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Plants produce chemical defense compounds to resist herbivore attack either by repelling the herbivores or attracting natural enemies of the herbivores. We have previously shown that volatile compounds from cotton released in response to herbivory by conspecifics reduce oviposition in cotton leafworm moth Spodoptera littoralis. It remained, however, unclear whether herbivore-induced changes also affect moth pre-mating and mating behaviors. In this study we examined the effect of herbivore-induced changes in cotton on reproductive behaviors i.e., female calling, male attraction and investment, and mating behavior in S. littoralis. We found a reduction in the number of females calling i.e., females releasing pheromone, in the presence of cotton plants damaged by larvae of S. littoralis compared to undamaged plants. Females also spent significantly less time calling and showed a delay in calling in the presence of damaged plants. Furthermore, males exhibited significantly delayed activation and reduced attraction toward female sex pheromone in the presence of damaged plants. We also found that mating success and the number of matings were significantly reduced in the presence of damaged plants whereas male investment i.e., spermatophore weight, was not affected. Thus, our study provides evidence that herbivory by conspecifics on host plants affect pre-mating and mating behaviors in an insect herbivore.
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INTRODUCTION

In phytophagous insects, plant cues are crucial for finding a suitable plant for feeding and oviposition (Bruce, 2015). In addition, cues from plants have also been found to influence sexual communication and can be used to distinguish suitable from unsuitable host plants and can affect mate-finding and mating behavior of insect herbivores (McNeil and Delisle, 1989; Deisig et al., 2012; Félix et al., 2013). Female moths exhibit calling behavior to attract males for mating by releasing sex pheromone compounds (Shorey, 1973; Wertheim et al., 2004). It has been shown that external stimuli may have a large effect on sex pheromone production and calling behavior in female moths (Landolt and Phillips, 1997; Bendera et al., 2015). For instance, synthesis, and production of sex pheromones in females is initiated and enhanced in the presence of host plants suitable for feeding, mating, and oviposition (Raina et al., 1992; Groot and Visser, 2001) whereas non-host plants may produce inverse effects (Zhang and Schlyter, 2004; Sadek and Anderson, 2007). This shows that plant quality as food for the progeny can be important for female calling and thus, attraction of males. Compounds from host plants have also been shown to enhance the attraction of males toward female sex pheromones (Landolt and Phillips, 1997; Schmera and Guerin, 2012).

Host plants undergoing developmental changes, as well as plants under stress, can produce secondary compounds that indicate reduced plant quality (Bukovinszky et al., 2012; Scala et al., 2013; Schuman and Baldwin, 2016). In many plants, damage by herbivores induces a change in both the emission of volatile compounds (Pierik et al., 2014) and the occurrence of non-volatile compounds in the plant tissue (Howe and Schaller, 2008). These compounds can influence the behavior of insect herbivores during site selection for feeding, mating and oviposition (Karban and Thaler, 1999; Dicke and Baldwin, 2010; Reisenman et al., 2010; Knolhoff and Heckel, 2014). It is well established that herbivore damage induces changes in host plant quality by triggering the synthesis of secondary chemical compounds (Agrawal, 2001; Howe and Jender, 2008). Such herbivore-induced chemical compounds are known to increase the resistance of damaged host plants either by repelling the herbivores during host plant choice for feeding and oviposition or by attracting predators and parasitoids of the herbivores (Arimura et al., 2009; Barbosa et al., 2009; Hare et al., 2011; Gols et al., 2012; Allmann et al., 2013; Zakir et al., 2013b; Heil, 2014). Whereas, in some species these compounds have been shown to increase susceptibility of the damaged host plants i.e., lead to increased attraction of conspecifics (Kalberer et al., 2001; Magalhães et al., 2012).

