Fall, 2008

Life History Traits: What does it take to be a successful natural enemy?

OVERVIEW.  To be successful, an entomophagous insect must locate hosts or prey, and these hosts/prey must be suitable (nutritionally and otherwise) in order for the entomophagous insect to be successful in passing its genes on to the next generation.  There are many factors that affect the attainment of this ultimate goal.  For example, unless the species is thelytokous, a mate will need to be acquired.  Many parasitoids and predators also need food to sustain life (longevity concerns) in addition to the hosts and prey needed for reproduction.  Lifespan may also be correlated with degree of egg maturation at eclosion, namely whether a parasitoid is pro-ovigenic or variously synovigenic.  The ability to discriminate previously parasitized hosts, and to adjust offspring sex ratios, enables parasitoids to adopt different optimal foraging strategies under differing host/parasitoid densities.  The ability of parasitoids to counteract the host’s immune system is essential to survival, especially for endoparasitoids, but there are a variety of other host defenses that both predators and parasitoids must circumvent in order to be successful.  Finally,  endoparasitoids usually engage in some sort of host regulation, affecting the manner and speed of development within the host. 


Much of the classical studies on parasitoid behavior and parasitoid/host interactions were done by pioneers such as George Salt and subsequently elaborated upon by workers such as Doutt, Fisher, Vinson, Lewis, and Vet.  There is an excellent book by Godfray (1994), with more of an ecological slant, and a more general one by Quicke (1997), that contains a little bit of everything.  These two, along with Askew’s Parasitic Wasps (1971), adequately cover the historical literature (including books or book-length reviews published by Vinson, Lewis and others), especially when used in combination with Clausen’s Entomophagous Insects (1940, reprinted in 1972 but unchanged from the original).  Clausen provides an excellent review of host relationships, and is still probably one of the most detailed from a taxon point of view.  Shorter synopses of the topics treated below can be found in several texts such as Gauld and Bolton’s The Hymenoptera (1988), Hanson and Gauld’s The Hymenoptera of Costa Rica (1995, with update in Spanish, 2006), and biological control textbooks such as those by van Driesche.  The more general books by Godfray and Quicke have been followed by a wide variety of others treating various aspects of parasitoid biology and behavior, with or without an applied slant.  On average, one or two of these appear every year, in addition to one or two relevant articles in each edition of the Annual Review of Entomology.  One of the most recent books is by Wajnberg et al. (2008) Behavioral Ecology of Insect Parasitoids; and in the Annual Review for 2008, Jervis, Ellers, and Harvey: Resource acquisition, allocation, and utilization in parasitoid reproductive strategies.  

A number of terms and concepts have been proposed, primarily for focusing research efforts on particular aspects of the biology of natural enemies. Among the more widely used terms are host selection, host habitat location, host location, host acceptance, host discrimination, host suitability, and host regulation.  These can be thought of in terms of steps leading to successful parasitization, but operate more as a continuum of variously interacting behaviors rather than the stepwise process that is sometimes implied by the manner in which this information is discussed or presented.  Vet, Lewis, and Godfray have been particularly instrumental in moving the research focus from a stepwise and often mechanistic view towards optimal foraging and deterministic models. 

The following outline covers the topics treated in this handout, except as noted for separate handouts.

Host Selection (Mechanistic vs. Deterministic)


Host location



Host habitat finding



Host finding


Nutrition, especially of adult female


Adult lifespan


Host acceptance and host discrimination



Superparasitism (separate handout)

Host Suitability


Overcoming host immune systems (separate handout)

Fitness considerations



Size



Sex ratios



Reproductive capacity



Developmental time


Clutch size



Number of progeny per host



Gregarious parasitism

Mating, thelytoky, and sex allocation (separate handout)


Importance of knowledge of mating behavior in biocontrol


Mating behavior as an isolation mechanism for sibling species 


Local mate competition (lmc); Hamilton (1967)

Host regulation

HOST LOCATION


Many of the same types of cues are used in host finding as in host habitat finding, and there is no real separation between the two in some species.  Other species, however, do exhibit decidedly different behavioral changes once the appropriate habitat is found and host location begins (e. g. meandering or directed, primarily horizontal flight patterns in many of the species reared in Vinson’s lab and elsewhere changed to intense hovering or vertical up and down movements once the habitat is located).  See Peter Price (1970) for an older viewpoint.

