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Abstract



1 Mature larvae of the Oriental fruit moth (OFM) Grapholita molesta (Lepidoptera: Tortricidae) and the Indianmeal moth (IMM) Plodia interpunctella (Lepidoptera: Pyralidae) leave their food source in search of suitable pupation sites in which to spin cocoons. These sites are typically well-concealed cracks and crevices within the environment. Such cocooning behaviour is also observed in larvae of the codling moth (CM) Cydia pomonella (Lepidoptera: Tortricidae), which aggregate prior to pupation in response to a pheromone blend produced by cocoon-spinning conspecific larvae. 2 In laboratory experiments, we tested whether cocoon-spinning OFM and IMM larvae produce aggregation pheromones and whether CM larvae are crossattracted to closely-related OFM larvae. 3 Fifth-instar OFM and IMM larvae were not attracted to, or arrested by, cocoonspinning conspecifics. Moreover, fifth-instar CM larvae were not cross-attracted to either cocoon-spinning OFM or IMM larvae. 4 Analyses of volatiles released from cocoon-spinning OFM and IMM larvae revealed that both OFM and IMM lack components that are present in the aggregation pheromone of CM larvae. This information may help explain why CM larvae are not cross-attracted to cocooning OFM or IMM larvae. Keywords Codling moth, Cydia pomonella, Grapholita molesta, Indianmeal moth, larval aggregation, Oriental fruit moth, pheromone, Plodia interpunctella.



Introduction Pheromonal communication among larvae of holometabolous insects has been investigated in just a few species. For example, larvae of the coniferophagous great spruce bark beetle Dendroctonus micans produce an aggregation pheromone and feed in groups rather than in individual tunnels, resulting in an increased growth rate (Deneubourg et al., 1990; Storer et al., 1997). Similarly, phloem-feeding larvae of the greater peachtree borer moth Synanthedon exitiosa produce a twocomponent pheromone [( Z )-9-octadecenyl acetate, ( Z , Z )9,12-octadecadienyl acetate] that attracts conspecific larvae in laboratory bioassays (Derksen, 2006). However, the fitness benefits to individuals that use this pheromone are not known. Finally, cocoon-spinning larvae of the codling moth (CM) Cydia pomonella (Lepidoptera: Tortricidae) produce an eightcomponent aggregation pheromone that disseminates from Correspondence: Gerhard Gries. Tel: +1 778 782 4392; fax: +1 778 782 3496; e-mail: [email protected] © 2009 The Authors Journal compilation © 2009 The Royal Entomological Society



fresh cocoons and attracts conspecific larvae seeking pupation sites (Duthie et al., 2003; Jumean et al., 2004, 2005a, b, 2007, 2008). The fitness benefits larvae accrue by responding to the pheromone are still unknown but may include efficient location of suitable pupation sites, reduced risk of parasitism and expedient mating of eclosing adults (Duthie et al., 2003). In our insectary, we observed that > 30 larvae of the Indianmeal moth (IMM) Plodia interpunctella (Lepidoptera: Pyralidae) had crawled through a narrow 2 × 2 cm opening and cocooned side-by-side on a roll of Velcro™ tape. This behaviour was reminiscent of aggregating CM larvae, and suggested that IMM larvae may also produce an aggregation pheromone. We predicted the same type of behaviour for larvae of the Oriental fruit moth (OFM) Grapholita molesta (Busck) (Lepidoptera: Tortricidae), which is a close relative of CM and inhabits a similar ecological niche. OFM and IMM are cosmopolitan pest species (Rothschild & Vickers, 1991; Mohandass et al., 2007). OFM larvae attack shoots and fruits of many temperate fruit trees, including peach, apricot, nectarine and apple (Rothschild & Vickers, 1991).
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Mature OFM larvae exit the host plant and spin cocoons in bark crevices or in the duff below host trees. Pheromonal communication among OFM larvae has not yet been demonstrated but kairomonal attraction of larvae to twig and fruit semiochemicals has previously been shown (Bouzouane et al., 1987). IMM larvae feed mainly on stored food products but also on rice and grains in agricultural fields (Vick et al., 1987; Anderson & Löfqvist, 1996). Mature fifth-instar larvae exit their food source and, in this wandering stage, seek pupation sites in crevices within their habitat (Williams, 1964; Z. J., personal observation). Pre-wandering fifth-instar larvae repel each other by semiochemicals derived from droplets of mandibular gland excretions (Mossadegh, 1980), providing evidence for pheromonal communication among pre-wandering larvae. Wandering-stage larvae have the same semiochemicals at a different ratio ( Howard & Baker, 2004 ) but the response to them has not yet been investigated. Based on the taxonomic relationship between CM and OFM (Komai, 1999) and laboratory observations of aggregated IMM pupae, we tested the hypotheses that: (i) cocoon-spinning larvae of OFM and IMM produce an aggregation pheromone attractive to conspecifics and (ii) CM larvae are cross-attracted to volatiles from cocoon-spinning larvae of closely related OFM but not to those from distantly related IMM larvae.



