists and Milli-Q water as a control (20 ≤ n ≤ 24). Individual data is displayed with dots. Different letters on the top of bars in (A–D) indicate significant differences between treatments on the same day (p < 0.05, ANOVA and Tamhane’s T2 test).




Effects of Biogenic Amine Receptor Antagonists on Octopamine and Tyramine-Induced Oviposition

Oviposition induced by both octopamine (df = 7, 183, F = 9.463, p < 0.001) and tyramine (df = 7,185, F = 8.334, p < 0.001) was also suppressed by 0.02 mol/L mianserin and epinastine, while other antagonists failed to block the inducing effect of tyramine and octopamine on virgin female oviposition (Figures 4A,B).
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FIGURE 4. Effects of different antagonists on octopamine-inducing and tyramine-inducing oviposition by virgin females of Plutella xylostella. Number of eggs laid by virgin females at 1 day after injection with 0.3 μL of different mixed solutions containing 0.02 mol/L different antagonists and 0.1 mol/L octopamine (A) or tyramine (B) and Milli-Q water as a control (23 ≤ n ≤ 27). Individual data is displayed with dots. Different letters above columns mean significant differences between treatments (p < 0.05, ANOVA and Tamhane’s T2).




Detection of Biogenic Amines in Female Adults of P. xylostella

With HPLC-MS method we failed to detect any of the biogenic amines in either virgin or mated females.



DISCUSSION

The main findings of this study on P. xylostella were that mating-induced oviposition; octopamine and tyramine induced virgin females to lay eggs whereas dopamine and serotonin slightly inhibited oviposition; mianserin, phentiolamine, and epinastine inhibited egg-laying of mated females whereas yohimbine, SCH23390, and ketanserin did not; and mianserin and epinastine blocked octopamine and tyramine-induced oviposition in P. xylostella. These findings are discussed below.

In P. xylostella, mating was found to induce oviposition behavior for a few days (Figure 1), and oviposition commenced immediately after finishing mating, which indicates that oviposition by the diamondback moth might be supported by the nervous system. Biogenic amines, which are neurotransmitters, neuromodulators, and neurohormones (Monastirioti, 1999; Blenau and Baumann, 2001), have important effects on post-mating behaviors in insects, including increasing the number of eggs laid (Hirashima et al., 2007; Yamane and Miyatake, 2010; Wu et al., 2017). However, the effects of biogenic amines on oviposition by insects are unstable and inconsistent with each other in different species (Boulay et al., 2001; Monastirioti, 2003; Rafaeli, 2004; Cole et al., 2005; Yamane and Miyatake, 2010; Brent et al., 2016).

