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Chapter 10

PHEROMONES

Thomas W. Phillips, Paul M. Cogan, and Henry Y. Fadamiro

1.0 BACKGROUND AND HISTORY

Pheromones are chemical signals used between members of the same species (Karlson and Lüscher 1959, Nordlund 1981).  Many of the known insect pheromones operate as long-range attractants by luring one or more adult individual to the pheromone-producing individual.  “Sex pheromones” are released by members of one sex to attract members of the opposite sex for the sole purpose of mating.  “Aggregation pheromones” are typically released by one sex and attract a mixed sex group of conspecific individuals to locations where mating occurs and were females find oviposition sites on appropriate larval food substrates.  Thus pheromones operate in special biological contexts and they are very species-specific.  Pheromones differ from other less specific insect attractants, such as odors from food or host plants, which may be general attractants for numerous species.  Research on insect pheromones has flourished in the last 30 years because of advances in the collection, isolation and chemical identification of very small quantities of pheromones produced by living insects (Millar and Haynes 1998).  At this time attractant pheromones have been identified and synthesized for most major stored-product pests.  Although synthetic pheromones can be used to lure large numbers of certain pest species into traps where they die, and methods have been researched for manipulating and suppressing populations with pheromones, pheromones are not typically used for controlling pest populations directly at the present time.  Rather, synthetic pheromones are used routinely in traps as detection and monitoring tools in pest management programs.  Additionally, traps baited with non-pheromone food attractants, and unbaited traps that passively capture insects, are used for monitoring pest populations in stored-product habitats.  This chapter will cover the use of pheromones and related trapping and luring technologies as IPM tools, and it will also explore the potential for developing pheromone-based methods of pest population suppression.


The first stored-product insect pheromone was chemically identified in 1966 from the black carpet beetle, Attagenus unicolor (=megatoma) (Silverstein et al. 1967), and since that time pheromones have been identified from over 40 species of storage insects (Plarre and Vanderwel 1999).  Biology, chemistry and utility of stored-product insect pheromones have been explored in depth in numerous review articles since the field developed (e.g., Burkholder 1970, Levinson and Levinson 1979, Burkholder and Ma 1985, Pinniger and Chambers 1987, Burkholder 1990, Chambers 1990, Phillips 1994, Phillips 1997, Plarre 1998, Plarre and Vanderwel 1999).  Table 1 is a list of species of stored product insects for which pheromones 

Table 1.  Species of stored-product insects for which pheromones have been chemically identified, and availability of formulated lures.



Scientific Name
Common Name
Availability1


Order Coleoptera


Beetles

Family Anobiidae
deathwatch beetles



Lasioderma serricorne
cigarette beetle
yes



Stegobium paniceum
drugstore beetle
yes


Family Bostricidae
grain borers



Prostephanus truncatus
larger grain borer
yes



Rhyzopertha dominica
lesser grain borer
yes


Family Bruchidae
seed or bean weevils



Acanthoscelides obtectus
dry bean weevil
no



Callosobruchus analis

no



Callosobruchus chinensis
azuki bean weevil
no



Callosobruchus maculatus  cowpea weevil
no


Family Cucujidae (and Silvanidae)  flat grain beetles



Ahasverus advena
foreign grain beetle
no



Cathartus quadricollis
squarenecked grain beetle
no



Cryptolestes ferrugineus
rusty grain beetle
no



Cryptolestes pusillus
flat grain beetle
no



Cryptolestes turcicus
flour mill beetle
no



Oryzaephilus mercator
merchant grain beetle
no



Oryzaephilus surinamensis
sawtoothed grain beetle
no


Family Curculionidae
true weevils



Sitophilus granarius
granary weevil
no



Sitophilus oryzae
rice weevil
yes



Sitophilus zeamais
maize weevil
yes


Family Dermestidae
carpet and warehouse beetles



Anthrenus flavipes
furniture carpet beetle
yes



Anthrenus sarnicus
Guernsey carpet beetle
yes



Anthrenus verbasci
varied carpet beetle
yes



Attagenus bruneus

no



Attagenus unicolor
black carpet beetle
yes



Dermestes maculatus
hide beetle
no



Trogoderma glabrum

yes



Trogoderma granarium
khapra beetle
yes



Trogoderma variabile
warehouse beetle
yes

Table 1.  Continued



Scientific Name
Common Name
Availability1



Family Tenebrionidae
flour beetles and meal worms



Tenebrio molitar
yellow meal worm
no



Tribolium castaneum
red flour beetle
yes



Tribolim confusum
confused flour beetle
yes

Order Lepidoptera
moths


Family Gelechiidae



Sitotroga ceralella
Angoumois grain moth
yes


Family Pyralidae
stored-product moths



Cadra cautella
almond moth
yes



Ephestia elutella
tobacco moth
yes



Corcyra cephalonica
rice moth
no



Ephestia figuliella
raisin moth
yes



Ephestia kuehniella
Mediterranean flour moth  
yes



Galleria mellonella
greater wax moth
no



Plodia interpunctella
Indianmeal moth
yes


Family Tineidae
clothes moths



Tineola bisselliella
webbing clothes moths
yes



Tinea pellionella
case-making clothes moth
no

1 “Yes” indicates that formulated lures are available from one or more manufacturers listed in Table 2.



have been identified, and it indicates those for which synthetic pheromones and/or formulated pheromone lures are available commercially for IPM purposes.  Information for the species with identified pheromones listed in Table 1 was derived from the recent reviews of Plarre (1998) and Plarre and Vanderwel (1999).  Evidence for pheromones and pheromone-related phenomena have been studied in other species of stored-product pests not listed in Table 1, but chemical identifications of these pheromones have not been completed.  A listing of some companies that produce pheromone lures and other stored-product pest monitoring supplies is given in Table 2.  Although a thorough review of pheromone biology and chemistry is outside the scope of this article, a few main themes are covered below.

Pheromone systems vary widely among stored-product insect pests.  Sex pheromones produced by females are common in the stored-product pyralid and gelichiid moths and in several species of beetles in the families Anobiidae, Bruchidae and Dermestidae.  In these cases only males respond to the sex pheromones, and the adults of these species are typically short-lived (days to weeks) relative to other stored-product insects (Burkholder and Ma 1985).  Beetles in the families Bostrichidae, Cucujidae, Curculionidae, Silvanidae and Tenebrionidae use aggregation pheromones that are produced by males, and adults of these species are typically long-lived (weeks to months) relative to the other insects that use sex 

Table 2.  Commercial suppliers of formulated lures and related monitoring devices for stored-product insects.


AgriSense-BCS Ltd, Treforest Industrial Estate, Pontypridd, Mid Glamorgan, CF37 5SU, United Kingdom

Consep, Inc., 213 S.W. Columbia St., Bend, Oregon  97702, U.S.A.

Cooper Mill Ltd., R.R. 3 Madoc, Ontario K0K 2K0, Canada

Insects Limited Inc., 16950 Westfield Park Road, Westfield, Indiana  46074, U.S.A.

Russell Fine Chemicals, Unit 68, Third Ave., Deeside Industrial Park East, Deeside, Flintshire  CH5 2LA  United Kingdom

Scenturion Inc., P. O. Box 585, Clinton, Washinton  98236, U.S.A.