Materials and methods Experimental insects Specimens of OFM were collected in New Jersey, U.S.A., and kept in laboratory culture at the University of Alberta, Edmonton, Alberta, Canada, until transfer to the Global Forest Quarantine Facility at Simon Fraser University (SFU), Burnaby, British Columbia, Canada. Insects were maintained at 22 °C under an LD 16 : 8 h photoperiod. Wax paper sheets bearing OFM eggs were washed with a 0.001% bleach solution, rinsed with distilled water and placed in 4-L plastic rearing vessels with mesh lids containing a lima bean-based larval diet. This diet differed from that of Shorey and Hale (1965) in that Vanderzant Vitamin Mixture for Insects (5% by volume) (Sigma-Aldrich, Inc., St Louis, Missouri) was added, formaldehyde was omitted, and carrageenan – Type I (3.5%) (Sigma-Aldrich, Inc.) was substituted for agar. Three strips (height 7 cm, diameter 5 cm) of coiled single-faced cardboard serving as pupation sites were placed in each container before larvae exited the diet. Cardboard rolls with pupae were then placed in a rearing cage (24 × 24× 36 cm) with a wax paper front serving as an oviposition substrate. Emergent adult moths were provided with a 10% sucrose solution and distilled water ad libitum, and were free to mate and oviposit. Specimens of IMM were collected in Vancouver, Canada, and kept in laboratory culture in SFU’s insectary. Insects were reared at 27 °C under an LD 17 : 7 h photoperiod. Mixed groups of 10–25 males and 10–25 females were placed into 4-L glass rearing vessels containing diet covered with mesh lids and were free to mate and oviposit. Larvae were reared on a diet consisting of whole wheat flower (27.5% by volume), corn meal (27.5%), Purina One™ dog food (Nestlé Purina PetCare, St. Louis, Missouri, U.S.A.) (14%), brewers yeast (7%)