The finding that exogenous tyramine and octopamine induced oviposition by the virgin females of P. xylostella (Figure 2) is consistent with findings from some studies. Rafaeli (2004) found that octopamine and its two analogs could induce oviposition by virgin females in a similar species, P. interpunctella, and octopamine and tyramine were both found to be essential for female oviposition in Drosophila melanogaster (Monastirioti, 2003; Cole et al., 2005). When lacking octopamine, Drosophila females failed to release mature eggs from the ovary (Monastirioti, 2003). Interestingly, Drosophila females lacking tyramine could release the mature oocytes from the ovary into the oviduct but could not deposit the eggs normally. Moreover, extrinsic octopamine had a stronger rescue effect than tyramine on the sterility of a Drosophila tyramine mutant (Cole et al., 2005). This phenomenon is in accordance with our results that tyramine had a weaker inducing effect on P. xylostella oviposition than octopamine (Figures 2A,C). This means tyramine might only act as an assistant and synthetic source of octopamine and have partial effects of octopamine in insect oviposition. The significantly low total number of eggs laid for 5 days in the dopamine and serotonin treatments (Figure 2B) indicate that dopamine and serotonin might have slightly inhibiting effects on the oviposition by P. xylostella. This is similar to findings for the house fly M. domestica and the locusts Locusta migratoria, in which serotonin inhibited oviposition and oviduct relaxation (Hays et al., 1969; Lange, 2004). However, in the fire ant S. invicta and the wasp P. chinensis, dopamine induced the oviposition and development of reproductive systems (Boulay et al., 2001; Sasaki et al., 2007). As effects similar to those of dopamine are not detected in any species other than social insects, dopamine might indeed have an inducing effect on oviposition only in social insects. Besides, the HPLC-MS was employed to detect the changes of biogenic amines in P. xylostella. However, none of the biogenic amines was detected in our experiments, which means the concentration of biogenic amines in whole bodies of P. xylostella might be below the threshold of detection method described above. Octopamine could be produced at specific region and transferred from abdomen nerve terminal to reproductive tracts (Monastirioti, 2003). Hence it might be hard to detect octopamine from whole bodies or haemolymph of small insects like the diamondback moth. The detection of biogenic amines using HPLC mainly occurred in large insects such as locust and crickets (Nagao and Tanimura, 1988; Ma et al., 2015). More different attempts needed to be made for detecting of biogenic amines in P. xylostella. In Drosophila, mating increased the number of octopaminergic type II boutons around the lateral and common oviducts (Rodríguez-Valentín et al., 2006; Kapelnikov et al., 2008), which can prove that mating induces the production and release of octopamine. Unlike endogenesis biogenic amines which could be transferred from nerve terminal to specific action sites (Monastirioti, 2003), the injected biogenic amines will be diluted in haemolymph and cannot be transferred into the specific region accurately. Therefore, a higher concentration of exogenous biogenic amines might be needed for imitating the effects of endogenesis biogenic amines. As the biosynthetic intermediate precursor for octopamine, tyramine is similar to octopamine in structure (Lange, 2009) and shares receptors and partial functions with octopamine (Donini and Lange, 2004). Based on structural similarities with vertebrate adrenergic receptors, invertebrate octopaminergic receptors have been divided into α-adrenergic-like receptors (Octα-R) and β-adrenergic-like receptors (Octβ-Rs, including Octβ1-R, Octβ2-R, and Octβ3-R). The invertebrate tyraminergic receptors (TYR-R) have been divided into TYR1-R, which used to be the octopaminergic/tyraminergic receptor, and TYR2-R (Evans and Maqueira, 2005; Farooqui, 2012). Except for TYR1-R and TYR2-R, which are the original targets of tyramine, the octopamine original receptors Octα-R and Octβ-R can also be activated by tyramine in an appropriate concentration. The active Octα-R has a main effect of increasing the concentration of intracellular Ca2+ (calcium), and it can also increase cAMP (cyclic adenosine monophosphate) levels slightly with an extremely high threshold (Balfanz et al., 2005; Ohtani et al., 2006). Octβ-R can specifically increase the intracellular cAMP level (Farooqui, 2012; Kita et al., 2016). Although they can bind with tyramine and get activated, both Octα-R and Octβ-R have a higher affinity for octopamine than tyramine (Farooqui, 2012). TYR1-R has a function of decreasing intracellular cAMP levels when coupling with tyramine, and it has a weaker decreasing effect when coupling with octopamine (Blenau et al., 2000; Poels et al., 2002). In addition, TYR1-R also increases intracellular Ca2+ when coupling with tyramine and octopamine while TYR2-R is only combined with tyramine (Huang et al., 2009). Therefore, it is still not clear which type of amine receptors is involved in the regulation of oviposition, although octopamine and tyramine can imitate mating-induced oviposition. As the efficiency of RNA interference in Lepidoptera is low, different amine receptor antagonists were used in this experiment to corroborate the roles of amines in mating-induced oviposition and to identify the specific receptors involved in this process. Mianserin has commonly been used as a non-specific antagonist of octopamine receptors in insects (Farooqui et al., 2003; Maqueira et al., 2005; Fussnecker et al., 2006; Li et al., 2016). Phentolamine and epinastine have also been reported as specific antagonists for octopaminergic receptors in insects (Evans, 1984; Lange and Orchard, 1986; Degen and Gewecke, 1998; Roeder et al., 1998; Wu et al., 2017). The inhibition of oviposition of mated females by mianserin, phentolamine, and epinastine indicates that octopaminergic receptors are essential in oviposition by P. xylostella.