Trécé Inc., P.O. Box 6278, 1143 Madison Lane, Salinas, California  93912, U.S.A.

pheromones.  Aggregation pheromone systems are highly tied to food resources, as many studies indicate that feeding is required by males to produce pheromone and optimum response by females and males is achieved when the aggregation pheromone is released together with food odors (Phillips 1997).  Despite use of the above grouping of species into those with either aggregation or sex pheromones for purposes of discussion, a variety of chemical signaling occurs in some species that reveals both types of pheromones are used.  Thus there is growing evidence that moths, which are well known for female-produced sex pheromones, also utilize male-produced attractants (Landolt 1997), and many beetles with male-produced aggregation pheromones clearly utilize female-produced sex attractants in certain contexts (Plarre 1998).

The chemical structures, biosynthesis and ecological contexts of compounds used as pheromones by stored-product insects are as diverse as the insect taxa in this grouping (Plarre 1998, Plarre and Vandewel 1999).  In general pheromone compounds are low molecular weight (approximate molecular weights of  100-200 atomic mass units), volatile, usually oxygenated, organic compounds with straight-chain, branched, or ring structure, with or without double bonds.  A key feature is that a very small amount of pheromone, estimated to be as little as a few molecules contacting the antennae, can elicit a behavioral response in a conspecific receiver.  This high level of sensitivity at low concentration relies on the chemical integrity of the natural pheromones produced by the sender and the specificity of the olfactory receptor on the receiving insect’s antennae.  High levels of specificity in the chemical signals used by insects can be achieved with multiple compounds and/or multiple isomers of the same compounds produced by sending insects, and sometimes require combined release with odors from food substrates to elicit response (Phillips 1997, Plarre and Vanderwel 1999).  These multiple components need to be released in the proper ratios and at the proper time of the day or season for signal transmission to be optimized.  Thus the challenge for pheromone manufacturers is to produce lures that release structurally correct synthetic pheromones at the proper concentration and component ratio over a long enough time period, and at sufficient levels, to elicit the desired effect on the target species.

Pheromones have been identified from approximately 20 species of astigmatid mites, many of which are associated with stored-products (Kuwahara 1991).  The majority of the identified compounds are alarm pheromones that serve to disperse mites when they are disturbed or otherwise threatened.  Although sex and aggregation pheromones have been identified from a few species of mites, none have been used in any commercial pest management application, so they will not be discussed further here.  However, a mite monitoring device (the CSL Mite Monitor; B. Thind, personal communication), which incorporates food components into an agar gel, has been successfully employed in UK and European food premises to detect and locate mite infestations.

1.1  Monitoring pests with attractants

Tools have been developed for monitoring insects in bulk commodities and in facilities that produce and store value-added food products.  Traps baited with synthetic pheromones are used predominately in processed food settings and less in bulk commodity storage.  Below we summarize the use of monitoring tools with and without pheromones for use in different settings.

Pheromone lures and traps

Monitoring and detection are the most common uses of pheromones in managing stored-product insect pests in food plants and warehouses.  Numerous traps and lures have been developed for use in monitoring programs (Fig. 1).  Lures are designed to release pheromones at a constant or near-constant rate over time, usually for several weeks or months, and they should protect the pheromone molecules from degradation.  Thus slow-release of pheromone is achieved by incorporating the compound into a rubber or plastic matrix from which it is slowly released, or by the pheromone passing from a reservoir through a semi-permeable membrane at a desired rate (Fig. 1A).  Release rate is dependent on chemical properties of the compound, physical and chemical properties of the lure matrix and environmental conditions such as temperature.  The release rate curve (the change in release rate over time) is rarely linear, however, and typically there is an initial “burst” of pheromone release when the lure is new, followed by a more stable release rate before the lure decreases its release substantially.  Release rate should be optimized for best performance of a lure.  If pheromone release is too low then a lure may be ineffective simply because a threshold for insect response is not met.  Some insects display increased response to increasing pheromone release levels, such as with pyralid moths that increase response up to a given level with no indication of repellency (Vick et al. 1981).  However, high release rates can be 

Fig. 1 here

Figure 1. Examples of pheromone lures and traps for monitoring stored-product insects: A, lures; B, a diamond-shaped sticky trap; C and D, traps for walking beetles; E, a pitfall trap that has a cup filled with oil and a dome cover (removed to show trap); F, a bucket trap for flying insects; G, a multiple funnel trap for flying insects.

repellent to some insects, such as Tribolium flour beetles (Hussain et al. 1994a), so the release rate of a lure during the trapping period important concern.

Effective pest monitoring with pheromones requires using the proper trap coupled with an effective lure that are deployed in the best manner known.  The most common trap design for flying insects employs plastic or wax-coated paper covered with insect-trapping glue on one ore more surfaces (Fig. 1B).  Such sticky traps usually require the insect to orient to a lure placed on or near the sticky trapping surface within a part of the trap protected from dust and debris.  A variety of sticky trap designs have been used almost exclusively for monitoring storage moths, but anobiid, bostrichid and dermestid beetles, which can orient in flight to point sources of sex pheromone, can also be monitored with sticky traps.  One drawback to sticky traps is that they may become ineffective and need frequent servicing if their sticky surface becomes saturated with trapped insects or dust, and they have a relatively short service life due to their paper construction.  Non sticky bucket and funnel traps (Fig. 1F and 1G) can be used for flying insects and are considered both non-saturating, due to their large collection reservoirs, and re-usable due to durable plastic construction.  Certain stored-product pests, such as adult beetles of Tenebrionidae and Cucujidae and larvae of Dermestidae, will approach an attractant source by walking and are thus best monitored with traps placed flat on surfaces (Fig. 1C, 1D and 1E).  Consideration of insect behavior has been very important in the design of traps for storage pests (Barak et al. 1990) and continues to be an area of ongoing research (e.g. Mullen 1992, Mullen et al. 1998).

Moths in the sub-family Phycitinae of the family Pyralidae are among the most common storage pests monitored with pheromone traps (see below).  Female P. interpunctella produce Z-9, E-12-tetradecandienyl acetate, referred to commonly as “ZETA”, as a component of their sex pheromone blend (Brady et al. 1971, Kuwahara et al. 1971).  ZETA is also a pheromone component for at least four additional species of phycitine moths and will elicit attraction in these (Phelan 1992). Traps using synthetic ZETA as a lure have been widely used to monitor male Phycitinae moths for survey and detection (Chambers 1990, Vick et al. 1981).  However, these phycitines are not fully cross-attractive in a natural context (Phelan and Baker 1986) and synthetic ZETA alone will not always elicit optimal responses for all five species.  Traps baited with ZETA only are suitable for monitoring P. interpunctella, but for trapping the almond moth, Cadra cautella, some manufacturers are supplying lures with ZETA and the synergistic component, Z-9-tretradecenyl acetate (Brady 1973).  Although ZETA will elicit substantial trap catches of P. interpunctella, the compound does not represent the complete pheromone blend and additional compounds would be necessary in applications requiring a full behavioral response (Phillips 1994, Zhu et al. 1999).