(Sigma-Aldrich, Inc.), rolled oats (7%), liquid honey (7%), glycerol (7%) (96% chemically pure; Caledon Laboratories Ltd, Canada) and wheat germ (3%). Fifth-instar larvae were transferred to Petri dishes (height 2.5 cm, diameter 9 cm) containing three cardboard strips (each 3 cm2) as pupation substrate. Emergent adult moths were placed into new rearing vessels. Fourth-instar CM larvae were shipped from the rearing facility of the Okanagan-Kootenay Sterile Insect Release Program (Osoyoos, British Columbia, Canada) and were reared as previously described (Jumean et al., 2008). Test stimuli and experimental design A bioassay stimulus for experiments 1–4 and 7–8 (Table 1) was generated by removing 5–7 fifth-instar OFM (experiments 1, 3 and 7) or IMM (experiments 2, 4 and 8) larvae from diet and allowing them to cocoon on a corrugated cardboard strip (2.5 cm2) for 2–3 days. Treatment and empty control strips (Table 1) were randomly assigned to one of two 4-mL vials in still-air two-choice olfactometers (Pierce et al., 1981; Duthie et al., 2003). The olfactometer consists of a Petri dish (diameter 14 cm) with two holes (diameter 1.5 cm) in the bottom spaced 6.7 cm apart. Each hole is connected to a 4-mL vial fitted with a perforated microcentrifuge tube. The presence or absence of this tube in each vial prevented or allowed physical contact between bioassay insects and test stimuli. For each replicate, one fifth-instar OFM (experiments 1 and 3), IMM (experiments 2 and 4) or CM (experiments 7 and 8) was placed in the centre of the olfactometer, and its pupation site was recorded after 24 h (experiments 1 – 4, 7 and 8) and 48 h (experiments 1 and 2) (Table 1). In experiments 5 and 6, ten fifth-instar OFM larvae (experiment 5) or IMM larvae (experiment 6) were placed in the centre of each of ten plastic Petri dishes (diameter 9 cm) (Table 1). After 4 days, cocooning larvae were recorded as solitary or in aggregates. An aggregate was defined as ³ 2 cocoons contacting each other. All experiments were conducted at 22–25 °C in complete darkness. Experiments 1–4 (Table 1) tested the hypotheses that pupation site seeking fifth-instar OFM or IMM larvae respond to airborne pheromone (experiments 1 and 2) or contact pheromone (experiments 3 and 4) emanating from, or associated with, cocoon-spinning conspecific larvae. Experiments 5 and 6 (Table 1) tested the hypothesis that fifth-instar OFM (experiment 5) and IMM (experiment 6) spin cocoons in aggregates rather than in solitude. Finally, experiments 7 and 8 tested the hypothesis that pupation site seeking fifth-instar CM larvae are crossattracted to volatiles produced by cocoon-spinning OFM larvae (experiment 7) but not those of IMM larvae (experiment 8). Collection and analysis of volatiles Three-hundred OFM or IMM larvae in each of three replicates were placed in a custom-made Pyrex® glass aeration chamber (15.5 × 20 cm) (Science Technical Center, Simon Fraser University, Canada) and charcoal-filtered air was drawn at 1.5 L/ min through the chamber and a glass column (length 14 cm, inner diameter 1.3 cm) containing Porapak Q (50–80 mesh; Waters Associates, Inc., Milford, Massachusetts). After 72 h, volatiles were eluted from the Porapak Q trap with 3 mL of pentane. © 2009 The Authors
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Pupation site-seeking fifth-instar OFM larvae respond to airborne pheromone from cocoon-spinning fifthinstar OFM larvae Pupation site-seeking fifth-instar IMM larvae respond to airborne pheromone from cocoonspinning fifth-instar IMM larvae Pupation site-seeking fifth-instar OFM larvae respond to contact cues from cocoonspinning fifth-instar OFM larvae Pupation site-seeking fifth-instar IMM larvae respond to contact cues from cocoonspinning fifth-instar IMM larvae Fifth-instar OFM larvae cocoon in aggregates rather than in solitude Fifth-instar IMM larvae cocoon in aggregates rather than in solitude Pupation site-seeking fifth-instar CM larvae are cross-attracted to cocoon-spinning fifthinstar OFM larvae Pupation site-seeking fifth-instar CM larvae are cross-attracted to cocoon-spinning fifth-instar IMM larvae
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Corrugated cardboard (2.5 cm2) with five IMM larvae cocooning for 2–3 days



Corrugated cardboard (2.5 cm2) with five OFM larvae cocooning for 2–3 days



NA



NA



Corrugated cardboard (2.5 cm2) with five IMM larvae cocooning for 2–3 days



Corrugated cardboard (2.5 cm2) with five OFM larvae cocooning for 2–3 days



Corrugated cardboard (2.5 cm2) with five IMM larvae cocooning for 2–3 days



Corrugated cardboard (2.5 cm2) with five OFM larvae cocooning for 2–3 days



Treatment



a



OFM, Oriental fruit moth; IMM, Indianmeal moth; CM, codling moth. n = number of replicates with responding insects. b NR = number of nonresponding insects. c Olfactometer as described by Duthie et al. (2003).
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Prediction