The effect of herbivore-induced chemical changes on host plant quality has been studied in insect herbivores, particularly in Lepidoptera, either through oviposition behavior or through the performance of the offspring (Karban and Baldwin, 1997; Agrawal, 2001; Howe and Jender, 2008). For instance, mated female moths of Heliothis virescens and Manduca sexta avoided ovipositing on herbivore-damaged tobacco plants under laboratory and field conditions (De Moraes et al., 2001; Kessler and Baldwin, 2001). Thus, the effect of herbivore-induced chemical changes on host plant quality has been well studied from a post-mating perspective i.e., oviposition decisions in adult females or through the performance of the offspring (De Moraes et al., 2001; Kessler and Baldwin, 2001; Agrawal, 2005; McCormick et al., 2017). However, less effort has been dedicated to investigate the effect of herbivore-induced changes in host plant quality on pre-mating behaviors.

The Egyptian cotton leafworm Spodoptera littoralis is a generalist herbivore (Brown and Dewhurst, 1975). In North Africa and the Middle East it is a pest species on cotton plants, which produce a suite of volatile and non-volatile chemical compounds in response to herbivore damage (Paré and Tumlinson, 1997; Bezemer et al., 2003; Schmidt et al., 2009). Behavioral studies have shown that adult female S. littoralis moths avoid ovipositing on cotton plants that have been damaged by conspecific larvae (Anderson and Alborn, 1999) and that herbivore-induced chemical compounds reduced the development of 3rd instar S. littoralis larvae (Alborn et al., 1996). Herbivore-damaged cotton plants also produce volatiles (McCall et al., 1994; Röse and Tumlinson, 2005) that can reduce further herbivore attack on damaged plants (Paré and Tumlinson, 1997) and has been shown to provide resistance to neighboring undamaged plants against oviposition by S. littoralis moths (Zakir et al., 2013b). Thus, it was demonstrated that mated females responded to herbivore-induced plant volatiles during oviposition, but the effect of these volatiles on pre-oviposition behaviors i.e., mate-finding, mating, and calling behaviors, has not been investigated.

The aim of this study is to investigate the effects of herbivore induction in cotton plants on pre-mating behavior in females, males, and their interaction during mating. We hypothesize that both male and female S. littoralis are able to detect the chemical changes after herbivore damage and adjust their behaviors accordingly. We aim to study whether herbivore-induced changes in cotton plants affect: (1) the calling behavior in virgin S. littoralis females (2) the mate-finding, mating behavior and male investment during mating, i.e., spermatophore transfer, in male moths, and (3) mating frequency and time of mating.

MATERIALS AND METHODS

Insects

The S. littoralis moths were obtained from a culture established in 2007 from moths collected in the Alexandria region in Egypt. Insect material collected in the field has been added yearly. The insects were reared on a potato based semi-synthetic diet (Hinks and Byers, 1976) under 25 ± 2°C, 65 ± 5% RH and a L16:D8 photoperiod in the laboratory. Male and female insects were sexed in the pupal stage and kept in separate boxes. Adult moths were kept individually in small (200 ml) boxes and were provided with honey solution (10%) until used in the experiments.

Plants

Cotton seeds (G. hirsutum L., var. Delta pineland 90) were soaked overnight in water and planted individually in pots (Ø = 14 cm) filled with soil and grown in a greenhouse at 25 ± 2°C and 65 ± 5% RH. Artificial light (Philips, SON-T, 400 W), positioned 1–2 m above the plants was provided in addition to natural light. In all experiments, cotton plants with 5–6 true leaves were used.