Beetle pests that are commonly monitored with pheromone traps in the food industry include Tribolium flour beetles, dermestids in the genus Trogoderma, the cigarette beetle, Lasioderma serricorne, and various cucujids.  Several species of Trogoderma respond to a common sex pheromone component, Z-14-methyl-8-hexedecenal.  Responses by male Trogoderma species and male L. serricorne to traps with synthetic pheromone are obvious when beetle populations are present in a facility.  Sensitive and immediate detection of these species with sex pheromones is in contrast to the apparently lower responses of Tribolium castaneum and T. confusum to synthetic aggregation pheromone (Doud 1999).  T. castaneum adults clearly respond to their male-produced pheromone in the laboratory (Hussain et al. 1994b), but beetles in food plants may not respond readily to synthetic aggregation pheromone if they have already located food and mates.  Although lures containing synthetic aggregation pheromones for cucujids such as Oryzaephilus surinamensis, the sawtoothed grain beetle, are not available commercially, some of these species respond well to traps baited with food attractants (see below).

Moth and beetle traps are used to detect the presence of pests by season and location within a facility, to monitor apparent changes in the size of pest populations over time, and to target focal points of infestations or entry (Burkholder 1990).  Some trapping research has pursued the use of trap data to estimate pest population size (Wileyto et al. 1994), but pheromone traps are not yet used routinely to estimate moth population size or to indicate specific action thresholds for pest management.  Users of pheromone traps for stored product pests are more knowledgeable of insect biology than typical pest control operators, and they customize the use of traps to their specific situation.  Thus, although specific action thresholds are not established, an individual user will be familiar enough with his or her facility that increases in insect catch above some personal “comfort level” will cause the manager to consider a pest management decision.  An interesting and apparently effective application of pheromone traps for storage moths is in computer-assisted spatial analysis to locate and precisely target local infestations in a building (Brenner et al. 1998).

Food baits and attractants

A relatively simple method to detect the presence of stored-product insects when pheromone lures or conventional traps are not available is the use of bait bags (Fig. 2A).  Strong (1970) developed a hardware-cloth pouch for containing a grain-feed mixture that he deployed in various habitats throughout California to survey the presence of Trogoderma granarium and other storage pests.  The idea behind this and similar “bait bags” is to attract or arrest storage insects on the food, which the insects can easily access through the wide mesh of the bag, and then periodically sift or inspect the food to identify and count insects (reviewed by Pinniger 1990).  Although bait bags require considerable effort to service and evaluate relative to pheromone traps, they can give a good initial assessment of multiple species of storage pests present in a given region or within a facility.  Bait bags can be valuable research tools if other sampling devices are not available (e.g., Throne and Cline 1989).  The species detected by bait bags will be limited by those present in an area, those that could be potentially attracted to the food in the bag, and could be influenced by volatiles produced by the early-arriving individuals.  If bait bags are not serviced and the food not changed regularly they can easily contribute to filth and infestation in a facility due to their eventual harborage of infestation.  Bait bags would likely not be recommended for use in food processing or packaged food warehouse facilities due to the risk of contamination.

Specific foods or volatile compounds derived from food have been researched and used as lures in more conventional insect traps.  Various studies have shown that cracked grain, cracked carob (bean pods of Ceratonia siliqua), grain extracts or vegetable oils will attract storage insects and can enhance capture in traps (e.g., Barak 1989, Barak and Burkholder 1985, Pinniger and Chambers 1987, Cogan and Wakefield 1987, Mikolajczak et al. 1984, Nara et al.  1981).  Some manufacturers currently supply grain oil mixtures that can be applied to pitfall traps as attractants for beetles.  In some species these grain odors supplied by the oils act as synergists for synthetic pheromone (Walgenbach et al. 1987, Phillips et al. 1993).  Despite extensive chemical analyses that have been performed on grain and food volatiles relative to insect attraction research, to date there are no formulated lures that provide slow release of food odors for use with traps.

Fig. 2 here

Figure 2.  Examples of monitoring devices for grain insects: A, a food bait bag; B, an early metal version of a grain probe trap; C, D and E, plastic versions of grain probe traps; F, the pitfall-cone trap; G, a research version of the Electronic Grain Probe Insect Counter (EGPIC).  (Ruler is 30 cm long.)

Grain probe traps

Traps are available for monitoring grain beetle populations that require no pheromone or other attractant.  These traps, such as grain probe traps or pitfall-cone traps, are placed at or below the surface of grain masses and capture beetles that are simply walking through the grain (Barak et al. 1990).  Early work by Loschiavo and Atkinson (1967) resulted in a metal probe trap (Fig. 2 B), which was followed by various plastic designs (Fig. 2 C-E).  The plastic traps cost less to manufacture than metal traps and their use eliminates concerns about metal contamination in grain products (Burkholder 1988).  The principal behind probe trap operation is that insects moving through grain walk into the holes of the probe shaft, drop through the void inside the probe and are directed by a funnel into a collection tip.  Cogan et al. (1990) developed the pitfall-cone trap that can be placed at or below the grain surface and operates in a similar fashion to the other probe traps.  Insects that encounter holes on the top surface of the pitfall-cone trap simply fall into the cone.  Escape from probe and pitfall cone traps is usually deterred by the wall angle or the constricted opening of the collection vessel, and can be eliminated by coating the inside surface of the collection container with slippery Fluon or Teflon.  Grain probe and pitfall traps are highly sensitive at detecting the presence of insects (primarily beetles) in grain masses at densities so low that they would be difficult to detect by conventional grain sampling methods (e.g. Hagstrum et al. 1990, 1998).  The most recent advancement to grain probe trap technology is a probe trap modified to electronically count insects and send counts back to a computer (Fig. 2 F; Shuman and Coffelt 1994, Shuman et al. 1996 Litzkow et al. 1997).  Capture or counting of grain insects in probe or pitfall traps is highly dependent on insect behavior in addition to density in grain.  Thus each species may be caught at different rates, even if present at the same densities, due to behavioral differences in how they move through grain and pass through trap holes.  Temperature will affect trap catch in probes because insect movement is directly related to temperature.  Probe trap count data are problematic for estimating insect populations in grain, yet probe traps remain the most sensitive tools available for detecting insect activity.