Experiment



Test stimuli



33



39



One fifth-instar OFM larva per replicate



One fifth-instar IMM larva per replicate



Corrugated cardboard (2.5 cm2)



35



45



One fifth-instar CM larva per replicate



One fifth-instar CM larva per replicate



Corrugated cardboard (2.5 cm2)



Corrugated cardboard (2.5 cm2)



12



Ten fifth-instar IMM larvae per replicate



NA



NA



Corrugated cardboard (2.5 cm2)



12



34



One fifth-instar IMM larva per replicate



Corrugated cardboard (2.5 cm2)



Ten fifth-instar OFM larvae per replicate



56



One fifth-instar OFM larva per replicate



Corrugated cardboard (2.5 cm2)



na



Bioassay insects



Control



Table 1 Predictions, test stimuli, bioassay insects and type of olfactometer deployed in experiments 1–8



18



10



NA



NA



41



4



54



14



NRb



Pitfall two choicec; physical contact with test stimuli prevented



Pitfall two choicec; physical contact with test stimuli prevented



Petri dish (9 cm diam)



Petri dish (9 cm diam)



Pitfall two choicec; physical contact with test stimuli allowed



Pitfall two choicec; physical contact with test stimuli allowed



Pitfall two choicec; physical contact with test stimuli prevented



Pitfall two choicec; physical contact with test stimuli prevented



Olfactometer type
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Extracts were concentrated under a nitrogen stream so that 1 L was equivalent to approximately 11 cocoon-spinning larval hour equivalents (11 CSLHE = volatiles released from 11 cocoon-spinning larvae during 1 h). Extracts were analysed by coupled gas chromatography-mass spectrometry (GC-MS) in full-scan electron impact mode using a Varian Saturn 2000 Ion Trap GC-MS fitted with a DB-5 column (length 30 m, inner diameter 0.25 mm; J&W Scientific, Folsom, California). The composition of volatile blends emitted by OFM and IMM larvae was compared to that emitted by CM larvae, as reported by Jumean et al. (2004, 2005a) and to a control aeration.



Statistical analysis The number of larvae responding to stimuli in bioassay experiments 1–4, 7 and 8, and aggregation behaviour of larvae in experiments 5 and 6, were analysed with the chi-square goodness-of-fit test, using Yates correction for continuity (Zar, 1999).



Results Fifth-instar pupation site-seeking OFM larvae were not attracted to, or arrested by, volatiles emanating from cocoon-



spinning conspecific larvae (experiment 1 at 24 h: 2 = 0.25, d.f. = 1, P = 0.62; at 48 h:  2 = 2.16, d.f. = 1, P = 0.14) ( Fig. 1 ). Fifth-instar pupation site-seeking IMM larvae cocooned more often in control vials than in treatment vials containing cocoon-spinning conspecific larvae (experiment 2 at 24 h:  2 = 9.33, d.f. = 1, P < 0.01; at 48 h:  2 = 10.24, d.f. = 1, P < 0.01) (Fig. 1). When cocooning conspecifics were accessible (experiments 3 and 4), OFM and IMM larvae did not cocoon more often in treatment than in control vials (experiment 3: 2 = 0.12, d.f. = 1, P = 0.73; exp 4: 2 = 2.56, d.f. = 1, P = 0.11) (Fig. 2). Moreover, OFM and IMM larvae confined in Petri dishes (experiments 5 and 6) did not cocoon in aggregates with conspecifics (experiment 5:  2 = 20.76; d. f. = 1; P < 0.001; experiment 6:  2 = 36.41; d.f. = 1; P < 0.001) (Fig. 3). Fifth-instar CM larvae were not cross-attracted to cocoonspinning OFM larvae (experiment 7:  2 = 0.46; d.f. = 1; P = 0.50) or IMM larvae (experiment 8: 2 = 1.17; d.f. = 1; P = 0.28) (Fig. 4). Analyses of volatiles from cocoon-spinning OFM larvae revealed that two essential components [3carene, ( E )-2-octenal] of the CM larval aggregation pheromone were absent in each of the three replicates. Similarly, analyses of volatiles from cocoon-spinning IMM larvae revealed that one essential component (octanal or 3-carene) was absent in each of the three replicates (Table 2).