Calling Behavior

Individual damaged or undamaged cotton plants were placed inside multiple Plexiglas cages (40 × 40 × 80 cm) maintained in a ventilated climate chamber at 25 ± 2°C, 65 ± 5% RH and L16:D8 photoperiod (Figure 1). The Plexiglas cage were ventilated through finer meshes at the top and from the side wall of the cage and the cages were arranged in the experiemental room to prevent interference between damaged and undamaged plants. Plants were damaged by releasing three 3rd-instar larvae of S. littoralis on the second true leaf of the plant and 48 h old ongoing damaged plants were used in all experiments to ensure the emission of volatiles in response to herbivore damage (Loughrin et al., 1994; McCall et al., 1994). To get ongoing damage, larvae were caged on the leaf using a mesh (0.2 × 0.2 mm) enclosing the leaf. The mesh prevented physical and visual contact between larvae and adult moths. Observations were made according to the procedure described by Sadek and Anderson (2007) and Zhao et al. (2009). A newly emerged female was transferred to the large Plexiglass cages with the experimental plants at the start of the scotophase and observations under red light were made daily during the complete scotophase at a 15 min interval. At the end of each scotophase, the moths were transferred to small plastic boxes and were given 10% sugar solution for feeding and were kept in a ventilated climate chamber until the next scotophase. The calling behavior of individual moths was recorded during four consecutive nights. In general, duration of time when an adult female moth release pheromone during the scotophase is termed as “calling behavior” and during this behavior; females do not walk, their wings are lifted from the abdomen and the ovipositor is exposed and easily visible. Repeats of calling behavior per night is termed as “calling pattern” and this has been used to measure the calling behavior of a moth during one scotophase and so on. In total, calling behaviors of 25 females from five different generations were observed, testing the moths with each of the damaged or undamaged cotton plants.


[image: image]

FIGURE 1. Mating set-up: A herbivore-damaged or undamaged cotton plant was placed inside a Plexiglas cage and moths were introduced. Each cage had openings at the top, with a moveable lid, and one of the side walls from which the plants and insects could be transferred.



Wind Tunnel Bioassay

The attraction behavior of male S. littoralis moths toward female sex pheromone was tested in two-choice wind tunnel (200 × 90 × 60 cm) experiments, in the presence of plants as background odors (Thöming et al., 2013). The air flow (25 cm/s) through the tunnel, was cleaned by passing it through activated charcoal filters (Camfil, Torsa, Sweden). The tunnel was illuminated from an overhead light at 5 lx and the experimental room was kept at 23 ± 2°C and 40–60% RH. A pair of cotton plants, one undamaged and one damaged plant (as described above in calling behavior), were positioned side by side ≈15 cm apart from each other. On the downwind side of each plant two identical filter paper discs (0.5 × 1 cm) containing female pheromone gland extract, one female gland equivalent, were positioned at 15 cm away from the plants and 30 cm above the floor. The gland extractions were made by following the protocol described by Anderson et al. (2007). For the experiments, 2-day old males (N = 32) were placed singly in glass tubes (12.5 × 2.5 cm) and transferred to the wind tunnel room before the onset of the scotophase. The moths were tested during the third to fifth hour of the scotophase. A single tube was deposited at the downwind end of the tunnel 30 cm from the floor and ≈180 cm from the pheromone source. The number of males attracted to the pheromone sources in front of either the damaged or the undamaged plant was recorded. A moth was given 5 min from activation, when the male starts to move after contact with the pheromone plume and walks toward the upwind end of the release tube, to reach the pheromone source. The filter paper with pheromone gland extract (one female equivalent) was exchanged every 12 min with a newly prepared one and the positions of the two plant treatments were reversed after five replications.

Mating Bioassay

Undamaged and ongoing damaged cotton plants were placed singly inside each of the Plexiglas cages as described above in “calling behavior” and the cages were kept in an acclimatized and ventilated chamber at 25 ± 2°C, 65 ± 5% RH and L16:D8 photoperiod. Observations of mating were made during the scotophase for 2 h per replicate at an interval of 5 min. In each replication, 5 female and 3 male moths of respective ages were released in the cages for mating. More females were used to make sure that female calling frequency would not limit male mating behavior. From each of the four moth ages observed (1–4 days old), 40 females and 24 males were observed, and thus, in total 160 females and 96 males were successfully observed from all ages. Female moths were released on the upper leaves of the caged plants. Thereafter, individual male moths were released into cages with damaged or undamaged plants and were observed thoroughly until successful mating started and the mated males were discarded every time, as male moths has been reported to mate once per night (Sadek, 2001). Mating success, onset and duration of mating, and spermatophore weight were recorded. To retrieve spermatophores, soon after mating females were frozen at −20°C and were dissected carefully under a stereo microscope. Spermatophores were weighed on an analytical scale.