There is a paucity of information about responses of certain grain insects to pheromones, and there is some evidence that suggests pheromones should not be combined, or may not be needed, with monitoring devices in grain.  Although species such as storage moths, cucujid and silvanid beetles, and flour beetles occur in raw, stored grain as well as in food processing facilities, other pest insects are more prevalent or more serious in stored grain, such as bostrichid grain borers and Sitophilus grain weevils.  Pheromones for Sitophilus weevils have been known for several years (reviewed in Plarre 1998), but to our knowledge there has not been adequate documentation of the activity of these weevil pheromones in large grain masses or in other natural contexts (but see Hodges et al. 1998).  One published field trial of synthetic pheromone for the cucujid Cryptolestes ferrugineus failed to demonstrate a significant effect of pheromone in traps (Loschiavo et al.  1986), although laboratory bioassays routinely showed a pheromone-directed response.  Conversely, Cogan and Wakefield (unpublished) used pitfall-cone traps and the aggregation pheromone of the silvanid Oryzaephilus surinamensis in bulk grain and found a 12-fold increase in beetles captured at baited traps compared to unbaited traps.  Similar results with O. surinamensis were obtained in Australia by J. Wright (unpublished).  Fargo et al. (1994) studied two different grain probe trap designs that were either baited or unbaited with aggregation pheromones of certain species in the laboratory.  They found no effect of pheromone on responses by Tribolium castaneum or Sitophilus oryzae, but there was evidence suggesting that pheromone may enhance capture of Rhyzopertha dominica in probe traps.  Wild R. dominica respond in flight in large numbers to pheromone-baited traps placed outdoors (e.g., Leos-Martinez et al.  1987).  Prostephanus truncatus, a bostrichid with a male-produced aggregation pheromone similar to that of R. dominica, also responds well to pheromone outdoors (Hodges et al.  1984b).  It may be possible that male produced aggregation pheromones play little or no behavioral role for insects that have already entered a grain mass.  Additionally, one may increase the risk of infestation from flying beetles if synthetic aggregation pheromones are deployed with traps in grain and then attract insects into the grain.

1.2   Suppressing pest populations with pheromones

The idea of trapping all the insects in a population and causing a population crash or protecting a crop was executed in various agricultural systems once the first synthetic sex pheromones were available (Lanier 1990).  For aggregation pheromones that attract females, mass-trapping may have significant impact on a population if substantial females are removed.  For sex pheromones that attract only males a critical number of males must be removed to ensure that an effective number of females go unmated.  Since an Indian meal moth male can mate up to 10 females in his lifetime (Brower 1975), then over 90% of males need to be removed by trapping before an effect on female reproduction is realized.  Several studies report successful population suppression of storage moths following deployment of a high density of traps (e.g., Levinson and Levinson 1979, Suss and Trematerra 1986, Trematerra and Batiani 1987, Trematerra 1988, 1990), but typically no evaluation of the success of the treatment is conducted except for continued monitoring with pheromone traps.  Pierce (1994) performed mass-trapping of Indian meal moths in a food warehouse with densities of about 1 trap per 210 m3 and reported a 96% season-long decrease of trapped moths and no moth infestations in food packages, though other insects were present.  More recently Pierce (1999) reported on long-term mass-trapping of cigarette beetle, Lasioderma serricorne, with its sex pheromone in a commercial bakery over a nine-year period and inferred population suppression from reduced trap catch in later years of the study.  Field studies such as these are difficult to perform and validate because of the lack of proper controls, the inability to deploy adequate replication, and without a means to assess the insect population independent of trapping males.  However, since these studies were so successful at removing large numbers of target pests from an area in a short time period they point to the true potential for pheromone-based suppression of these insects.

Mating disruption is a method for population suppression whereby the atmosphere of the pest’s environment is permeated with a high level of synthetic pheromones, males are unable to locate and mate with females due to the elevated pheromone levels.  Unmated females do not reproduce and the population declines the next generation (Jones 1998).  Nearly all mating disruption research and application has been with moths.  Atmospheric permeation is usually achieved by some broadcast distribution of many pheromone releasers throughout the environment that maintain stable and relatively high levels of release for an extended period of time.  The physiological and behavioral mechanisms by which males fail to locate and mate females in mating disruption trials have been elaborated and elegantly investigated (Cardé and Minks 1995).  These mechanisms probably involve one or a combination of several phenomena such as: 1) an elevation of response thresholds in males due to habituation or adaptation of olfactory receptors so that naturally low levels of pheromones are not perceived and acted upon, 2) false trail-following by males to artificial pheromone sources, or 3) masking of the natural female pheromone plume within the larger, overwhelming and unfocused mating disruption “cloud”.  As with any male-elimination method (e.g., Lanier 1990) a very large majority of males must ultimately fail to mate females because, given that most male moths can multiply mate, a low proportion of unaffected males could successfully mate females and maintain the population.  Breakthroughs in understanding orientation to natural pheromone sources shed light on how mating disruption works (e.g., Mafra-Neto and Cardé 1994) and ultimately will lead to better control methods.

Early work with mating disruption of storage moths showed great promise.  Brady and Daly (1975) conducted early laboratory studies of mating disruption in Cadra cautella.  Sower et al. (1975) showed that mating could be reduced by 90-95% in low density (1.0-0.1 pairs per m2 of wall surface) Indian meal moth in small rooms and boxes using ZETA at 50-200 ug per night.  Densities close to 10 mating pairs per m2 were much less affected by the treatment.  Sower and Witmer (1977) significantly reduced mating and population growth of both Indian meal moth and almond moth in warehouse rooms containing 80 kg ea of shelled peanuts using just ZETA at a bout 1.0 mg per day release.  Hodges et al. (1984a) studied mating disruption of almond moth in 1 gal. jars using ZETA, the corresponding alcohol, ZETOH and Z-9-tetradecenyl-acetate singly and in combinations, and found that ZETA alone resulted in the lowest level of matings and the smallest number of resulting larvae in oviposition stations.  The same authors examined the effects of 4 application rates of ZETA only on mating disruption of two densities of almond moths in small cocoa warehouse rooms.  They found that an application of 5.0 mg/m3 from polyethylene vials (determined to have an air concentration of about 4.7 ug.m3) elicited a 99% reduction in F1 population in infestations originated with 0.1 moth/m2, and a 91% reduction in infestations begun with 0.3 moths/m2.  Similar successful results were obtained by the same research group (Prevett et al. 1989) using low cost polyethylene vials with ZETA only, which performed better than thick-walled specially formulated micro-capsules.  Although all the studies above were conducted in rooms or containers that were much smaller in volume than a typical commercial food storage facility, they showed that the single major component, ZETA, and not an approximation of the natural blend, could disrupt mating with a consequent major effect on the F1 generation in both Indian meal moth and almond moth.

Lure-and-kill is a modification of mass trapping in which the moth lured by a synthetic pheromone is not caught on the trap, but is subjected to a killing or sterilizing agent that effectively eliminates it from the population.  This technique has been variously described as “attractacide”, “attract and kill,” “male annihilation,” or “attraction-annihilation” (Lanier, 1990; Jones, 1998).  A good example of a successful lure-and-kill method is with fruit flies such as the oriental fruit fly, Bactrocera dorsalis, in which a lethal insecticide is mixed with the strong male attractant methyl eugenol.  Male B. dorsalis readily feed on methyl eugenol once they encounter it.  Male flies are active and responding to the lure-and-kill formulation during the day, and hence many males are dead by the time females are active and calling for mates during a brief time period at dusk.  The lure-and-kill method is considered useful by some researchers because, unlike mating disruption, males are actually killed rather than “confused”, and unlike trapping, traps do not have to be deployed and serviced, and many more “killing stations” can be set up or broadcast.  Thus the lure-and-kill method is finding applications in moth pests of various crops and such beetles as the cotton boll weevil and the corn root worm (Jones 1998).

