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The principle of competitive exclusion (Volterra, 1926; Gause, 1934)

states that it is impossible for two species that are limited by the same

resource to coexist indefinitely. While mathematical models incorporating non-

linear phenomena suggest that sympatric coexistence is possible under

certain conditions (e.9. Levins, 1979; Armstrong and McGehee, 1980; Durret

and Levin, 1998), the basic theory remains popular (Vandermeer ef a1.,2002).

ln part, this is due to the numerous examples in the literature of competitive

displacement of one species by another, but also because of the difficulty of

demonstrating that there is no niche differentiation involved in those cases

where species have been shown to be coexisting (see DeBach, 1966).

However, recent research has demonstrated that a laboratory culture

of the asexual (=thelytokous) parasitoid wasp Venturia canescens contains

two genetically distinct lines, coexisting on their host the flour moth Ephestia

kuehniella (Hellers et al., 1996; Beck et al., 1999, 2000, 2001). The two lines

are addressed as RP (repeat plus) and RM (repeat minus) for the presence or

absence of a 54 base-pair tandem repeat sequence in the gene coding for a

virus-like particle (VLP1) protein (Hellers et al., 1996). The lines are

genetically stable, and differ in a range of phenotypic characters, including

ovarian morphology, calyx gland secretions and reproductive success (Beck

et al., 1999, 2000, 2001). Since the laboratory culture had been maintained

without the addition of new stock for over 400 generations, the two lines must

have been coexisting sympatrically while competing for the same resource.

The basis to the coexistence of the two lines appears to relate to

differences in their reproductive success under single parasitism and

superparasitism. ln a simulation of laboratory conditions, Beck et al., (1999)

observed that when RM- and RP-wasps were allowed to compete for hosts for

a 24-hour interval the RM-wasps produced significantly more offspring than

the RP-wasps. However, under intra-line competition the RM-wasps produced

significantly fewer offspring than the RP-wasps.

V. canescens lays eggs directly into the body of the larva of its host

(=endoparasitic), where the developing parasitoid feeds on the haemolyph.

When more than one egg is deposited into a host, it is described as

superparasitised. However, irrespective of the number of eggs laid, at most a

single wasp emerges from a host (= solitary parasitoid). When the time
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interval between ovipositions is around three days or less, parasitoids fight for

possession of the host using strong sickle-shaped mandibles to attack

competitors, and the outcome is uncertain. For greater time intervals the older

larva prevails, probably by suppressing the development of its younger

adversary by anoxia (Fisher, 1961, 1963).

While the findings of Beck et al. (1999, 2000,2OO1) suggest the system

represents an exception to Gauss' Competitive Exclusion Principle, the

following broad questions remain unanswered:

1) What is the basis of the higher reproductive success of the RM-strain

under competing superparasitism?

2) How is the development of V. canescens in E. kuehmel/a modified

under superparasitism compared to single egg parasitism?

3) Under what conditions will the reciprocal differences in reproductive

success for the two strains lead to coexistence? ls the coexistence of

the two strains an artefact of the laboratory rearing conditions, or can it

occur in field populations?

The primary aim of the research undertaken during my candidature

was to provide answers to these questions. A secondary aim of the research,

through work performed in collaboration with a number of others, was to

explore a fourth question:

4) What is the function of the VLPI protein, and what role (if any) does it

play in the phenotypic differences observed between the strains?

To achieve these aims, a number of specific issues within these broad

questions were addressed.

l. The basis of the higher reproductive success of the RM-strain

under competing superparasitism.

A possible explanation of the RM line's advantage may be based on

the maternal phenotype and on both wasps laying multiple eggs in a single

host, a common occurrence under laboratory culture conditions. Oviposition

rates of up to 50 eggs per hour, continuing until the oviducts are largely
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depleted of eggs, have been reported (Harvey et al., 2001), including under

conditions of intra-line superparasitism (Beck et a1.,2001). Regardless of the

respective line, the eggs of the wasp ovipositing first hatch first. lnterlarval

physical combat between the siblings commences shortly after, so by the time

the eggs of the second wasp hatch a number of the first wasp's offspring have

already eliminated each other. The larvae of the second wasp at this point

outnumber the larvae of the first wasp and so it is more likely that one of them

will be the ultimate victor.

Compared to RP-females, RM-females delay ovipositing after being

provided with access to hosts, and the RM-offspring display longer embryonic

development times (Beck et al., 1999), leading to a greater overall lag time

between an RM-wasp being given access to hosts and her larvae hatching

compared to an RP-wasp. Thus, the relative reproductive success of the two

lines when competing for hosts may show an overall bias in the RM line's

favour.

The general alternative explanation is that there is some physiological

difference between the RM and RP lines that increases the probability of an

RM larva winning a one on one encounter with an RP larva. Most plausibly,

this would involve an advantage in one of the two previously identified modes

of competition, either physical combat or physiological suppression.

Chapter 3 describes experiments conducted to distinguish between

these two explanations. The study compared the reproductive success of the

two lines when one egg from each line was laid into a single host, for a range

of time intervals between ovipositions. The results showed that the RM-line

won a significantly higher fraction (around 60%) of the overall contests, and

further, that the competitive abilities of the two lines were not symmetric,

indicating that the advantage of the RM-line relates to one-on-one interlarval

competition rather than differences in maternal behaviour. Further, dissection

of parasitoid larvae from superparasitised hosts indicated that most contests

between competing larvae had occurred within the first 24 h of the eggs

hatching, suggesting the advantage of the RM-line relates primarily to

physical combat rather than to physiological suppression.

Chapter 4 details research to determine the nature of the phenotypic

differences between the RM and RP larvae underlying the differences in
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reproductive success described in chapter 3. The study examined the

outcome of inter-larval physical combat under in vitro conditions. The results

showed that the outcome depended on both the relative and absolute ages of

the contestants, and that the competitive abilities of larvae from the two lines

were not symmetric. ln contests involving two larvae, at least one of which

was newly hatched, the RP larva tended to lose, while if both larvae were at

least 8-10 hours post-hatching when the contest occurred then the larger of

the two larvae tended to lose. Thus, the higher reproductive success of the

RM line under competing superparasitism with the RP line is due to a

physiological difference between the newly hatched larvae of the two lines

which results in an advantage to the RM larva, which occurs independent of

the order or time interval between ovipositions.

ll. The development of V. canescens in E kuehniella under single egg

parasitism and superparasitism.