But first:


Nutritional requirements---The need to feed may delay host habitat finding in many parasitoids (especially synovigenic species), leading the natural enemy to a different habitat.  e. g. the pimpline Exeristes ruficollis which attacks tortricids in pine shoots is normally attracted to the host habitat by pine oils, but not until after she has fed and her ovaries are mature (work done in 1938, cited in Gauld and Bolton).  Scoliids and tiphiids also have this problem, and this has altered strategies for their use in biological control (e.g. need to assure that there are suitable nectar sources in the area of release).  See 2008 Annual Rev. Ent. article by Jervis et al. and 2005 book by Wackers et al. as well as  http://www.nativeplants.msu.edu

Honeydew (required for egg production by some species) is especially important for some predators, and affects longevity, fecundity, and distribution (e. g. some chrysopids produce 10 times as many eggs on a honeydew diet as on a honey diet: indirectly deals with host quality issues discussed below).  Altieri’s work has demonstrated the importance of nectar sources for some species.  Alternatively, Elliot et al. (1987) showed that certain species of microgastrine Braconidae did not feed at wildflowers; a Glyptapanteles, for example, fed only rarely on honeydew and longevity was unchanged by adult feeding!


Relevant real-life examples involve trap cropping and natural borders as refuges for food and hosts: Talekar and Yang (1993): influence of crucifer cropping system on the parasitism of Plutella by Cotesia and Diadegma. Entomophaga 38(4):541ff; also Pavuk and Barrett (1993) Influence of successional and grassy corridors on parasitism of Plathypena in soybeans.

MECHANISTIC: The cues for habitat location:

   Non-chemical: 


Visual: 


1) flies: e.g. miltogrammine sarcophagids attracted to holes in ground; Drino (tachinid) on sawflies; conopids, pipunculids, and the phorid Apocephalus (all three attack swiftly moving adults).

2) gypsy moth parasitoid Ooencyrtus searches more frequently in clearings than in dense forests and Brachymeria searches high in trees rather than low to the ground (Weseloh 1972, etc).

3) Cotesia glomerata on Pieris: did not parasitize host in habitats shaded by weeds (Sato and Ohsaki 1987); high light intensity for Toxoneuron nigriceps (Vinson, 1975)


Non-visual:


Scelio: long distance dispersal occurs during conditions of convective uplift, and they can travel 100-300 km per day, thus keeping up with host acridids.

   Chemical (better living through chemistry?): 


1) scolytid parasitoids: pheromones and plant terpenes produced during damage.


2) Asobara (an alysiine braconid) on Drosophila and opiines on tephritids: different 

chemical cues from different stages of decomposition of the same host fruit.  May 

be due either to different chemicals or different concentrations of the same chemical.  

See Vet (1985) who suggests specific microhabitat odors are essential for many 

braconid and eucoiline parasitoids of drosophilids.


3) Diaeretiella rapae is attracted to the odor of brassicas (Read et al 1970).

4) Heather McAuslane’s dissertation and a number of similar works using 
wind-tunnels and various combinations of chemical cues.  e. g. in the cassava mealybug program, one of the most economically beneficial biological control programs in the late 1900s: Epidinocarsis lopezi, the encyrtid, is attracted by mealybug feeding on plant, but not undamaged plant or mealybug alone; the coccinellid Diomus, on the other hand, is attracted to the host habitat via long-distance chemical cues emitted by the mealybug alone.


Herbivores attack plants and leave chemical cues in the process that are an essential combination of plant and herbivore-associated volatiles (attractants) that can be learned.

This has spun off a whole series of studies focusing on chemical cues and how parastioids and predators detect them (mechanistic) and another whole series of studies looking at the deeper issue of foraging (e. g. optimal foraging theory that takes into account learning as well as cues: feedback loops, patch use, etc. in order to predict feeding behavior on the assumtpion that behavior is optimized by natural selection).  The latter studies have sometimes been referred to as deterministic (the why) as opposed to mechanistic (the how).