Examples of using lure-and-kill on stored product insects have been reported.  Pierce (1994) employed several combinations of pheromone-based trapping techniques with pyrethrin fogging to suppress the incidence of storage moths and cigarette beetles in warehouses and bakeries.  The level of pheromone trapping in each facility was slowly increased from about 1 trap /1410 m3 to mass trapping level of about 1 trap/240 m3.  Pierce (1994) achieved a lure-and-kill system by deploying several types of battery-operated time-mist foggers adjacent to pheromone traps along the heavily infested areas.  The average weekly moth captures decreased 96% in two years.  Trematerra (1994) used plastic laminar dispensers baited with 2 mg of ZETA and 5 mg of cypermethrin and claimed that the combined action of pheromone and insecticide achieved 90% reduction and infestation stabilized to an acceptable level, although evidence for these claims were not presented.  A variation on lure-and-kill that utilizes insect pathogens rather than chemical insecticide has received some research.  Shapas et al. (1977) showed that a single treatment of an experimental population of the dermestid beetle Trogoderma glabrum with spores of the protozoan pathogen Mattesia trogodermae via a pheromone-baited spore transfer device caused substantial reduction of subsequent generation compared to untreated control populations.  Thus the lure-and-kill method not only exposed pheromone-responding males to a lethal pathogen, but facilitated spread of the disease within the populations via contamination of conspecifics by the responding males.  A similar type of amplified pathogen spread into a population was also demonstrated with pheromone-responding males of Plodia interpunctella and its specific granulosis virus (Vail et al. 1993).  Clearly the potential for various effective applications of lure-and-kill technology could be utilized in stored product pest management.

2.0 PRESENT USAGE

The predominant use of stored-product insect pheromones remains as tools for monitoring and detection, although research continues on methods to apply pheromones for control purposes.  Below we document the level of pheromone use in IPM programs and highlight some recent research developments.

Use of pheromone-baited traps by the food industry has increased greatly in the last decade and use patterns may have shifted slightly.  Mueller et al. (1990) reported that the most commonly sold pheromone trap and lure combination during 1987-1988 was for the cigarette beetle, which accounted for 48% of all sales from one pheromone-supplying company.  During the same period that same company had 20.2 % of its sales for Indian meal moth, 14.3% for warehouse and khapra beetles and 5.3% for red and confused flour beetles.  Since these sales figures were derived from just one company it is possible that the data of Mueller et al. (1990) did not reflect overall food and tobacco industry use of pheromone traps.

A recent survey conducted by the USDA in cooperation with the American Institute of Baking assessed the level of adoption and usage of pheromone traps by various components of the food industry (Mullen 2000).  Approximately 3000 questionnaires were mailed out and over 400 responses were received.  Of the respondents, 38.6% were food processors, 27.2% were managing warehouses, 19.3% were food packaging facilities, 12.6% were engaged in bulk storage and only 2.3% were retail food outlets.  Of the food processors, 30.2% produced baked goods, 21.4% produced ingredients for processing, 13.5% were flour millers, 12.7% were candy producers and 6.3% were pet food producers.  Over 80% of respondents said they used pheromone traps, and of these the species they were trapping for were as follows: Indian meal moth (44.5%), confused and red flour beetles (21.0%), sawtoothed grain beetle (4.6%) warehouse beetle (9.7%), cigarette beetle (5.0%), and “other insects” (39.5%).  Over 90% of respondents felt that traps provided useful information and that this information improved their pest control.  An informal telephone survey of companies listed in Table 2 revealed that most major pest control service companies in North America, Europe and the U.K. purchase stored-product insect pheromone traps and other monitoring devices that are ultimately used for food processing and handling customers as part of their comprehensive pest control services.  Thus purchase of stored product pest monitors by the pest control industry and use of pheromones and traps directly by food and food-related companies suggests that these tools have experienced widespread adoption in stored-product IPM.

Pest control with pheromones

We are unaware of any commercial use of pheromones to control populations of stored-product pests.  Work on lure-and-kill methods has not progressed beyond that discussed above.  However, three recent studies on mating disruption in storage moths have brought this method closer to utilization.  Mafra-Neto and Baker (1996b) recently achieved mating disruption in small storage rooms with almond moth using the presumed natural blend of ZETA and Z9-14-acetate, at a 10:1 ratio.  These authors used a novel delivery system for the pheromone called MSTRS (pronounced “misters”), the metered semiochemical timed release system.  MSTRS are battery-operated machines that dispense a precisely metered dose of pheromone from a secure bulk reservoir at operator-determined time intervals.  In this study the MSTRS sprayed 52 mg of material (solution) every 15 min. onto a vertically oriented circular acrylic pad form which the pheromone evaporated.  The authors used 3 x 3 x 3 m rooms for their studies and evaluated mating disruption by the proportion of mated females as measured by dissection of spermatophores.  Higher doses of pheromone, 50 ug vs 5 ug, were found more effective at reducing mating, but either one or two MSTRS devices per room were equally effective.

McLaughlin and Coffelt (2000) conducted a mating disruption trial with Indian meal moth in a commercial-size warehouse.  These authors released virgin males and females into two metal warehouse buildings, each one measuring 52m by 44 m and with volumes of 15,000 m3.  The buildings did not contain food and hence had no endemic moth population, but their shear size allowed for a good test of mating disruption in an operationally realistic space.  Pheromone was applied as a slow release plastic formulation known as the “rope” from Shin-Etsu, Ltd., Japan.  The ropes were originally made for use against the beet armyworm, Spodoptera exigua, and contained a 7:3 mixture of ZETA (the active material for Indian meal moth) and (Z)-9-tetradecen-1-ol, a compound presumed inactive for Plodia.  A total of 70 mg of pheromones was contained in each of 350 ropes that were distributed uniformly throughout one of the buildings.  Ropes were renewed once after 9 weeks and then not again for the remaining 20 weeks of the study.  Populations were established every two weeks at either low density, 1 mating pair per 1000 m3, or high density, 1 mating pair per 300 m3.  F1 populations resulting from low-density releases were suppressed 94% on average compared to the untreated warehouse, and progeny from the high density releases were suppressed 83.1% on average.  Thus mating disruption can work for Indian meal moth in a commercial-size warehouse.  Also noteworthy in this case is that the complete pheromone blend was not used and a pheromone from another species was deployed with no obvious negative effect.