Figure 1 Response of individual fifth-instar Oriental fruit moth (OFM) (experiment 1) and Indianmeal moth (IMM) (experiment 2) in two-choice olfactometers ( Duthie et al. , 2003) to cocooning conspecifics, disallowing contact with them. Numbers of larvae responding to test stimuli are given within bars. An asterisk (*) indicates a significant response to a test stimulus;  2 goodnessof-fit test with Yates correction for continuity, P < 0.01. © 2009 The Authors Journal compilation © 2009 The Royal Entomological Society, Agricultural and Forest Entomology, 11, 205–212
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Figure 2 Response of individual fifthinstar Oriental fruit moth (OFM) (experiment 3) and Indianmeal moth (IMM) (experiment 4) in two-choice olfactometers ( Duthie et al. , 2003 ) to cocooning conspecifics, allowing contact with them. Numbers of larvae responding to test stimuli are given within bars. There was no significant response to a test stimulus;  2 goodness-of-fit test with Yates correction for continuity.



Discussion The data obtained in the present study do not support the hypothesis that OFM or IMM fifth-instar larvae are attracted to, or arrested by, cocoon-spinning conspecific larvae. Both OFM and IMM larvae were not attracted or arrested by cocoonspinning conspecifics ( Figs 1 and 2 , experiments 1 – 4). Expectedly then, OFM and IMM larvae cocooned in solitude



rather than in aggregates when they were confined with conspecific larvae (Fig. 3, experiments 5 and 6). The lack of pheromone-based aggregation behaviour among OFM and IMM larvae is in contrast to the production of and response to aggregation pheromone by CM larvae ( Duthie et al. , 2003; Jumean et al. , 2004 , 2005a), a phenomenon hypothesized to facilitate the earliest possible



Figure 3 Number of fifth-instar Oriental fruit moth (OFM) (experiment 5) or Indianmeal moth (IMM) (experiment 6) cocooning singly or in aggregates of ³ 2 individuals in Petri dishes (diameter 9 cm), containing ten larvae per replicate. Total numbers of individuals cocooning singly or in aggregates are given within bars. An asterisk (*) indicates a significant preference for a specific cocooning behaviour;  2 goodness-of-fit test with Yates correction for continuity, P < 0.001. © 2009 The Authors Journal compilation © 2009 The Royal Entomological Society, Agricultural and Forest Entomology, 11, 205–212
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Figure 4 Response of individual fifthinstar codling moth (CM) in two-choice olfactometers ( Duthie et al. , 2003 ) to cocoon-spinning larvae of Oriental fruit moth (OFM) (experiment 7) or Indianmeal moth (IMM) (experiment 8), disallowing contact with them. Numbers of larvae responding to test stimuli are given within bars. There was no significant response to a test stimulus; 2 goodness-of-fit test with Yates correction for continuity.



mating between eclosed male and female CM ( Duthie et al. , 2003 ) and thus to minimize adverse fitness consequences associated with delayed mating ( Knight, 1997; Vickers, 1997 ). Although delayed mating has similar adverse fitness consequences for OFM and IMM as it has for CM ( Fraser & Trimble, 2001; Huang & Subramanyam, 2003), it appears that the concept of an early-mating strategy, which might explain CM larval aggregation, is not applicable to OFM and IMM because they do not exhibit larval aggregations. There are several explanations for the results obtained in the present study. First, competitive pre-wandering stage IMM larvae may not be able to change strategy ( Anderson & Löfqvist, 1996) as they proceed to the cocoon-spinning stage. IMM larvae develop within, and compete for, the same resource, sometimes even cannibalizing each other (Bjørnstad et al., 1998). Throughout their larval development, they produce a