Statistical Analysis

A 2 × 2 chi-square test was used to analyze the data obtained from Plexiglass cages on mating success, onset and duration of mating, male activation, mating place selection, and weight of spermatophores. Whereas, male attraction toward female pheromone blend being released in the presence of either damaged or undamaged cotton plants in wind tunnel was analyzed by using Wilcoxon signed rank test for paired differences. Normality and homoscedasticity of the residuals were checked graphically. All statistical analyses were done using GraphPad Prism v. 5.0a. The level of significance was selected as P < 0.05, 0.01, or 0.001. Microsoft Office Excel 2008 and Adobe Illustrator CS4 was used for calculations and graphical representation of the data.

RESULTS

Calling Pattern and Onset of Calling

Over a four night experimental period, a higher percentage of female moths (96%) showed calling behavior in the presence of undamaged cotton plants compared to females kept with damaged cotton plants (76%) (χ2 = 4.65, df = 1, P < 0.05). Calling patterns per night showed that fewer females called during the first (χ2 = 8.96, df = 1, P < 0.01), second (χ2 = 7.83, df = 1, P < 0.01), third (χ2 = 6.54, df = 1, P < 0.05) and fourth night (χ2 = 5.26, df = 1, P < 0.05) on damaged plants, compared to females on undamaged plants (Figure 2). During four nights of calling, females exhibited a delay in calling during the first (χ2 = 9.86, df = 1, P < 0.01), second (χ2 = 8.73, df = 1, P < 0.01) and third (χ2 = 5.64, df = 1, P < 0.05), and fourth night (χ2 = 4.28, df = 1, P < 0.05) in the presence of damaged cotton plants, whereas the females kept with undamaged cotton plants commenced calling much earlier in the scotophase and the overall delay in calling under damaged conditions was significant (χ2 = 29.46, df = 1, P < 0.001, Figure 3).
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FIGURE 2. The proportion of S. littoralis females exhibiting calling pattern in the presence of either damaged cotton plants (black bars) or undamaged cotton plants (white bars) for four consecutive nights. Standard errors are represented on each bar. Chi square test was used for statistical analysis. Different letters within the bars of each age show significant effect and the level of significance was selected as P < 0.05, or 0.01 or 0.001.
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FIGURE 3. The proportion of S. littoralis females exhibiting onset time of calling in the presence of either damaged cotton plants (black boxes) or undamaged cotton plants (white boxes) for four consecutive nights. Standard errors are represented on each box. Chi square test was used for statistical analysis. Different letters within the bars of each age show significant effect and the level of significance was selected as P < 0.05, or 0.01 or 0.001.



Male Attraction

In wind tunnel experiments, 28 males (87%) were, in this two-choice assay, attracted to the female sex pheromone having background odors from undamaged plants and 4 males (13%) to damaged plants (Wilcoxon signed rank test for paired differences; N = 32, P < 0.001, Figure 4).
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FIGURE 4. Number of males of S. littoralis attracted toward female pheromone gland extracts in the wind tunnel having damaged (black bar) or undamaged (white bar) cotton plants as background plant volatile source in a two-choice assay. Wilcoxon signed rank test for paired differences was used for statistical analysis. Different letters are used to show significant effect (P < 0.05, or 0.01 or 0.001).