One of the major aims of the research was to create a mathematical

model of the interaction between the two strains. Having investigated the

reproductive success of the two lines, it was next necessary to quantify the life

history parameters of V. canescens in E. kuehniella under single egg

parasitism and superparasitism.

Chapter 5 describes research documenting the influence of host mass

and the time interval between ovipositions on the survival and development of

larvae from both the first and second laid eggs in superparasitised Ephestia

kuehnielta, in this case for two competitively similar strains. As the time

interval between ovipositions increased both overall and superparasitism

SucceSS decreased, however time between, and Order of, ovipoSitionS had

little effect on other developmental parameters. Adult size increased with host

mass under both parasitism and superparasitism, while host moftality

decreased with host maSS under Superparasitism. ln addition, wasps

emerging from superparasitised hosts were larger than wasps from

parasitised hosts.

Chapter 6 describes research documenting the previously unreported

phenomenon of egg dumping by an endoparasitoid wasp when deprived of

hosts. These data also provide another of the sets of life history parameters
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required to model the interaction between the strains, the lifetime fecundity of

female V. canescens. Female V. canescens maintained without hosts began

to deposit eggs onto the sides of the culture vessel on the day of eclosion.

The maturation of additional eggs was not inhibited once the maximum

oviduct egg load was reached but rather continued for the duration of the

experiment (up to 39 days), at a rate of around 5.8% of the remaining

unmatured eggs per day. When wasps were given access to hosts they

matured additional eggs at an increased rate. Artificial damage to the

ovipositor resulted in a reduced rate of egg maturation even though the

oviducts were partly egg depleted, while damage to the auxiliary valvulae had

no effect. These results suggest two conclusions. Under conditions of host

deprivation the rate at which eggs are matured is determined by the rate of

synthesis of precursors by the fat body that in turn is modified by feedback

from the ovipositor, induced by physical stimulation. Further, the discarding of

eggs is due to the involuntary unidirectional movement of eggs down the

oviduct, facilitated by the ongoing maturation of additional eggs.

lll. A mathematical model of the sympatric coexistence of two

phenotypically distinct strains ol V. canescens.

Having identified the basis of the differences in the reproductive

success of the two lines under intra- and inter-line parasitism, and having

quantified the relevant life history parameters, it was then possible to

construct a mathematical model of the interaction between the two strains.

Chapter Z presents the results of an iterative model that uses a range

of experimental life history data to predict the stable composition of a mixed

population of two lines displaying the laboratory phenotypes under different

rates of superparasitism. Historically, the impossibility of showing that two

species do not occupy separate niches has precluded any demonstration of

sympatric coexistence in the field. The model predicts that sympatric

coexistence of the two lines is possible when the overall rate of

superparasitism is between 4 and 12/" or greater. These values are within the

rates reported for other solitary endoparasitoid wasp species in the field, and

so demonstrate that the sympatric coexistence under natural conditions of two
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spec¡es that display the phenotypes observed in the laboratory lines is, in

principle, possible.

lV. The function of the VLP1 protein, and its role in the phenotypic

differences observed between the strains.

The two V. canescens lines differ the presence or absence of a 54

base-pair tandem repeat sequence in the gene coding for a virus-like particle

(VLP1) protein that is co-injected with the egg into the host (Hellers et al.,

1996). However, the role (if any) the VLPI plays in the phenotypic differences

observed between the strains is not clear.

Chapter I describes research on whether the VLP1 gene is genetically

associated with the phenotypes displayed by the RM and RP strains. The

recent isolation of facultative sexual (arrhenotokous) and asexual V.

canescens strains from the same location in Southern France enabled an

investigation of the genetic basis for the observed phenotypic differences, by

comparing the two asexual lines with the corresponding homozygous VLP1

genotypes in arrhenotokous strains. This analysis showed similar patterns of

morphological and functional differences exist in the ovaries of the two

asexual VLPI lines and in the two homozygous VLP| genotypes from the

field, suggesting that the VLP| gene alteration either causes the ovarian

phenotype or is genetically closely linked to the putative gene. However, the

VLPl-gene may not be the only gene contributing to the phenotypic effects

observed in the asexual lines. Although the two VLPl -alleles segregate with

the relative differences in the ovary distribution of eggs, the absolute egg

numbers differ in the corresponding asexual and sexual genotypes. This

suggests that an additional unlinked gene may be involved in the transfer of

eggs from the ovarioles into the oviduct.

Chapter 9 details research that describes phenotypic changes in an

RM strain following alteration in culturing conditions. Maintaining the RM line

under conditions of low superparasitism resulted in rapid alterations in the

phenotypic characters calyx eggload, egg maturation rate, and reproductive

success under single egg and under competing superparasitism. The

observed changes were not associated with changes in the RM-VLP1 allele,

and in general are difficult to explain in terms of genetic change. The simplest

7



explanation for the observed phenotypic changes is that the RM phenotype is

related to the action to a pathogen, specifically, an interaction between the

RM genotype and a semi-permissive endosymbiont, whose transmission is

vertical via maternal secretions from adult wasp to host and then horizontal

from host to larval parasite. The data are also consistent with a mechanism

based on maternal transmission of an inducible phenotype.

Chapter l0 discusses the findings of the research in the context of the

two general explanations of the RM-phenotype, that the RM-phenotype is due

to an endosymbiont or pathogen acting in some unknown fashion (Amat et al.,

2003), or due to pleiotropic effects of the allelic VLPI gene locus (Beck et al.,

2000,2001).