The third study (Fadamiro and Baker 2000) investigated the efficacy of pheromone mating disruption in a corn store naturally infested by Indian meal moth and Angoumois grain moth, Sitotroga cerealella. At the start of the experiments, population densities in this store averaged 7/m2 for Indian meal moth and 25/m2 for Angoumois grain moth. The authors released partial, imperfect pheromone blends from the MSTRS dispensers described above at the rate of about 3 devices for each species. For Indian meal moth, a two-component blend (ZETA+ZETOH in the ratio of 5:1) was used. Dilutions were made so that each MSTRS device emitted ~0.6 µg ZETA per minute. For Angoumois grain moth, the authors used the only commercially-available formulation of Z7,E11-16:Ac, gossyplure (a 50:50 mixture of Z7,E11-16:Ac and Z7,Z11-16:Ac designed for use with the pink bollworm moths, Pectinophora gossypiella). Emission rate of Z7,E11-16:Ac from this formulation was ~0.2 µg/min. Because the authors could not locate another corn store with similar conditions for replication, time replication was done by conducting three trials at different times in the store. In each trial, disruption was assessed by comparing data collected before and during pheromone treatment.  Three parameters were used to evaluate disruption: male capture in pheromone traps, visual examination of mating and incidence and frequency of mating as measured by spermatophores.  All three measures indicated significant suppression of mating for both species. The reduction in the proportion of mated females during pheromone treatment averaged ~35% and 30% for Indian meal moth and Angoumois grain moth, respectively. In addition, significant reductions in the mean number of matings, as measured by spermatophores, were recorded for both species. The reduction in matings translated to significant reductions in the population densities of both species in the warehouse at the end of the study. Additional tests conducted by the same authors in small boxes also recorded significant disruption of both species. That significant disruption was achieved in this study through the use of imperfect blends is particularly encouraging considering the high population densities of both pests in the warehouse, and possibly underscores the potential of pheromone mating disruption as a control tactic against storage moth pests. In at least three other non-stored product insect examples the inventors of MSTRS demonstrated that disruption could be achieved with a minimum of MSTRS devices, but that geometry of deployment and weather conditions are important factors affecting success (Baker et al. 1997; Fadamiro et al., 1998b, 1999). MSTRS or similar devices should be ideal for stored-product moths since weather is not an issue and prevailing air currents or fixed plume-obstructors in warehouses (e.g., walls, machines, shelves, etc.) can be determined and considered when deploying release devices.
Monitoring infestations of Prostephanus truncatus


The larger grain borer, Prostephanus truncatus, has emerged in the last two decades as one of the most important pests of stored maize and cassava in the tropics (Hodges, 1986). Since its introduction from meso-America into East Africa in the 1970s (Hodges et al., 1983), it has continued to spread despite spirited attempts to control or curtail it. The identification of an aggregation pheromone for larger grain borer (Cork et al., 1991) has greatly assisted in monitoring and detection of infestations: beetle populations which previously were difficult to detect by visual inspection unless if present in large numbers are now monitored by pheromone-baited traps.


The aggregation pheromone used for monitoring larger grain borer is male-produced, and is known to consist of two components together known as “Trunc-call.” The major and minor components were identified as 1-methylethyl(E)-2-methyl-2-heptenoate (‘Trun-call’ 1 or T1) and 1-methylethyl(E,E)-2,4-dimethyl-2,4-heptadienoate (‘Trun-call’ 2 or T2), respectively (Cork et al., 1991; Dendy et al., 1991). Following pheromone identification was a host of laboratory and field studies to assess effectiveness of different lures and traps (Dendy et al., 1989a; b;1991; Tigar et al., 1993), as well as to study factors influencing trap captures (Nang’ayo et al., 1993; Tigar et al., 1993; Scholz et al., 1997a). Several trap types, both sticky and non-sticky designs, were tested against larger grain borer (Dendy et al., 1989a; Farrell and Key, 1992). The above studies provided the baseline information necessary for the development of a monitoring system for the pest. However, more recent studies have addressed important biological questions timing of pheromone production and flight, behaviors involved in the pheromone response and evolution issues linking mating behavior and pheromone biology (e.g., Boughton and Fadamiro 1996, Fadamiro and Wyatt 1995, 1996; Fadamiro et al. 1998a, 1997; Smith et al. 1996, Scholz et al. 1997b, Birkinshaw and Smith 2000, Hodges et al. 2000).  We are thus beginning to better understand the nature of the attraction process, resulting in greater confidence in the interpretation of trap catch data for pest management decisions. 


Studies have also been conducted to determine the potency and role of the individual pheromone components, T1 and T2 in the attraction process (Leos-Martinez et al., 1995: Fadamiro et al., 1996b): Conducted in different parts of the world and with different techniques and tools, the above two studies concluded that the minor component, T2 is more attractive, capturing significantly more beetles than T1. Using a two-choice bioassay, Fadamiro et al. (1996b) further showed that the beetles preferred the complete blend (T1+T2), or T2 alone over T1. The results of both studies, which suggest that T2 is probably the long-range attractant is a step forward in the development of improved monitoring techniques for larger grain borer. 


Recently, attempts have been made to study the potential attraction of larger grain borer to maize volatiles, with the hope to possibly optimize existing monitoring systems or develop new food-based trapping techniques for monitoring the species. The premise was some earlier studies of host-selection that suggested possible attraction to food sources over short distances (Hodges, 1994). Following the initial GC-EAG studies that recorded response by beetles to volatiles from maize and cassava (Pike et al., 1994), wind tunnel studies (Fadamiro et al., 1998a) were performed to test response of larger grain borer to different blends of the maize volatiles that had been identified by Pike et al. (1994). The results of this wind tunnel study suggest no upwind response by adult larger grain borer to maize grains or synthetic maize volatiles in whatever combinations. Furthermore, the addition of maize volatiles to the pheromone did not enhance attraction (Fadamiro et al., 1998a). These negative wind tunnel results were later confirmed in the field (Hodges et al., 1998). The authors reported that the addition of synthetic maize volatiles to flight or crevice traps containing the pheromone did not result in an increase in trap catch of larger grain borer. These results would seem in contrast to those obtained for certain other stored product beetles in which attraction to food sources have been reported (e.g. Rhizopertha dominica (Dowdy et al., 1993), Oryzaephilus spp. (Pierce et al., 1990) and Carpophilus spp (Lin and Phelan, 1991), and may suggest that plant volatiles are not used in nature by larger grain borer for host location. In the absence of new attractant chemistries, the two-component aggregation pheromone continues to play a key role in monitoring the spread of larger grain borer in areas where it is endemic. A recommended procedure for monitoring the species using pheromone-baited flight traps has been described by Hodges and Pike (1995).
Probe traps and electronic counting in bulk grain

Probe traps are among of the most sensitive methods to detect insect pests in bulk-stored grain.  However, probe traps have not been widely adopted by the grain industry and remain primarily in the realm of researchers.  Key factors that are likely responsible for the disinterest in probe traps by the grain industry are the need for periodic servicing of the traps in the grain and the lack of knowledge on how to interpret trap-catch data.  Most commercial grain managers are reluctant or forbidden to enter bulk storage structures and have workers walk on the surface of grain due to safety concerns regarding entrapment in grain, dust exposure, low oxygen exposure and other issues surrounding work in confined spaces.  Proper use of grain probe traps would require workers to physically place the traps in the grain mass, return to the traps at weekly to monthly intervals to retrieve the trap contents and replace traps, record the location of the trap and the date checked, and count all insects caught.  Probe trap data must then be tabulated or plotted so that the manager can detect trends in insect numbers that may warrant a pest management decision.  So far we have not observed willingness by bulk grain managers to commit additional labor and time to these efforts need for probe trap use.