Male Activation, Mating Success and Onset, and Spermatophore Weight

During all scotophases, a higher percentage of male moths (80%) showed activation behavior in the presence of undamaged cotton plants compared to males kept with damaged cotton plants (56%) (χ2 = 4.85, df = 1, P < 0.05). A higher percentage of 1- and 2-day-old male moths showed activation in the presence of undamaged cotton plants, compared to damaged cotton plants (1-d-old males: χ2 = 3.92, df = 1, P < 0.05; 2-d-old males: χ2 = 4.90, df = 1, P < 0.05), whereas, no difference in activation was observed for 3- and 4-day old males (3-d-old males: χ2 = 0.48, df = 1, P > 0.05; 4-d-old males: χ2 = 0.54, df = 1, P > 0.05, Figure 5A). In the presence of undamaged cotton plants, overall mating success was significantly higher (64%) than in the presence of damaged cotton plants (40%) (χ2 = 4.95, df = 1, P < 0.05), and for 1- to 3-d-old males (1-d-old males: χ2 = 4.54, df = 1, P < 0.05; 2-d-old males: χ2 = 4.90, df = 1, P < 0.05; 3-d-old males: χ2 = 4.00, df = 1, P < 0.05). In 4-d-old males, the difference in mating on damaged and undamaged plants was not significant (χ2 = 0.98, df = 1, P > 0.05, Figure 5B). Insects mated significantly earlier in the presence of undamaged cotton plants compared to damaged plants (χ2 = 12.85, df = 1, P < 0.05, Figure 5C). This difference was significant for 1- to 3-d old moths (1-d-old females: χ2 = 8.18, df = 1, P < 0.01; 2-d-old females: χ2 = 12.86, df = 1, P < 0.001; 3-d-old females: χ2 = 4.26, df = 1, P < 0.05), but the difference was not significant with 4-d-old females and males. For spermatophore weight no overall difference between the two plant types (χ2 = 0.40, df = 1, P > 0.05) or at any of the ages tested (1-d-old males: χ2 = 0.63, df = 1, P > 0.05; 2-d-old males: χ2 = 0.65, df = 1, P > 0.05; 3-d-old males: χ2 = 0.48, df = 1, P > 0.05; 4-d-old males: χ2 = 0.56, df = 1, P > 0.05) was observed (Figure 6). Similarly, no differences in mating duration were observed on an average of (χ2 = 0.79, df = 1, P > 0.05) or at any of the specific ages tested (1-d-old males: χ2 = 0.53, df = 1, P > 0.05; 2-d-old males: χ2 = 0.75, df = 1, P > 0.05; 3-d-old males: χ2 = 0.58, df = 1, P > 0.05; 4-d-old males: χ2 = 0.67, df = 1, P > 0.05) among the pairs mated in the presence of either damaged or undamaged plants (Figure 7).
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FIGURE 5. Percentage of male activation (A), mating success (B), and mean onset time of mating (C) in S. littoralis in the presence of damaged and undamaged cotton plants. Male and female moths were allowed to mate in the presence of either damaged cotton plants (black bars) or undamaged cotton plants (white bars), over a period of four consecutive nights. Standard errors are represented on each bar. Chi square test was used for statistical analysis. Different letters within the bars of each age show significant effect (P < 0.05, or 0.01 or 0.001).
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FIGURE 6. Mean spermatophore weight in S. littoralis moths when allowed to mate in the presence of damaged (black bars) and undamaged (white bars) cotton plants, separately. Standard errors are represented on each bar. Chi square test was used for statistical analysis. Different letters within bars of each age show significant effect (P < 0.05, or 0.01 or 0.001).
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FIGURE 7. Duration per mating in S. littoralis when allowed to mate in the presence of damaged (black bars) and undamaged (white bars) cotton plants, separately. Standard errors are represented on each bar. Chi square test was used for statistical analysis. Different letters within bars of each age show significant effect (P < 0.05, or 0.01 or 0.001).