Other research conducted

During my candidature I was involved in several other projects, that

were not directly related to the investigation of the sympatric coexistence of

the two strains of V. canescens, but which led to a number of other

publications. These are presented in Appendix 1, in order to give a full

representation of the work I performed during my time as a PhD candidate.
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Endoparasitoid wasps are those that deposit their eggs inside the

body of a second organism, typically an immature stage of another insect. The

developing wasp larva selectively consumes its host, filtering nutrients from

the host haemolymph in a fashion that is not immediately fatal. Since the host

is of limited size and the wasp larvae are unable to move from one host to

another, it is inevitable that only a limited number of parasitoids will be able to

successfully complete their development inside a single host. lndeed,

although numerous exceptions exist, in the majority of cases the sizes of the

host and the parasitoid are such that a host will only support the development

of a single parasitoid (Salt, 1961). However, no such limitation exists on the

number of eggs that may be laid. When a host contains more than one egg, it

is described as being superparasitised. This phenomenon has been frequently

reported from field studies (eg Howard, 1897; Salt 1934). Of necessity, its

occurrence often results in the deaths of some or all of the parasitoids.

For many years, and despite evidence to the contrary (Hill, 1926; Salt,

1932,1934), it was widely believed that superparasitism was due to mistakes

by the ovipositing female (van Lenteren ef al 1978) and that any eggs so laid

were wasted (Huffaker and Matsumoto, 1982). More recently, it has been

recognised that superparasitism can be an adaptive reproductive strategy

(van Alphen and Nell, 1982; Hubbard ef al, 1987).ln fact, it has been shown

for some systems that the reproductive success rate under superparasitism is

higher than under single parasitism (Baker, 1979).

A long-standing principle of evolutionary biology states that no two

species can for long occupy the same environmental niche (Gause, 1934).

However, recent research involving a laboratory colony of the endoparasitoid

wasp Venturia canescens Grav. (Hymenoptera: lchneumonidae) indicates that

the population contains two reproductively independent strains, genotypically

and phenotypically distinct yet coexisting sympatrically (Beck et al, 1999). Life

history theory suggests that in a variable environment multiple evolutionary

stable strategies can occur simultaneously in the same population (Stearns,

1992). The environment of the developing wasp larva is its host; this will vary

qualitatively with the number and genotype of the larvae with which it has

been parasitised.
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This review focuses on aspects of intraspecific competition by the

wasp Ventura canescens for its host Ephestia kuhniella. Following a

description of the life cycle of the wasp under single-egg parasitism, the

mechanisms of interlarval competition, and the factors influencing those

mechanisms will be discussed. The final part of the review will examine the

research that has been reported on competition within and between the two

recently identified strains o1 V. canescens, genotypically and phenotypically

distinct yet coexisting sympatrically.

LIFE CYCLE

Reproduction in the wasp V. canescens was until recently thought to be

exclusively by thelytokous parthenogenesis, with haploid males both rare and

sterile (Beling, 1932. Speicher, 1937). However, arrhenotokous individuals

have also been discovered recently along the coast of southern France,

typically in greater numbers than the coexisting thelytokous strains

(Beukeboom et al1999, Schneider et alin press).

ln arrhenotokous strains, the meiosis and fertilisation follows the

normal Hymenopteran pattern of oogenesis and syngamy. ln thelytokous

strains, the mode can be categorized as central fusion automictic

parthenogenesis (Beukeboom and Pijnacker, in press), with two haploid

pronuclei that segregated at meiosis I fusing following meiosis ll to restore

diploidy.

Since crossing over can occur prior to meiosis I this mode of

reproduction has two important consequences. Over successive generations

the degree of heterozygosity in a lineage will decrease the more distal the loci

are to the centromere. ln addition, a group of siblings may be genetically

different from both their mother and each other. Thus, evolutionary adaptation

in thelytokous V. canescens lineages should be possible from existing genetic

diversity, albeit in a limited and possible irreversible form (Slobodchikoff

1e83).

The reproductive tract of the female wasp extends almost the entire

length of the abdomen. The paired ovaries each consist of proximal ovarioles

and a long basal oviduct, connected by a calyx gland. Each ovariole contains

a sequence of progressively developing germ cells. At the proximal end is a
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group of resting oogonia, followed by dividing oogonia. These are followed by

a long series of primary oocytes in a progressive sequence of prophases,

alternated with groups of large nurse cells and surrounded by follicle cells. By

the time each oocyte reaches the base of the ovariole it has absorbed all the

cytoplasm from the nurse cells, has acquired a chorion laid down by the

follicle cells and is either in or approaching the first metaphase. The eggs,

which are still mature oocytes until physically activated by oviposition (see

below), then pass through the calyx gland where they are coated and

surrounded by calyx fluid before passing into the oviduct for storage. Oviduct

eggs are all in early first anaphase, lack cellular accessories, and have the

shape of a long and slightly curved cylinder (Speicher, 1937).

Prior to an oviposition attempt by the adult wasp an egg is moved from

the oviduct to the top of the ovipositor by a lateral flexing motion. The

ovipositor penetrates the cuticle of the host caterpillar and the egg, along with

a range of maternally derived secretions, is injected directly into the host's

haemocoel (Rogers, 1972). The secretions are involved in protecting the

parasitoid from the host's immune response (e.9. Feddersen, et al 1986; Beck

et al 2000) and in marking parasitised hosts (e.9. Harrison ef a/ 1985; Marris

et al 1996). However, in contrast to a number of other Hymenopteran

parasitoids (e.9. Dover et al 1987, Strand & Dover 1991) a role in modifying

host development appears unlikely (Harvey 1996).

lmmediately after oviposition the parasitoid egg starts to absorb fluids

from the host's haemolymph and swells, increasing in volume by a factor of

five by the time the eggs hatch (Corbet & Rotheram 1965). Simultaneously the

first meiotic division is resumed (Speicher 1937), possibly triggered by

changes in osmolarity, although a protease activity may also be involved, and

embryogenesis fails soon after, unless mechanical deformation of the egg has

also occurred (Sander & Feddersen 1985). Following the second meiotic

division two diploid nuclei are formed. After several divisions the products of

the polar nucleus degenerate and the cleavage nuclei eventually form the

embryo (Speicher 1937). At a temperature of 25 "C the time for embryonic
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development to be complete can range from 60 to 90 hours with a median

value of around 68 hours.