An alternative to traditional probe traps was recently developed that may eliminate the need for extra labor and time commitment to data analysis.  The electronic grain probe insect counter (EGPIC) utilizes a tubular probe trap body and an electronic counting device to count insects that fall through the trap (Shuman et al. 1996, Litzkow et al. 1997).  The EGPIC unit possesses a sensor head with an infra-red emitting diode and an infra-red receiving photo-transducer at the bottom of the trap in place of a collection tip (Fig. 2G).  When an insect falls through the probe trap body and passes through the infrared beam in the sensor head, the partial masking of the light beam is detected as a  change in voltage and is recorded as a count by the personal computer to which the sensor is connected through an electronic interface.  Counted insects pass completely through EGPIC and are not retained, hence no emptying of the device is required.  Each of the multiple probes in an EGPIC system implementation is individually addressable so counts can be uniquely identified by sensor location, and count data are recorded together with the date and time of each event.  Commercial development of EGPIC is underway at this writing and the manufacturer envisions coupling EGPIC units together with temperature sensing cables that are permanently fixed in grain storage structures.  Thus both insect count data and grain temperature data can be collected, recorded and plotted over time by a single computer system located in the grain manager’s office.  As with traditional probe traps, methods do not exist for exactly relating count data from EGPIC to actual insect density throughout the grain mass.  EGPIC also lacks the ability to identify species of insects counted, though potential exists for classifying counts into different insect size groups according to the amount of the light beam interrupted.  Despite these limitations EGPIC has the distinct advantages of remote sensing of insect activity without need for confined space entry, automatic recording of time-stamped data by location, and coupling of insect count data with other remotely collected information such as grain temperature.  Information from an electronic counting system should provide bulk grain managers with very useful data on which to base pest management decisions.

Costs of using pheromones and traps

The costs of pheromone lures, traps and similar monitoring devices were not considered high or unreasonable by food industry respondents to the survey by Mullen (2000).  An informal telephone survey of manufacturers of pheromone lures and traps in the U.S. found that, when traps and lures are purchased in bulk, the unit cost of a trap and lure kit could range from approximately US$2.00 up to $6.00 depending on the target species.  Plastic probe traps for monitoring insects in grain bulks can cost between $5.00 to $12.00 each.  The more substantial cost associated with using pheromones is not with the monitoring devices themselves, but with the cost of labor to deploy and service the traps, and also with the efforts required to interpret and act on data from traps.  Food companies that already have one or more full time employees committed to pest control will likely consider pest monitoring with pheromone traps as a necessary expenditure.

3.0  RESEARCH NEEDS

Innovative and effective alternatives to chemical insecticides are needed for stored-product pest management.  The current use of stored-product insect pheromones as monitoring tools does not represent a direct alternative to chemical control, but clearly is an important component in decision-making and threshold-based IPM that strives for reduced pesticide use.  Nevertheless, the potential to suppress stored-product pest populations with pheromone-based methods such as mating disruption and lure-and-kill indicates that these and other methods could be applied in practice.

Basic research on pest behavior, pheromone chemistry and trap and lure design will certainly improve current methods for pest monitoring in stored products.  Improved sensitivity for pest detection at low population levels can be achieved by pheromone blends that more closely match the naturally produced pheromones of the target insects.  Pheromones are being used now that actually or possibly do not represent the naturally produced pheromones.  These include lures for the Indian meal moth and other storage moths, which mostly utilize incomplete blends, the cigarette beetle, for which synthetic material varies in chemical and isomeric purity among manufacturers, and Tribolium flour beetles, which may be lacking additional compounds and for which the natural enantiomeric blend of the currently used pheromone (4,8-dimethyldecanal) has not been confirmed.  Careful re-investigation using new bioassay and identification methods, such as the coupled use of gas chromatography with electroantennographic detection of GC effluent (the so-called GC-EAD), can lead to more complete pheromone identification.  Such was the case recently in work by Zhu et al. (1999), who used GC-EAD, behavioral bioassay and field testing to describe a 4-component pheromone blend for the Indian meal moth.  Some pheromone systems that were described 10-20 years ago have not been commercially developed either because a perceived small market did not justify the cost of generating a product, or because information was lacking in biology and/or chemistry that prevented development.  Pheromones for Oryzaephilus and Cryptolestes species were described in the early 1980s (reviewed in Oehlschlager 1988), but have not been commercialized due in part to the challenges faced by large scale syntheses of these molecules.  A low cost synthesis of these pheromones was eventually devised by Boden et al. (1993), but commercial lures have not been developed.  Although research could be extended on pheromone identification and field activity for species such as bruchid bean weevils, Sitophilus grain weevils, and various dermestid beetles, pheromones for these species may not be commercialized if there is a perceived lack of a significant market.  However, markets for pheromone products, as with many new technologies, may not exist or be fully realized before the product is available (Jones 1998a).  Improved synthetic pheromones will ultimately lead to better potential for behavioral manipulation and suppression (see below) and more refined monitoring techniques.

The male elimination methods of mass trapping, mating disruption and lure-and-kill that have been researched with storage moths need to be rigorously evaluated in commercial settings and developed into useable technologies.  The potential for success of these methods has been demonstrated and is bolstered by the fact that the closed system of most stored-product facilities (i.e., buildings) have the advantage of presumably low immigration rates that are difficult to achieve in outdoor agricultural applications of similar methods.  All three methods could be put into commercial practice if effective, but we envision mass-trapping to be the least desirable because of the expense of deploying and servicing large numbers of traps effectively.  Technology for mating disruption is fairly advanced due to the use of devices such as MSTRS and high-load slow-release media such as “ropes”.  Lure-and-kill technology has had only limited development in agriculture, such as with tephritid fruit flies and lepidopterous fruit tree pests (Jones 1998b) and thus will require some new research in stored-products.  Lure-and-kill formulations such as the gel mixed with sex pheromone and a low dose of a pyrethroid insecticide, marketed as Sirene and Last-Call (e.g., Suckling and Brockerhoff 1999), could find application in stored-products.  Suppression methods utilizing pheromones will require government approval in most countries because pest mitigation is the proposed end-point, in contrast to use of monitoring devices which typically do not require registration.  However, we do not expect government registration of pheromone-based controls to be overly expensive or problematic due to the toxicologically benign nature of the low doses of pheromones released. Additionally, the targeted nature of the technology, and if pesticides are used in a lure-and-kill method, the extremely low residues resulting from these products, should facilitate registration under the status of bio-rational or low-risk programs.

It is critical that the effects of a male elimination method such as mating disruption or lure-and-kill be scientifically evaluated using one or more population assessment methods other than trapping with the same sex pheromone used in the treatment.  Thus at least two additional types of assessments can be made: determination of female mating rates and measuring the size of the larval population after treatment (Cardé and Minks 1995).  Female mating can be determined following a treatment by dissecting females to look for the presence of male spermatophores.  Females resting on walls or elsewhere in the facility can be collected for dissection, or “sentinel” females can be deployed around a facility and dissected after treatment (Fadamiro and Baker 2000, McLaughlin and Coffelt 2000).  Sentinel females are typically confined in open boxes attached to lightweight tethers, or their wings are clipped and they are prevented from leaving the box by application of dust or other slippery material to the box surfaces.  Drawbacks inherent in both female mating assessment methods are that mating behavior of sentinel females may be impacted by the confinement method, and collection of resting females may fail to adequately sample the female population.  Assessment of larval populations could be done by sampling the stored food product for levels of infestation or by deploying food stations (cups containing an appropriate oviposition substrate for the target pest) around the facility and determining the level of infestation in these following treatment.  Of course, all of these population assessments should be conducted in both treated and untreated (experimental control) facilities to determine the level of treatment effect.