DISCUSSION

This study shows that herbivore-induced volatiles from cotton can affect pre-copulatory and mating behavior of Spodoptera littoralis. The induced changes in damaged host plants influenced mating behavior through modulation of female calling behavior, male attraction to females, and male and female behaviors during mating. The impact of herbivore damage on pre-copulatory and mating behavior in this study, parallels the effect of herbivore-damaged plants on oviposition behavior of mated female S. littoralis (Zakir et al., 2013a). In this previous study, we found that herbivore-induced volatiles from cotton plants damaged by conspecific larvae reduced oviposition on the damaged plants, but also provided associational resistance to neighboring undamaged plants. These results collectively show that the induced changes after herbivore attack on cotton affects several different behaviors connected to reproduction both before and after mating in S. littoralis.

The herbivore-damaged changes in cotton plants can be used by both females and males of S. littoralis to evaluate the quality of the plants before and during mating i.e., for males to orientate toward the plant where a female is calling, for females to select a plant where mating occurs as well as for both sexes during mating. In S. littoralis the female normally starts oviposition shortly after mating (personal observation) and it is, thus, important for both males and females that the plant chosen for mating is suitable for the progeny. The induced changes in cotton can have large effects directly on the physiological development of larvae as they have been shown to reduce growth and prolong development of larvae of Spodoptera species (Alborn et al., 1996; Anderson and Alborn, 1999; Bezemer et al., 2003). In addition to food quality, competition for food resources may also be important in connection to induced changes and affect survival and performance of the progeny. In cotton, damage induction can increase larval migration and their exposure to biotic and abiotic threats (Anderson et al., 2011). It can also increase the attraction of competitors of other species toward common host plant for feeding that may reduce the available food resources (Magalhães et al., 2012). Furthermore, the induced changes can also affect larval survival indirectly as they are involved in the attraction of natural enemies (Röse et al., 1998; Paré and Tumlinson, 1999; Gouinguené et al., 2005; Gols et al., 2012). The ability to respond to induced changes in cotton and to avoid already damaged plants could thus, have a large impact on the fitness of both male and female S. littoralis, as larval development and survival is highly affected by these changes.

Phytophagous insects, including moths, have been found to utilize chemical cues from plants to adjust their mating behavior and investment in reproduction (Zuk and Kolluru, 1998; Reddy and Guerrero, 2004; Zhang and Schlyter, 2004). In female moths of S. littoralis, the presence of a host plant, Ricinus communis, enhanced the time and duration of calling, while the presence of the non-host plant Adhatoda vasica has been observed to reduce both the time and duration of calling (Sadek and Anderson, 2007). Field observations also show that suitable host plants stimulate oviposition and enhance reproductive success in S. littoralis (Sadek, 2001) whereas the presence of non-host plants negatively affected the mating success (Sadek and Anderson, 2007). The delay in mating and reduced mating success on non-host plants was suggested to be due to modulation in calling behavior in females, rather than a modified male response. Under damaged conditions, the delay in onset time of female calling can reduce the time available both for mating and female calling in late night periods, potentially resulting in fitness costs associated with less mating success (Andersson and Simmons, 2006; Groot et al., 2010). For example, male moths of Trichoplusia ni showed increased attraction and mating with normal females compared to the females with suppressed pheromone release (Zhu et al., 1997). It has also been shown in other moth species that reduction in mating occurs after modifying female calling behavior (Zhao et al., 2008, 2009). However, in the present study we show that not only female behavior is affected, but also male behavior connected to mating.

We found that male S. littoralis in the wind tunnel are more attracted toward pheromone having an undamaged host plant as a background compared to an herbivore-damaged host plant. In addition, male S. littoralis moths have also been shown to discriminate between females on different host plants and showed a clear preference hierarchy between the host plants (Thöming et al., 2013; Proffit et al., 2015). These results show that the plant odor background is important for male attraction to female sex pheromone in S. littoralis. In other moths, the presence of host plants has been shown to increase sex pheromone production (Landolt et al., 1994; Witzgall et al., 2008). Furthermore, there is ample evidence that the presence of host plant volatiles synergizes the male response to female sex pheromone in moths (Landolt and Phillips, 1997; Tasin et al., 2007; Varela et al., 2011; Schmera and Guerin, 2012). In a wind tunnel study, it has been reported that in male codling moth, Cydia pomonella, the time of attraction toward female pheromone is reduced when host plant odors were presented in the background (Schmera and Guerin, 2012). On the other hand, direct inhibition of male attraction has been found in the context of non-host plant volatile background (Barbosa et al., 2009; Andersson et al., 2011; Jactel et al., 2011; Schiebe et al., 2011; Tasin et al., 2011). The reduced mating on damaged cotton plants would be affected by reduction in male attraction both directly, through the direct interference of damage-induced plant volatile compounds with male moth attraction to pheromone; and indirectly, by modulating the calling behavior of female moths.