spacing pheromone that helps regulate colonization densities in the resource (Mossadegh, 1980; Howard & Baker, 2004). IMM larvae may lack the physiological mechanisms to cease production of the spacing pheromone, and/or to produce and respond to aggregation pheromone in their final larval instar prior to pupation. The change in the ratio of semiochemicals in mandibular glands as pre-wandering stage larvae proceed to the wandering stage (Howard & Baker, 2004) apparently does not trigger a change in behavioural response. Second, assuming that aggregations of cocoon-spinning larvae represent a trade-off between costs (e.g. increased risk of predation and parasitism) and benefits (e.g. early mate acquisition), then the costs may outweigh the benefits for IMM larvae. IMM larvae in food sources treated with conspecific silk experience greater rates of parasitism by the parasitoid Nemeritis canescens than larvae residing in silk-free food sources (Mudd & Corbet, 1973; Mossadegh, 1980). This may also be applicable to



Table 2 Presence (+) or absence (–) of aggregation pheromone components of larval codling moth in headspace volatiles of cocoonspinning larvae of Oriental fruit moth (OFM), Indianmeal moth (IMM) and a control aeration Aggregation pheromone components of larval codling moth



OFM 1 OFM 2 OFM 3 IMM 1 IMM 2 IMM 3 Control



Sulcatone



Octanal



3-Carene



(E)-2-Octenal



Nonanal



(E)-2-Nonenal



Decanal



Geranylacetone



+ + + + + + –



+ + + – + + –



– – – + – – –



– – – + + + –



+ + + + + + +



– + – + + + –



+ + + + + + +



– + + + + + –



Three separate samples of headspace volatiles each from OFM and IMM were analysed by coupled gas chromatography-mass spectrometry. The minimum detectable amount in mass spectrometry equals approximately 50 pg; trace amounts of nonanal and decanal in control aerations were lower than in insect aerations. © 2009 The Authors Journal compilation © 2009 The Royal Entomological Society, Agricultural and Forest Entomology, 11, 205–212



Absence of larval aggregation pheromone in OFM and IMM 211 OFM but few parasitoids are known to attack OFM late-instar larvae or prepupae, and attraction of parasitoids has yet to be linked to cocoon-spinning behaviour. Aggregations of CM larvae attract the parasitoid Mastrus ridibundus that exploit the aggregation pheromone as a host location kairomone (Jumean et al., 2005b) but members of this aggregation may not necessarily be subject to a greater risk of parasitism. By contrast, CM larvae in large aggregations experience a lower overall rate of parasitism than larvae in small aggregations due to inverse density-dependent dilution effects and structural refugia created by aggregated larvae pupating side-by-side and on top of one another (Z.J., unpublished data). The lack of cross-attraction of CM larvae to cocoon-spinning OFM or IMM larvae (Fig. 4, experiments 7 and 8) suggests that OFM and IMM larvae do not produce any or all of the components of the CM larval aggregation pheromone (Jumean et al., 2004). Although there was much overlap in headspace volatiles of cocoon-spinning CM, OFM and IMM larvae (Table 2), one or two components [3-carene and (E)-2-octenal] of the CM larval aggregation pheromone were consistently absent in volatile blends of OFM or IMM larvae. CM larvae did not respond to such blends because 3-carene and (E)-2-octenal are essential components of the CM pheromone, as shown in experiments that determined the composition of the CM larval aggregation pheromone (Jumean et al. 2005a). In conclusion, life-history traits and/or observations of cocooning behaviour of OFM and IMM prompted us to hypothesize that cocoon-spinning larvae of both species produce and respond to aggregation pheromone. Our experimental data, however, do not support this hypothesis. Pheromonemediated larval aggregations in holometabolous insects remain a rare biological phenomenon.
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