Oviposition is a complex behavior orchestrated by a series of processes. The development and maturation of oocytes occurred at ovaries (Wigglesworth, 1964). Every oocyte is covered by an egg chamber formed by a layer of somatic follicle cells (Spradling, 1993). After the oocytes are matured, follicles start rupturing and allow mature eggs to leave ovaries (Deady and Sun, 2015). Next the eggs are transferred through oviducts by oviductal peristalsis and get fertilized by binding with spermatozoa transferred from spermatheca. Finally the eggs are deposited by forceful constriction of the bursa. (Davey, 1958) Most research has focused on the concept that octopamine and tyramine stimulates ovulation by controlling oviductal muscle contractions (Lange and Orchard, 1986; Nykamp and Lange, 2000; Donini and Lange, 2004; Lee et al., 2009; Lim et al., 2014). Indeed, the expanding of oviduct could help mature eggs to be transferred into it (Hana and Lange, 2017). In locusts, L. migratoria, and blood-feeding bugs, Rhodnius prolixus, octopamine and tyramine inhibit the contractions of oviducts by increasing intracellular cAMP levels (Lange and Orchard, 1986; Nykamp and Lange, 2000; Donini and Lange, 2004). Chowański et al. (2017) also found that octopamine and tyramine both decrease the frequency of oviducts contraction in a beetle, Tenebrio molitor. Since increasing cAMP levels is the main function of activated Octβ-Rs, it is normally thought that the regulation of oviduct contractions was accomplished via Octβ-Rs. In the brown planthopper, Nilaparvata lugens, Octβ2R was found to be essential for oviposition and could activate the cAMP levels of the oviducts (Wu et al., 2017). However, phentolamine, a consistently potent antagonist of Octβ-Rs in P. xylostella (Huang et al., 2018) and other insect such as rice stem borer, Chilo suppressalis (Wu et al., 2012), locusts, L. migratoria (Evans, 1984; Lange and Orchard, 1986), and brown planthopper, N. lugens (Wu et al., 2017), had a weak inhibitory effect and needed to be administered at a higher concentration than mianserin and epinastine, which are the antagonists of both Octα-Rs and Octβ-Rs. It can be assumed that Octβ-Rs might not be the only and key receptors involved in P. xylostella oviposition and can be compensated by Octα-Rs. In Drosophila, neither of the mutant females lacking OAMB (α-adrenergic octopamine receptor) or Octβ2R (β-adrenergic octopamine receptor) could ovulate normally. Consistent with our results, two kinds of receptors have both been shown to be expressed in the oviducts, and the expression of OctαR could also rescue the ovulation of an Octβ2R mutant (Lee et al., 2009; Lim et al., 2014). Besides intracellular Ca2+ levels, Octα-R can also activate the cAMP/PKA signaling pathway at a relatively lower level than β-adrenergic like receptors (Balfanz et al., 2005). It can be assumed that Octα-R can regulate oviduct contraction by the cAMP/PKA signaling pathway as a supplementary of Octβ2R. Moreover, in the cricket, Gryllus bimaculatus, octopamine was also found increasing the spontaneous rhythmic contractions of the lateral oviduct via Ca2+ signaling (Tamashiro and Yoshino, 2014). Besides the regulation of oviduct contractions, one of Octα-Rs, OAMB, induces ovarian follicle rupturing and ovulation via intracellular Ca2+ increasing and matrix metalloproteinase 2 in Drosophila (Deady and Sun, 2015; Deady et al., 2015). Follicle rupturing is a necessary step in releasing eggs from ovaries. Octα-Rs might have distinct functions from relaxing the oviducts in P. xylostella. The regulation of octopamine on oviposition in P. xylostella might be through more than one receptor and signal pathway. Since little research on the functions of octopaminergic receptors in the reproductive system has been reported, a complete working model of octopamine in reproductive systems is still lacking.

Although tyramine could induce oviposition by P. xylostella (Figure 2), yohimbine, the most effective tyramine receptor antagonist in a variety of insects (Saudou et al., 1990; Poels et al., 2002; Huang et al., 2009; Wu et al., 2013) failed to block mating-induced oviposition (Figure 4B). It can be concluded that tyramine receptors are not involved in the oviposition by the diamondback moth. Moreover, tyramine-inducing oviposition could not be inhibited by yohimbine, the potent tyramine receptor antagonist, but could be inhibited by mianserin and epinastine (Figure 4B). It can be hypothesized that tyramine induces oviposition by P. xylostella via octopamine receptors instead of tyramine receptors. Consistent with our results, in locusts, L. migratoria, and blood-feeding bugs, R. prolixus, although tyramine has a significantly higher inhibitory effect on oviduct contraction, yohimbine was unable to diminish this inhibitory effect (Donini and Lange, 2004; Hana and Lange, 2017). Besides regulation on contraction of oviducts, other mechanisms of tyramine-induced ovulation are unclear. More work needs to be done to understand the mechanisms of tyramine-inducing oviposition. As SCH 23390 is the specific and effective antagonist of the D1-like and D2-like dopamine receptors in various invertebrates, such as Bombyx mori (Ohta et al., 2009), Lxodes scapularis (Ejendal et al., 2012), and Aedes aegypti (Meyer et al., 2012), and ketanserin is the selective antagonist of serotonin receptors (Cai et al., 2008; Vleugels et al., 2014), the failure of SCH23390 and ketanserin to block the oviposition by mated P. xylostella females indicates that dopaminergic receptors and serotoninergic receptors are not involved in P. xylostella oviposition.

In conclusion, both octopamine and tyramine induced oviposition by P. xylostella when tyramine had a weaker and assistant effect. Both octopamine and tyramine-inducing oviposition were accomplished via octopaminergic receptors instead of tyraminergic receptors. Octβ-Rs were important but not the only receptors in the regulation of octopamine during P. xylostella oviposition. Octopaminergic α and β receptors may both be involved in the regulation of oviposition. Our experiments could contribute to understanding the role of octopaminergic signals on mating-regulated oviposition and provide a new strategy for the control of P. xylostella. However, we still have a long way to go to find out the specific mechanisms underlying octopamine and tyramine regulation of oviposition by P. xylostella.
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