However, no difference between undamaged and damaged plants was seen on the last day of the experiment, day 4, for male activation and mating success and onset. In the onset of mating, it is seen that matings occur very fast in both experiemnts. It is possble that with increasing age it is most important for both males and females to find a mating partner and they are less affected by other factors, such as plant quality. In addition, it seems that there is no difference in mating success between the two treaments, and that they both are on the same level as has been seen for damaged plants on earlier days.

The effects on reproductive behavior of both males and females are correlated with the herbivore-induced production of specific plant compounds in cotton both locally; at the site of damage, and systemically; distal to damaged parts (Loughrin et al., 1994; McCall et al., 1994; Bezemer et al., 2004; Röse and Tumlinson, 2005). During the pre-copulatory behaviors, the moths are exposed first to volatile (McCall et al., 1994; Loughrin et al., 1995) and after landing, to non-volatile induced compounds (Alborn et al., 1996; Bezemer et al., 2004). A de novo synthesis and release of volatile compounds specific to herbivore feeding has been demonstrated from damaged cotton, showing that these compounds are good signals from a distance to indicate plant quality (Paré and Tumlinson, 1997). For example, the herbivore-induced volatile compound DMNT [(E)-4,8-dimethyl-1,3,7-nonatriene], has been found to suppress attraction to other attractive volatiles emitted from intact host plants as well as toward sex pheromones (Zakir et al., 2013b; Hatano et al., 2015). We also know that S. littoralis females can detect many herbivore-induced compounds from cotton and that responses to plant odors and sex pheromone interact in neurons in the antennal lobe (Jönsson and Anderson, 1999; Anton et al., 2007).

The presence of damaged cotton plants did not affect mating duration and male investment. The lack of response during mating may indicate that the onset of mating may have affected the sensitivity of the response to plant compounds and female sex pheromone. Mating-induced behavioral switch toward plants at different physiological stages i.e., floral vs. vegetative stage, have been shown in female S. littoralis during selection for feeding and oviposition sites (Saveer et al., 2012). Mating-induced changes in the sensitivity of male moths to sex pheromones has also been reported in other species (Anton et al., 2007; Anderson and Anton, 2014). For instance, in the moth Agrotis ipsilon, where males exhibited reduced sensitivity to the female sex pheromone both at behavioral and central nervous system levels soon after mating and that the neural responses to plant volatiles were different in virgin and mated male moths (Barrozo et al., 2010, 2011; Deisig et al., 2012; Groot et al., 2016). It is also possible that during mating, the behavior follows a specific sequence, and that this could be due to physiological constraints that reduce the plasticity of mating duration and male investment (Bernays, 2001; Kelly and Jennions, 2011). Thus, it seems that plant quality affects decisions before mating, but once mating has started the most important factor is to ensure that the mating is successful.

Both sexes of S. littoralis moths negatively respond to herbivore-damaged volatiles, which indicate reduced plant quality and competition for resources, both during pre- and post-copulatory behaviors. The induced volatiles are important cues used to evaluate intra-specific variation in plant quality and can be important for the fitness of an insect as it affects behavioral decisions during host plant selection in several ways. Further studies are needed to investigate how the herbivore-induced host plant chemicals affect natural selection through their influence on reproductive success (Andersson and Simmons, 2006; Groot et al., 2016).
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