The term tritrophic interactions, a popularization of older, community-level studies, that began to hit the literature in the 1980s/1990s (see book by Barbosa, for example), figures here as well, especially when looking at the role of plant chemicals on parasitoids and predators.  That this is still a hot topic is evidenced by the work of the first Perry Adkisson seminar speaker in our department (2008).  An slightly older example is the publication in Science ((Kessler and Baldwin, 2001) of work on Nicotiana attenuata in SW Utah on 3 spp. of herbivores, with a Manduca most important.  Plant volatiles were quantified, they tested the 5 most important (important from a quantitative perspective) and demonstrated that 3 of these, when tested individually, increased egg predation by Geocoris and one (as well as the complete blend) led to decreased lepidopteran oviposition rate.  

Louise Vet and her colleagues (among others) have been major players in exploring “infochemicals” in the context of community structure and organization: specifically, the impact of herbivore diversity on reliability and detectability of chemical signals.

the plant damage + frass + larval saliva combination of cues facilitates the transition 

from HOST HABITAT FINDING to HOST FINDING both conceptually and from the standpoint of the natural enemy

Attraction: 


Vibration/Sound: e.g. 1) The eulophid Chrysocharis laricinellae are attracted to vibration of the case-bearing caterpillar Coleophora in its case (work by Jerome Casas); 2) agromyzid hosts feeding on leaf tissue are attacked by the alysiine Dapsilarthra (Sugimoto et al. 1988---excellent study, played back the sound and elicited a response; The Dapsilarthra work actually showed a number of different cues were important at various stages in the host location process: leaf odor for host habitat, dark-pale contrast of mine (color) for increasing search intensity, and vibration). Broad and Quicke (2000) have a good review of vibration as a cue.


Infra-red emission: work done by Richerson, Borden, and co-workers (1972, 1978).  Coeloides brunneri on scolytids in bark; tied detection of host via metabolic heat radiated from hosts to certain sensilla on antennae.  But see Mills et al (1991); volatiles are the proximate cues in a similar set of spp. in Europe.


Chemical:  This is where most of the research has been done to date, since so many of the parasitoids studied thus far respond to chemical stimuli.  Excellent work in this area was done as far back as the 1930’s.  Weseloh (1981) has a review chapter on this in a book on semiochemicals.  Since then, there have been many more examples published, with increasingly more attention being paid to isolating and identifying the chemicals involved.  See especially papers by Vet, Lewis, Tumlinson, and Vinson. 


Some species appear to be attracted to rather simple, easy-to-define cues, such as host silk (Weseloh 1977, gypsy moth & a microgastrine braconid).  In others, it’s a much more complex interplay of host and host-plant cues (chewed leaves + gland secretions, for example in several studies published in the 2000s).  One species of Trichogramma responds to odors of host eggs + host sex pheromone +host plant, but not to any of the 3 cues separately.   

Some things to consider about host location in biological control


1) A single natural enemy species may not control the target pest if it can’t find it or can’t find it in all habitats (e. g. attracted to only one of two plant hosts).


2) What happens if plant breeders eliminate an important host habitat finding cue from the crop?


3) Evolutionary ecology: trade-offs between increasing chemical perception by parasitoid and increasing ability of host to defend itself, either in terms of overproduction, sequestering toxins, or disguising themselves.  This issue applies to all levels leading to successful parasitization, but especially host location, host acceptance, and host suitability.

4) Work on semiochemicals, which are naturally produced behavioral modifying chemicals, and on kairomones, is a natural outgrowth of studies on host finding.  The concept that female parasitoids are attracted to host plant volatiles, as exemplified by the classic work of Read, Feeney, and Root (1970) with D. rapae and Charips on cabbage, has lead to extensive work on potential use of semiochemicals to improve biological control.  Semiochemicals can be used to increase effectiveness in lab rearing (increase oviposition rates) and to retain parasitoids in field after release by exposure to semiochemicals just prior to release (to negate natural escape response of a released natural enemy).  This area of research has proven quite challenging in terms of actual field applications.


5) Adult lifespan---e. g. Trichogramma and Cotesia flavipes live only a few days as adults under the best of conditions, and therefore don’t have a lot of time to waste looking for habitats and hosts.  Others, such as some bethylids and species of Bracon can live for a month or more.  IMPLICATIONS FOR BIOLOGICAL CONTROL:  release strategies for long-lived species may differ from those for short-lived species.  For long-lived species, nutritional needs may need to be satisfied prior to release.  One has to be careful about generalizations.  Volkoff, for example, noted that not all trichogrammatids are proovigenic (despite earlier suggestions that this was the case) and it may therefore be desirable to wait a day or two before releasing synovigenic species.