Following hatching the first instar larvae live freely within the

haemolymph of the host (Corbet & Rotheram 1965). Upon hatching the first

instar wasp larvae do not immediately kill the host but rather selectively feed

in a fashion that allows the host itself to continue to feed and grow. lf larvae

hatch in a host younger than the final instar, the parasitoid will feed and grow

very slowly, remaining in the first instar until the host development reaches the

mid final instar. At that point feeding and growth rates increase rapidly, and

the larvae reaches the final (fifth) instar around 6 days later, at which stage

most of the host tissues have been consumed (Corbet & Rotheram 1965,

Harvey 1996).

What determines the switch from slow to rapid development is unclear.

Corbet (1968) measured changes in freezing point depression, and in the

concentration of proteins and amino acids in the haemolymph throughout

larval development, and found that the onset of rapid parasitoid growth

coincided with the point at which there was a substantial increase in protein

concentration and decrease in both freezing point depression and amino acid

concentration. ln a second series of experiments, larval feeding rates were

measured in vitro under different solute concentrations within the range of E.

kuehniella haemolymph. lt was found that, in general, feeding rates were

lower the higher the solute concentration, suggesting that the critical stimulus

for the initiation of rapid growth was the fall in solute, most notably amino acid

concentration.

However, research into the rearing oÍ V. canescens larvae in vitro in

synthetic media suggests rising lipophorin concentration may be involved in

the initiation of rapid growth. lt was found that larvae did not progress beyond

the first instar unless lipophorin was a component of the media, and that

development time decreased as lipophorin levels increased up to a

concentration of three mg/ml (Nakahara et al 1999, 2000). While typical

lipophorin concentrations in E. kuehniella are not known, in the lepidopteran

species Manduca sexta and Bombyx mori lipophorin occurs in the range one-

five mg/ml (Tsuchida et al 1998; Beckage & Kanost 1993), suggesting that
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three mg/ml is similar to the normal in vivo concentration. Further, in the four

days following the fourth/fifth instar ecdysis, lipophorin levels rose from around

one mgiml to 3.5 mg/ml in M. sexta (Beckage & Kanost 1993). However,

similar changes were also reported Íor M. sexta following the third/fourth instar

ecdysis (Tsuchida et al 1987). lf the same pattern were also true for

E. kuehnietla this would imply that lipophorin concentration might be a

necessary but not sufficient precondition for the initiation of rapid growth in V.

canescens.

A second group of candidates that drive development are the host-

derived hormones, in particular the ecdysteroids. Under in vitro conditions

using synthetic media Nakahara et al(1999, 2000) found the fraction of larvae

reaching the second instar increased from less than 5% to almost 95% by the

addition of one pg/ml 20-hydroxy-ecdysterone (20-HE), while the time

required decreased from 31 to 11.7 days. When the concentration was

increased to 10 pg/ml, the fraction of second instars dropped to 40 7o, with a

high incidence of malformed larvae, implying the 20-HE is acting as a

moulting hormone rather than a nutritionally beneficial substrate, as has been

suggested for the parasitoid Campotitis sonorensis by Ho & Vinson (1997).

Rather, the data indicate that V. canescens utilize exogenous ecdysteroids,

either directly to stimulate development or indirectly to stimulate endogenous

ecdysteroid synthesis. Juvenile hormone was found to enhance larval growth

rates, but had little or no effect on the fraction of larvae reaching the second

instar (Nakahara et al1999, 2000).

After reaching the fifth instar the wasp larvae pupate, typically around

14 days after oviposition. An occasional parasitoid will leave the remains of

the host but the majority remains inside the host cuticle. The larva spins a

cocoon, discharges a dark meconium and moults into a pupa. After another

seven days the pupa moults into an imago and finally, around 25 days

following oviposition the adult wasp emerges (Corbet and Rotheram 1965,

Salt 1977).

V. canescens are ready to oviposit immediately after emergence and

continue to mature eggs for a considerable portion of their lifetime

[= synovigenic (Flanders1950)] (Kreiger 1927, Diamond 1929). The eggs are
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small and yolk deficient [= hydropic], produced without the female requiring

an extrinsic protein source. Therefore adults feed exclusively in order to

maintain metabolic function, on sugar-rich foods such as nectar (Harvey et al

2001). At eclosion a female has around 50-60 mature eggs in her oviducts

(Fletcher et at 1994) and for at least the first few days continues to produce

mature eggs at a rate of 40-50 per day (Trudeau & Gordon 1989). Egg load

varies with body size (Ahmed 1936). ln trials where wasps were provided with

excess hosts, some individuals produced over 400 offspring during their

lifetime (Harvey et al2001).

Frequent access to a sugar source is critical to adult survival. ln trials

conducted al25'C wasps starved from eclosion lived on average three days,

while wasps that were alternately provided with honey Íor 24 h then starved

for 48 h lived on average only five days. Further, lifespan was little affected by

whether the wasps had access to hosts or not (Harvey et al2OO1)-

¡NTERLARVAL COMPETITION

Since ovipositing V. canescens females do not engage in ovicide of

earlier laid eggs (Salt 1961, Fisher 1961), if two or more eggs are deposited

into a single host the two parasitoids must compete with each other for

possession of the host. Two modes of competition have been identified, with

the dominant mode depending on the age difference between the two

parasitoids. There is no evidence for any interactions between parasitoid eggs

before they hatch.

The first mode of competition involves physical combat and can occur

if the age difference between the larvae is three days or less (Fisher 1961).