Mating disruption or other male elimination methods should be researched with stored-product beetles that utilize female-produced sex pheromones.  Nearly half of the beetles listed in Table 1 utilize female produced sex pheromones and are fairly short lived like moths, but we know of very few studies dealing with pheromone-based suppression of these.  Great potential for success was clearly demonstrated for lure-and-kill of Trogoderma glabrum in the experiments on auto-dissemination of a pathogen via pheromone bait stations (Shapas et al.(1977).  Burkholder (1973) achieved about a 63% reduction in mating by the black carpet beetle in a series of laboratory experiments that utilized insects released in metal containers treated with about 500 female-equivalents of synthetic sex pheromone.  The inferred suppression of serious economic pests such as the cigarette beetle using mass-trapping (Pierce 1994, 1999) points to the need for more rigorous study of pheromone based suppression methods for stored-product beetles.

New approaches

Researchers in applied chemical ecology of stored-product insects may benefit from considering semiochemical-based suppression methods that have been pursued in other pest systems.  These methods include mating disruption using pheromones of non-target species, development of female moths attractants for new approaches to lure-and-kill, disruption of aggregation pheromone systems, barrier trapping to keep pests away from storage structures, combinations of attractants and repellents to keep pests away from commodity but draw them into a killing device, and the use of an attractive “trap-commodity” to draw pests away from materials being protected.

Potential exists to manipulate moth behavior with semiochemicals other than the female-produced sex pheromone.  Research so far indicates that a synthetic mimic of the complete pheromone blend is not always needed to achieve mating disruption, as described above for Indian meal moth and Angoumois grain moth (Fadamiro and Baker 2000).  It is also possible to use pheromones of other moth species, or even non-pheromonal antagonists, that will block the activity of the natural pheromone of the target species.  Vick et al. (1979) showed that ZETA, the primary pheromone of the Indian meal moth, significantly inhibited flight of male Angoumois grain moths to its pheromone, and Sower et al (1974) showed inhibition of almond moth by ZETOH from Indian meal moth.  Mating disruption of two species of fruit tree moth pests was demonstrated using a mixture of pheromone components from each species, and has been shown in other agricultural moths  (e.g., Evenden et al. 1999).  Female moth behavior can be affected by pheromones and other semiochemicals.  Despite the fact that an overwhelming number of moth species studied utilize female-produced sex pheromones, there is an increasing body of literature on male-produced moth attractants for females (reviewed in Landolt 1997).  Males of pyralid storage moths produce aphrodisiac pheromones from specialized glands, and these compounds are critical for courtship behavior (Phelan 1992).  Additionally, there is evidence for semiochemicals from food and conspecific larvae that direct orientation of female storage moths to oviposition sites (Corbet 1973, Phillips and Strand 1994), but these compounds have not been chemically characterized.  Identity of female moth attractants would provide opportunities to mass-trap, lure-and-kill, or otherwise manipulate female moth behavior for pest control.

Methods to disrupt the aggregation behavior of stored-product beetles could be learned from research with the bark and ambrosia beetles, family Scolytidae, from which the majority of known aggregation pheromones have been described (e.g. Borden 1985).  Groups of bark beetles colonize trees that are either healthy (highly resistant) or dying (more susceptible), depending on the beetle species, and this colonization is usually facilitated by beetle-produced pheromones that are either attractants, spacing signals, or inhibitors, combined with volatile semiochemicals from the host tree (Raffa et al. 1993).  Two broad strategies for using scolytid semiochemicals in pest suppression have been proposed and researched: 1. removal of the target pest by mass-trapping, concentration and containment, or use of trap-logs or trap-trees, and 2. modifying the behavior or the target pest so as to prevent colonization by diversion or disruption of the aggregation behavior (Borden 1993).  Mass-trapping of ambrosia beetles with lines of barrier traps around log processing areas has been practiced commercially in the Pacific northwest region of North America for nearly 20 years with the desired cost-effective result of reduced degrade to wood products.  Concentration and containment of the aggressive mountain pine beetle, Dendroctonus ponderosae, is achieved by inducing attacks with pheromone+host odor baits on standing trees destined for subsequent logging in the short term.  Thus beetles are directed into a “trap crop” of trees that will be harvested, a new generation of pests will not result from those processed trees, and infestations are directed away from less accessible timber.  Disruption of colonization behavior to protect standing trees can be done by applying “anti-aggregation” or spacing pheromones on or around trees, by using pheromones of non-target species to simulate competitive displacement, or by deploying volatiles of non-host tree species (Borden 1997).

Candidates for aggregation manipulation from among the stored-product beetle pests include the bostrichid grain borers, Prostephanus truncatus and Rhyzopertha dominica, the Sitophilus grain weevils, the cucujid and silvanid grain beetles, and the Tribolium flour beetles.  For each species or group there is sufficient information about aggregation pheromones and associated behaviors that can help in formulating hypotheses about control strategies.  Females (predominantly) and males of both R. dominica and P. truncatus exhibit dramatic responses to their male-produced pheromones in flight, and individuals of each species show much greater affinity for pheromone compared to grain volatiles (Fadamiro et al. 1998a; Phillips unpublished).  It is conceivable that storage structures could be protected from infestations of bostrichids using mass-trapping in a barrier trap arrangement, similar to the method used to protect log-sorting areas from ambrosia beetles.  If effective, such a barrier system could trap all or most incoming beetles before they contacted the grain store, but traps would need to be spaced optimally and far enough from the grain so that infestation from over-flying beetles would be minimized.  Of course, research is needed on the radius of attraction that pheromone-baited traps elicit for these beetles (e.g. Byers et al. 1989).  Bostrichids and other beetles considered here could possibly be disrupted in their flight by antagonistic semiochemicals.  Interspecific effects of pheromones in storage beetles has received only limited attention (e.g. Dowdy and Mullen 1998).  Anti-aggregation or spacing pheromones have not been identified from stored-product beetles, but evidence for a compound from female P. truncatus that inhibits pheromone production by conspecific males was reported by Smith et al. (1996).  Thus the potential for beetle-produced antagonists exists in this group.  Since grain-feeding storage insects are phytophagous, there conceivably are plants or plant materials that would be perceived as hosts and other plants that would be non-hosts.  Unfortunately, due to the current adaptation of these pests to stored grain and lack of persistent populations of most species in non-agricultural outdoor habitats, no one can determine with certainty what the native host plants may have been for these species prior to human storage of grains.  Clearly, many botanical extracts have repellent or toxic effects on storage insects (Weaver, this volume) and the source plants for these would likely represent non-hosts.  Volatiles from a variety of plants may disrupt orientation of beetles to attractants and thus disrupt colonization of subsequent breeding sites; preliminary data along this line were obtained for R. dominica (Phillips 1998).  One could envision the use of antagonistic semiochemicals, whether of plant or insect origin, that could be applied to storage structures or even finished food packages to prevent infestation.  A “push-pull” system could be developed whereby the commodity is protected with antagonistic semiochemicals and the diverted insects are eliminated by attraction to traps, trap-commodities (e.g., bait bags), or poison bait stations that are releasing attractants.  Clearly there are many opportunities for research into new applications of pheromones and other semiochemicals for managing stored-product pests.
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