HOST ACCEPTANCE AND HOST DISCRIMINATION

Host acceptance (includes identification and recognition of the host/ prey by the parasitoid/predator)---essentially deals with the physical and chemical quality of the host after contact.  In other words, does it have the right "feel": odor, sight, and movement are important, as are host defences.

Much of the early work was done by Salt on Trichogramma:  size, shape, and (non)motility of host, odor, and density.  Schmidt & Smith (1987) found that the Trichogramma they studied measured size of egg by how long it takes to walk across it.  Many Trichogramma species are thought to have broad requirements, and therefore probably waste a lot of eggs in unsuitable hosts.  Heliothis virescens and Telenomus heliothidis: female moth's accessory gland material, which coats eggs, acts as a kairomone, without which Telenomus won't drill.  Telenomus is much more fussy about the size and shape of host egg than Trichogramma.

Other factors affecting host acceptance include host defensive behavior and species and age specificity.



1) Hopper's study (1986): fitness trade-offs.  M. croceipes can attack and successfully develop on all 5 larval instars of Heliothis virescens.  But 2nd, 3rd, and 4th are preferred (based on increased acceptance for oviposition, decreased handling time, etc.).  Mortality of developing parasitoid was lower for 2-4th vs. 5th, and resulting pars. were larger in body size and developed faster.  BUT: there was a trade-off in decreased number of oocytes vs. non-preferred instars.


2) Voelkl's work on wood ant/Pauesia/Cinara systems: 2 of the 3 Pauesia spp. used visual cues while waiting for an opportunity to sneak in and oviposit.  The 3rd species works very well at low temperatures when ants inactive. This third species doesn't learn but the other 2 species do, though individually there are good learners and bad learners. 

Host discrimination---is the term most frequently applied to the issue of whether and/or how females recognize previously parasitized hosts.  Some parasitoids clearly cannot recognize previously parasitized vs. unparasitized hosts (e.g. Lewis & Snow, 1971).  However, most can, and the pioneering work in this area was done by Salt in the 1930's.  Other early examples include Greany & Oatman (1972) on braconids, Lloyd (1956) on ichneumonids.

The ability to discriminate allows for optimum survival of progeny and utilization of hosts, but how do females recognize previously parasitized hosts?


1) Marking 

a) by Dufour's gland substance in Toxoneuron and Microplitis (Vinson, 1976, Ann.Rev. Ent.  21: 119-120. on host marking); Dufour's gland plus oviduct fluid needed for internal detection/mark in Campoletis (Guillot & Vinson, 1972).

b) internal vs external marks: see elegant study of Chow and Mackauer (1999).


2) Changes in physiology of host: e.g. chemical change in hemolymph of host AFTER a few days is the cue used by Nasonia (King and Rafai 1970).


Tillman and Powell showed that the ability to discriminate increases with time between first and second oviposition, both for inter- and intraspecific discrimination.  This implies some physiological change takes place in the host to make it easier to recognize as a parasitized individual.


3) Study by Janssen et al. (1995)---avoidance of patch occupied by another (chemically mediated). 

DETECTION:


1) ovipositor with sense organs for internal marks


2) female antennal sense organs for external marks -- see work of Bin and Vinson


Host discrimination allows parasitoids to decide whether to oviposit or reject a host and keep track of level of exploitation of a patch.  This prevents wastage of eggs and time and may prevent wastage of hosts if superparasitization kills the host.  SEE SEPARATE HANDOUT ON SUPERPARASITISM

RELEVANCE TO BIOLOGICAL CONTROL:  e.g. Cremastus on Rhyacionia attacks a higher proportion of parasitized hosts than unparasitized hosts because Cremastus uses trail pheromone of Orgilus to locate hosts.  This is important because Cremastus is not a group known to contain hyperparasitoids, and therefore is normally readily passed through quarantine for field release.