First instar larvae possess well-developed mouthparts, and upon meeting one

larva bites through the cuticle of the other, allowing haemolymph to bleed from

the wound. lf not killed outright, the wounded competitor then ceases to move

or feed and is subsequently overcome by the host's immune response (Fisher

1961, Salt 1961, Mackauer 1990). ln addition, under in vitro conditions Marris

& Casperd (1996) found that the greater the age difference between the

larvae, the greater was the advantage of the younger competitor in terms of

proportion of fights initiated, and number and duration of bites inflicted.
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The second mode of competition can occur if the age difference

between the larvae is around three days or greater, and involves physiological

suppression of the younger larva by the older (Simmonds 1943). ln this

situation the younger larva either fails to hatch or, upon hatching fails to feed

or grow (Salt 1961). A number of mechanisms have been suggested by

which an older parasitoid larva might suppress a younger competitor,

including starvation, toxic secretions and haemolymph changes (reviewed in

Vinson & Hegazi 1998). ln the case of V. canescens, the cause is most likely

asphyxiation (Fisher 1961, 1963).

ln one series of experiments, Fisher (1961) ligated parasitised hosts

with cotton thread such that one parasitoid was trapped in each half of the

host without preventing the free circulation of the host's haemolymph. The

pairs of parasitoids differed in age by three, four, five or six days. The hosts

were reared in 50 % oxygen for seven days after the eclosion of the younger

parasitoid and then dissected. On no occasion was the younger larvae

suppressed. This implies that physiological suppression is not due to a
secretion by the older larvae, nor by the control of critical nutrients.

ln a second series, hosts were superparasitised with a time difference

of between three and six days, reared variously under an oxygen óontent of 5

to 50 o/" for seven days, after which the larvae were dissected out (Fisher

1961). Under low oxygen conditions all larvae were suppressed. Under

atmospheric oxygen conditions the older larvae won by physiologically

suppressing its opponent if the time difference was four days or more. When

the time difference was three days the older larva won most contests by

suppression, but lost a minority through physical combat. However, under

high oxygen conditions the younger larva was never suppressed but usually

won the contest by physically attacking the older. This strongly suggests that

the basis to the physiological suppression of a younger larva by an older is

anoxia and that it occurs when the age difference is three days or more.

ln a third series of experiments Fisher (1963) examined the change in

the rate of oxygen consumption of larval V. canescens with age under in vitro

conditions. Newly hatched larvae consumed oxygen at a rate of around 0.03

ml/hour, with the rate slowly increasing to 0.06 ml/hour after 2 lz days. The
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rate of oxygen consumption then increased rapidly to around 0.15 ml/hour for

three-day-old larvae and 0.35 ml/hour for four-day-old larvae. Thus, the age at

which oxygen consumption increased coincides with the point at which older

larvae are able to suppress their younger competitors.

ln a fourth series of experiments, Fisher (1963) investigated the in vivo

survivorship of V. canescens eggs and larvae under reduced oxygen

conditions. Morlality was found to increase as oxygen partial pressure

decreased, and mortality was greater among eggs and newly hatched larvae

than late first instars. ln a final series of experiments, the differential survival

of eggs and larvae under extremely low oxygen tension was examined by

sealing them in vitro under liquid paraffin. All eggs and newly hatched first

instar larvae died within 24 hours, while late first instars and older larvae

remained alive, moving and feeding on the liquid paraffin for over four days.

This implies that eggs and newly hatched larvae have a higher absolute

requirement for oxygen than later immature stages.

Together these data provide strong evidence that in the case oÍ V.

canescens the physiological suppression of a younger larva by an older larva

is through asphyxiation. The effect is a consequence of the egg or young larva

having a relatively higher requirement for oxygen, while the older larvae is

both more tolerant of a low oxygen concentration and also able to consume

the greater fraction of the available supply due to its larger size. This effect

can occur when the age difference is around three days and greater (Fisher

1961, 1963).

Based on what is known of the two modes of competition, physical

combat and physiological suppression, it is possible to predict the relative

survivorship of the older and younger larvae in a host superparasitised at

different time intervals. When the age difference is close to zero, the contest is

decided by fighting, the larvae are of similar size and so the relative success

is equal. As the age difference increases to around 60 hours the contest is still

determined by fighting, but the younger larva has a progressively increasing

advantage and so the relative success rate of the younger compared to the

older larva should progressively increase. At an age difference of greater than

around 60 hours physiological suppression should start to influence the

18



outcome, with the fastest developing older larva able to suppress the slowest

developing younger larva, and the relative success rate of the younger larva

should start to fall. By an age difference of around 84 hours the slowest

developing older larva should be able to suppress the fastest developing

younger larva, and the relative success rate of the younger larva should fall to

zero. The general shape of the expected curve is shown in Figure 1.

The relative survivorship of older and younger larvae under

superparasitism, with different age differences and each wasp laying a single

egg, was investigated experimentally by Sirot (1996). The results are shown in

Figure 2. ln the study a difference between two strains in the colouration of

the adult abdomen was used to identify the emerging wasps. lnterestingly,

although no genetic analysis was performed, the same differences in

abdominal colouration are observed in the coexisting strains to be discussed

later.

While prediction and experiment are in broad agreement, a notable

difference is the absence of any advantage to the younger larva over the first

48 hours, indicating that the model is incomplete. There are a number of

possible explanations.

The susceptibility of a larva to a wound may decrease with age, so that

a bite of sufficient severity to kill a newly hatched larva may not be severe

enough to kill an older larva. Marris & Casperd (1996) measured the order,

number and duration of bites, and made no estimate of their severity. While

Fisher (1961) concluded from the dissection of hundreds of superparasitised

hosts that if a larva was bitten it would invariably die, it must be noted that

much of his data were derived from parasitism of a fresh host by mechanical

injection of eggs dissected out of a naturally parasitised host. As such, the

host in which the larvae developed would not have been exposed to any

immune-suppression by maternal secretions, and so the larvae may have

been exposed to a far more hostile environment than would naturally occur.

For similar reasons physical combat may not determine the outcomes in all

cases, even though both larvae are active. While Fisher (1961) reported that

when the age difference between larvae was less than 48 hours physical

combat always occurred, in most cases wihh 24 hours of the younger larva

1,9



00

90

80

70

60

C
oì
at

tt
o
c
oo
o
q,
q)
o
L
oo
C)
o.