IN THE GRAND SCHEME OF THINGS, THE TWO SEPARATE HANDOUTS, ONE ON MATING, SEX ALLOCATION, ETC, AND THE OTHER ON IMMUNITY, BELONG HERE
HOST SUITABILITY

Host suitability (or prey suitability) can be defined as the ability of young to survive to maturity; and for female predators, it can also apply to prey being suitable for production of eggs.  In treating this topic, it is essential to consider mating behavior and theories associated with foraging, sex allocation, and progeny production.


e. g. Van den Assem and Jachmann (1982) concluded: "Reduction of male body size, frontal courtship of males, secondary female receptivity signal, host size discrimination by ovipositing females, & adjustment of sex ratio to offspring according to host size availability are all aspects of the same response to selective pressures on reproductive behaviour."

Unsuitability can be due to several factors, which we can broadly classify as: 

1) Physical: the wrong size, a calcareous puparium, a thick chorion

2) Nutritional (a lot of good studies recently, as exemplified by several of our departmental seminar speakers in 2007 and 2008). 

3) Biological: host dies during oviposition or before larva is sufficiently fed; host molts, shedding ectoparasitoid, or host dislodges or kills the ectoparasitoid.  Immune responses such as phagocytosis, encapsulation, and humoral responses also fall under this category.

The ability of haplo-diploid species (e.g., most parasitic Hymenoptera) to control the sex of the egg being laid leads to the topic of fitness, for which there is a wealth of literature.

When we discuss fitness, what are some of the issues?


1) is size the best proxy for fitness (Roitberg et al. 2001 Can. Ent.)

a) Underlying assumption: males in small hosts, females in big hosts (bigger is better)


b) Limited opportunity for host choice may maintain size variation (common to many but not all parasitoids) despite the advantage of large size.  Thus a larger or late stage host may be preferred, but a smaller host is acceptable.

c) How does a parasitoid measure size: is it all relative?



d) Are fitness gains greater for females than males?

e) Is fitness measured by lifetime production of eggs in female and longevity in male?  What about dispersal ability (and thus longevity) in female vs. egg load?  The measure of fitness will depend on whether the species is egg-limited or time-limited.  If time-limited, dispersal ability is more important (Ellers et al. 1998).  What if females get too big for the males and mating can't occur?  Developmental time is also an important consideration, since a poor host that results in slower development of the parasitoid or predator may affect synchrony with the rest of the population in a univoltine species, and reduce the number of generations in a multivoltine species.

2) Does facultative control of sex of the egg apply to ectoparasitoids or idiobionts only?


3) Phylogeny-based comparisons (see fine article by Hardy and Mayhew (1998).


4) Is there a trade-off between lmc and host quality? Bernal et al. (1999)

5) How do you measure differential mortality? In other words, if you get a male-biased sex ratio in offspring from a certain host, how do you know tell the difference between the female parent laying more male eggs vs. female parent laying equal numbers of fertilized and unfertilized eggs, but female progeny suffer higher mortality.

Host quality is definitely an issue independent of size, as exemplified by many recent studies on parasitoids and many older plus more recent studies on predators.  Many of these studies look at tritrophic aspects, such as quality of host feeding on different plant species (associated with sequestration of different plant compounds).

Examples relevant to biological control


1) Female Catolaccus (Pteromalidae) attack and oviposit on largest available boll weevil larvae and whether host is deemed large or small depends on size of other hosts attacked.  Females exhibit a greater rate of increase in body size with host size than do males (Heinz 1998).  Proctical consideration: What's the best strategy for offering different host sizes to get highest number of females for your rearing program?


2) Easy-to-rear hosts or prey may be poor quality, producing more males or less fecund females (the latter an important consideration for predators).  Additionally, adaptation to factitious lab hosts may lead to perception of poor quality for field host, leading to high percent males after release.  Both these problems have plagued the use of Trichogramma in various biological control programs over the years.


3)  If reared under crowded conditions,  even if csd is not a problem, increased numbers of individuals perceived by ovipositing females may lead them to oviposit more male eggs and thus culture problems. 


4) The example used above of Hopper’s (1986) study on Microplitis croceipes, a microgastrine braconid that attacks Heliothis virescens.  M. croceipes can attack and successfully develop on all 5 larval instars of virescens.  But 2nd, 3rd, and 4th are preferred (based on increased acceptance for oviposition, decreased handling time, etc.).  Mortality of developing parasitoid was lower for 2-4th vs. 5th, and resulting pars. were larger in body size and developed faster.  BUT: there was a trade-off in decreased number of oocytes vs. non-preferred instars.