Larva is the younger Larva is the older

40

30

20

10

-s-4-3-2-1012345
Age difference between larvae in days

Figure 1. Predicted percentage of interlarval contests won tn vivo by V.

canescens larvae as a function of the age differences between the two

competing larvae.

I

I

RP
s

æ

70

.'RM'

;g
L
CL
to

o
o
s
o

o
(¡)
(E

4 -1 0 5

-line 
bduæm otipaftlre in dalB

Figure 2. Relative percentage of emergent V. canescens offspring as a

function of the time between ov¡position events. Negative times indicate

that the (rRM" wasp was introduced second. Closed circles signify "RM"

offspring and open circles signify "RP" offspring (Sirot, 1996)

æ

n

10

20



hatching, the possibility that it is not always decisive cannot be discounted. lf

so the advantage should lie with the older larva which, being developmentally

more advanced, would begin the rapid feeding phase earlier and ultimately

starve its younger competitor.

Another possibility is an interaction between suppression by anoxia and

physical combat. lf the lack of oxygen experienced by a larva three days

younger than its competitor is sufficient to completely prevent movement or

feeding, it might be expected that for a smaller age difference the degree of

oxygen lack would be sufficient to inhibit activity and thus reduce a larva's

ability to attack or evade attack. However, the range of larval age differences

over which such an effect would occur is likely to be narrow. Physiological

suppression is argued to depend on two effects; the rapid increase in oxygen

consumption by the older larvae at the time of the firsUsecond instar moult

coinciding with a high absolute requirement for oxygen by an embryo or very

young larva. However there is little change in either consumption of, or

absolute requirement for oxygen between the ages of 6-48 hours and so,

within that range, it is difficult to see how any inhibitory effect from reduced

oxygen levels would offer a significant advantage to the older larva.

A final possibility is that the outcome of interlarval combat depends on

both the relative and absolute ages of the larvae involved, with a newly

hatched larva being more vulnerable to attack than a larva six hours post

hatching. There are several possible mechanisms for such an effect.

The chance of a larva winning a fight would seem most likely to depend

on three factors: the physical qualities of its mandibles that enable it to
puncture an opponent's cuticle, the physical qualities of its own cuticle that

allow it to avoid being punctured in turn, and the relative speed and agility of

the larva, allowing it to attack or avoid attack. ln many insects, the mandibles

and cuticle continue to harden for some hours after hatching. Whether this is

true of V. canescens is not known, but if it is so it would likely result in a newly

hatched larvae having a relatively lower offensive or defensive capability.

It is also possible that if combat occurs before the young larva has had

an opportunity to feed, then it lacks nutritional reserves, quickly tires and

becomes vulnerable.
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Finally, a newly hatched larva may be vulnerable to locally induced

anoxia. When fights are observed in vitro, the two larvae frequently actively

manoeuvre for a position in very close proximity for tens of minutes before the

first bite is inflicted (Marris & Casperd 1996). Thus it is possible that the

oxygen content of the haemolymph surrounding the two larvae is substantially

reduced, and that the newly hatched larvae, due to its higher absolute

requirement for oxygen, is sufficiently inhibited to render it vulnerable.

ln the Marris & Casperd (1996) study, the age of the younger larva was

72 hours post oviposition. Given that embryonic development time can be as

short as 60 hours (Corbet & Rotheram 1965) the larvae may have been any

age between zero To 12 hours post hatching. lf the outcome of physical

combat is in part dependent on the absolute age of the younger larva, then

the results of the Marris & Casperd (1996) study would be a product of the

age distribution of the individual larvae used, and the outcome of larval

competition in vivo a function of the probability distribution over time of two

larvae meeting.

TWO COEXISTING STRAINS OF V. CANESCENS

Hymenopteran endoparasitoids produce a range of secretions which

are injected into the host during oviposition (Beckage 1997) that act to

facilitate the development of the young wasp by interfering with the host's

defense system and also other host functions (Quicke 1997).

ln the case of the endoparasitoid wasp V. canescens these secretions

include virus-like particles (VLPs) which are produced in the calyx tissues of

the reproductive tract. As the mature oocyte passes through the calyx on its

way from the ovariole to the oviduct, it is coated in very large numbers of VLP

proteins which bind to the chorion (Rotheram 1973). lt was found that five

major VLP proteins exist, ranging in size from 35 to 80 kDa (Feddersen ef a/

1986). The DNA of one of the five (coding forthe 40 kDa protein, named the

VLPl ) was cloned and characterised, and it was found that it occurred within

the laboratory wasp population in two allelic variants, differing by the presence

or absence of an 54 bp tandem repeated sequence. lnterestingly, all wasps

analysed were found to be homozygous for one of the alleles (Hellers et a/

1996). Because of this, in combination with the population's asexual mode of
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reproduct¡on, ¡t was possible to establish two separate clonal lines ("repeat

plus", RP and "repeat mirìus", RM) based on the allelic variation.

Following this the two wasp strains were tested for stability in the VLPl

gene over successive generations. No alterations were detected in either

gene. The genomic DNA was then examined using RAPD-PCR. From the 23

random primers tested, 90.5 % polymorphic and 9.5 % monomorphic scorable

bands were obtained for the two strains. Together, these results indicate that

the two strains are stable and have been separated for enough time to

accumulate other DNA polymorphisms, and that the presence of the two VLPl

alleles in the laboratory population was not due simply to mutation pressure

(Beck et a|1999).

A number of phenotypic differences between the two strains were also

observed. lnitial attempts to culture the RM strain failed several times, with

development of the individuals frequently failing at the pharate stage (M.

Beck, pers. com.). Once established, RM wasps continued to produce fewer

offspring than RP wasps under conditions of intrastrain superparasitism.

However, under interstrain superparasitism, RM wasps produced more

offspring than RP wasps (Beck et al1999).