Clutch size/Brood size, and gregarious parasitoids
1)  Brood size cannot be considered independently of the sex ratio considerations treated above (e.g. more female-biased sex ratios on larger hosts) (see Mayhew and Godfray 1997 and Mayhew 1998)

2) The simultaeous optimization of brood size and offspring size leads to what is frequently referred to in the literature as parent-offspring conflict.  This occurs because parental fitness increases with brood size but offspring fitness (if measured by offspring size) decreases with increasing brood size because of resource depletion. 

3) solitary, fighting vs. gregarious, tolerant (e. g. Godfray 1987):

Evolution from solitary to gregarious has occurred many times among parasitoids.  It is the common mode of development in certain lineages of microgastrine Braconidae and Bethylidae, for example, and has also been studied intensively in chalcidoids such as Nasonia.  For this switch from solitary to gregarious to happen, normal competition (siblicidal behavior) has to be overcome.   This should be very difficult, but single sexed, female biased broods may  facilitate this because of increased relatedness.  Also, if we look at ecto vs. endoparasitoids, ectoparasitoids more promising because less likely to encouner one another; and finally if we look at it in context of small brood size, and increased host size, maybe encounter rate is a factor over time.  Mayhew and Hardy (1998): the most common gregarious clutches in parasitic Hymenoptera as a whole contain only a few eggs; therefore siblicide not an important factor because of high within brood relatedness.  In one study, of 80 gregarious species sampled, modal clutch = 2 (c. 12 spp had this value) and median = 6.45
HOST REGULATION

Older reviews: Vinson (1975), Beckage (1985), D. Jones (1985, Ann ESA 78:141-8; 1986 Entomophaga 31: 153-161), Lawrence (1986, J. Insect Phys. 32:295ff).  Newer: see Pennachio and Strand (2006), Annual Rev. Ent.

I. Regulation of parasitoid by host


A. Evidence begins with Schoonhoven's classic 1962 study of tachinid Eucarcelia on Bupalis: host hormones influence growth and development of parasitoid in pupal stage of host.


B. Developmental synchrony between hosts and parasitoids is a well-known phenomenon; and there was increasing evidence thru 70's, 80's and early 90's that host hormones coordinate parasitoid development in a number of species



1. some parasitoids synchronize ecdysis with host molting or pupariation (eg 


opiines)



2. some synchronize emergence with host molting: Apanteles bignelli always 


emerges from pharate hosts which have synthesized a new larval cuticle but 


have not yet ecdysed.

II. Regulation of host by parasitoid


Parasitism may interfere with normal endocrine regulation of host metamorphosis, producing a variety of effects:


A. lengthening of 1 or more larval stadia


eg Cotesia congregata on M. sexta causes delay in ecdysone release because Cotesia pumps its own JH into host hemocoel; ecdysteroid production blocked in H. exigua on T. ni

B. supernumerary molts in host


C. Parasitized hosts may consume more or less than unparasitized hosts


D. Precocious initiation of host pupation



e g Par.-induced JH decline earlier than would occur naturally (Chelonus on T. ni)

E. Developmental arrestment of eggs (non-endocrine).  Telenomus heliothidis injects "arrestment factor" formed from oviducal epithelial cells which halts egg development

F. Brodeur and McNeil (Science, 1989: Aphidius modifies host behavior: non-diapausers leave colony and mummify on upper surface of leaf; diapausers leave host plant and mummify in concealed positions to avoid hypers and reduce climatic adversities.



G. Pennachio (1991): conjugation of B-ecdysone with nutrients (proteins) and thus although level seems high, it's due to conjugated products rather than available B-ecdysone.  JH not affected by teratocyes or viruses.  The overall picture is one of nutrient availability rather than being at the mercy of host hormone titres: the hormones may signal the parastioid that there's enough nutrients to finish development.

III. Relevance to biocontrol


A. Negative



1. If larval life prolonged, crop damage may be increased during initial phases of program.  Longer life will also expose parasitized larvae to predation for longer period of time.  E.g. Copidosoma floridanum parasitizing P. includens ate 27-28% more foliage than unparasitized larvae.


B. Positive



1. Diapause synchrony useful, as is ability to survive winter by controlling host diapause.



2. Some species (obviously not Copidosoma in the negative example above) cause premature cessation of feeding, thus less crop damage.