Examination of the reproductive tracts of individuals from the two

strains revealed further differences. The calyx glands of RM wasps were

larger than those of RP wasps, with extended VlP-filled membrane systems,

and the amount of secreted VLPl protein in the calyx was reduced for the RM

wasps compared to the RP wasps. The transfer of eggs through the calyx to

the oviduct also appeared to have been affected by these differences. When 7

day old wasps were dissected, RM wasps were found to have significantly

more eggs in the calyx and significantly fewer in the oviduct, compared to RP

wasps. Finally, it was observed that RM eggs were both larger, and took

longer to hatch, than RP eggs (Beck et al1999).

Since the two wasp strains are genetically stable, and the original

laboratory culture had been maintained without the addition of new stock for

many years, the two strains had been coexisting sympatrically. Given the

pronounced differences in morphology and reproductive success between the

two strains this further suggests they coexisted as a balanced polymorphism.
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One issue raised by this research is the genetic basis of the RM

phenotype, specifically, whether the phenotype is genetically linked to the

VLPI gene and if so, whether the phenotype is a result of the pleiotropic

effects of the VLPI gene alone, or an allelic combination of the VLPI gene

and (at least) one other.

The isolation of sexually reproducing strains of V. canescens from the

same location in southern France, which contain both alleles of the VLPI

gene (Malmberg et al 2000) provides an opportunity for this issue to be

investigated. Lines homozygous for the two VLPI alleles can be extracted

from an interbreeding mixed sexual colony, and then the correspondence

between the VLPl allele and the relevant morphological and reproductive

phenotypes determined. Since the RM and RP homozygous sexual lines will

have been derived from a single population containing females heterozygous

for the VLPl gene, it is reasonable to assume that any genes not linked to the

VLPl gene locus will occur at similar frequencies in offspring from the

separated lines. Thus, any correspondence observed between VLPI allele

and phenotype would constitute evidence that the VLPl gene alteration either

causes the phenotype or is genetically closely linked to the putative gene.

The second issue raised is the function of the VLPl protein and the

relationship between the two allelic forms and the corresponding phenotypes.

Potential similarities between the deduced VLPl amino acid sequence and

other proteins were investigated by screening existing DNA and protein

sequence computer libraries. Significant similarities were found between the

VLPl and a vertebrate protein belonging to the family of phospholipid

hydroperoxide glutathione peroxidases (PHGPX). However, several key

amino acids typically present in the catalytic center of vertebrate peroxidases

(Brigelius-Flohe et al 1994) are not present in the VLP1. Further, in vitro

reactions using VLPl proteins found no significant peroxidase activity. Thus,

an enzymatic role for the VLPI in reducing hydroperoxides of phospholipids

appears unlikely (Hellers et al 1996). An alternative is that the VLPl protein is

involved in the non-enzymatic binding and masking of modified lipid moieties

in the VlP-membrane. PHGPX reduces peroxides at the expense of GSH
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(equation 1) which is regenerated in a reaction catalysed by GSSG

reductase (equation 2) (Thomas et a|1990).

ROOH + 2GSH > ROH + GSSG + HzO (equation 1)

NAPDH + H* +GSSG > NADP* + 2GSH (equation 2)

However, the VLPl protein occurs extracellularly, in the lumen of the

calyx of the wasp and in the haemolymph of the host following oviposition, so

that the substrates such as glutathione required for continued enzymatic

activity are likely to be absent, making an enzymatic function inappropriate. ln

addition, the VLPl protein is secreted in very large quantities (Rotheram

1973). Thus the VLPI protein may act to reduce oxidized lipids, but with an

individual protein able to act only once.

Under this model, the physiological function of the VLPl protein is to

mask oxidised lipids in the membranes of the calyx and on the surface of the

egg. The RM allelic form may be less able to fulfil this role, resulting in the

observed calyx morphology as well as other unidentified molecular

consequences on the egg or larvae following oviposition. Until the

physiological basis to the reproductive differences between the two genotypes

is understood, any molecular explanation of the differences would be entirely

speculative. However, one general scenario could be that the damage that

occurs to the calyx of the RM genotype causes a significant reduction in the

concentration of other calyx gland secretions in the lumen that in turn have

consequences during embryogenesis or larval development.

The third question raised by the research is the basis for the

differences in reproductive success between the two strains under intra- and

inter- strain superparasitism.

ln the original Beck et al (1999) study, when an RM and an RP wasp

were allowed simultaneous access to hosts for 24 hours, there were almost

twice as many RM as RP offspring. Noting that the embryonic development

period for the RM strain was longer than for the RP strain, it was suggested

that the effect was due to the RM larvae hatching second and so accruing the

advantage of being the younger larvae under physical combat (as per Marris

& Casperd 1996). lgnoring forthe momentthe difficulties in reconciling the in

vivodala of Sirot (1996) and the in vitro data of Marris & Casperd (1996), a
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weakness of this explanation is the magnitude of the apparent RM strain

advantage of two to one, since tor a 24 hour age difference Marris & Casperd

(1996) reported a much smaller younger larval advantage of four to three.

Since the differences in the duration of embryonic development alone

appeared to be too small to account for the magnitude of the RM strains'

competitive advantage, it was hypothesised that the effect was enhanced by

differences in oviposition behaviour between the two strains. lt has been

shown that the rate of searching behaviour (Trudeau & Gordon 1989),

oviposition (Sirot et al 1997), and the likelihood of winning an agonistic

encounter (Hughes et al 1994) all increase with egg load. RM wasps, with

fewer eggs in their oviducts (Beck et al 1999) may thus tend to delay

oviposition compared to RP wasps. This was investigated by allowing wasps

of both strains simultaneous access to a patch of hosts for three hours with

each stinging attempt combined with cocking behaviour (as per Rogers 1972)

recorded as an oviposition event. lt was found that over the first two hours the

RP wasps made significantly more oviposition attempts than RM wasps, but

after two hours the situation was reversed, with the RP wasps making fewer,

although the cumulative number of attempts by RP wasps remained higher.

An important point to note is that for both strains, the number of oviposition

attempts was many times greater than the number of hosts. Clearly, both

strains are prepared to lay multiple eggs into a single host.

ln a second experiment the relative reproductive success of the two

strains under competing Superparasitism was investigated, with waspS

allowed access to hosts for one or three hours. The results mirrored those for

oviposition rates, with RP wasps producing more offspring under the one-hour

access condition while RM wasps produced more offspring under the three-

hour access condition (Beck et al 2001). These experiments demonstrated

additional functional differences between the strains, and suggest that the

timing of egg deposition is a relevant factor in the relative success of the two

strains. However, even the combined effects of delayed oviposition and a

longer embryonic developmental time would not seem to be able to increase

the age difference between RP and RM larvae enough to explain the
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observed two to one RM advantage purely on the basis of a younger larval

advantage in physical combat.

Since the data suggested that the timing of egg deposition is a relevant

factor in the relative success of the two strains, the effects of differences in the

timing of oviposition were subsequently further explored.

Beck et al (2000) examined the effect on relative reproductive success

of allowing one of the two strains a head start. Here, one wasp was given

access to 25 hosts for seven hours before the second wasp was added, after

which both wasps were allowed to search for and parasitise hosts afurlher 24

hours. When the RM wasp was given the head start there was no significant

difference in the number of offspring from each strain, while when the RP

wasp was introduced first, the RP strain produced around twice as many

offspring as the RM strain. lf ¡t is assumed that the combined effects of

delayed oviposition and a longer embryonic development time equate to

around a seven hour lag then the first result is consistent with the young larval

advantage explanation, however, the latter result is contrary to it, and rather

difficult to explain, unless it is assumed that the advantage of a younger larva

only exists across a range of age differences of a few hours. However, it

should be noted that the number of replicates was low (two) and the data may

merely reflect within strain individual variation.

It must also be noted that in all the studies discussed above, wasps

were allowed uncontrolled access to hosts, in most cases for at leasl 24

hours. While it may be argued that such a protocol is ecologically realistic, it

has the drawback of confounding a number of possible mechanisms. ln

particular, it is not possible from the data to discern if the relative reproductive

success of the two strains is determined by the behaviour of the ovipositing

female, or by some property of the individual larvae.

A possible behavioural explanation depends on both wasps laying

multiple eggs in a single host. The eggs of the wasp ovipositing first hatch

first. lnterlarval physical combat between the siblings commences shortly after

so that, by the time the eggs of the second wasp hatch most of the first wasp's

offspring have eliminated each other. The larvae of the second wasp at this

point outnumber the larvae from the first wasp and so it is more likely that one
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of them will be the ultimate victor. Under this model, no younger larval

advantage in combat is required. Collectively, the offspring of the wasp who

lays the eggs that hatch last will dominate simply by arriving at the field of

combat after most of the opposing larvae are already dead. Due to differences

in both embryonic development time and oviposition rate (Beck et al 1999),

there will be a greater overall lag time between a wasp being given access to

hosts and her larvae hatching for the RM strain compared to the RP strain.

Thus the relative reproductive success of the two strains under uncontrolled

competition would be expected to show an overall bias in the RM strain's

favour, and the equivalence point between the two strains to be when the RM

strain is given a head start of a few hours.

An alternative explanation is that there is some systematic

physiological difference between the eggs and/or larvae of the RM and RP

strains that increases the probability of an RM larva winning a one on one

fight with an RP larva.

To distinguish between the two explanations, it is necessary to

determine the relative reproductive success of the two strains when only one

egg from each strain is laid into a single host

A final issue that requires explanation is the lower reproductive success

of RM wasps under intrastrain competition, compared to RP wasps. Two

possibilities can be derived from the hypothesised explanations of the RM

larvae's competitive advantage. lf the RM larval advantage is offensive then

two RM larvae may be more able to inflict mutually lethal wounds in the

course of combat. However it is not obvious why this should lead to

developmental failure as a pharate. A more plausible explanation is if the RM

larval advantage is defensive; being mutually difficult to kill the contest

between them may not be resolved until there are insufficient resources (ie

the host's tissues) remaining to allow the completed development of the victor.

However if this were the case the failed pharates should be relatively small

while in fact they fall within the normal size range.

An intriguing third possibility is that the effect is related in some fashion

to (a failure of) the RM wasp's immune system. lt has been found, for a range

of pathogens, that when a parasitoid grows inside an infected host
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developmental failure can occur at the pupal or pharate stage, depending on

the time interval between parasitism and infection (eg King and Bell, 1978;

Temerak, 1980: Santiago-Alvarez and Caballero, 1990). Further, parasitism

can lead to an increase in the host's resistance to a subsequent infection

(Begon et al, 1999). lf the resistance of the host is due to the effects of a

parasitoid maternal secretion acting globally, and a consequence of the RM

calyx tissue alteration is a general reduction in the concentration of maternal

secretions, then RM-RM superparasitism may result in the victor developing in

a susceptible host while for the victor of RM-RP superparasitism the host

would be resistant. However, this would have to be regarded as even more

speculative than most of that which precedes it.
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Chapter Three

Two coexisting lines of the endoparasitoid Venturia
canescens show differences in reproductive success

under con-specific superparasitism
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Abstract

In a laboratory colony of the endoparasitic wasp Venturin canescens Grav. (flymenoptera: Ichneumonidae), two genetically distinct

lines (RP, Rlrrf) appear to coexist sympatrically. The two lines display pronounced differences in ovarian morphology, parasitism

behaviour and number of offspring produced under competing superparasitism. Since V. canescens is a soiitary endoparasitoid, larvae

inside superparasitised hosts must compete for host possession. We examined the outcome of conspecific superparasitism between the

wasp lines with different time intervals between ovipositions. The results showed that the competitive abilities of the two lines were

notiymmetrical. Further, the RMline won a signiûcantly higher fraction (around 60/o) of the overall contests. Dissection of parasit-

oid larvae from their hosts indic¿ted that most contests between competing larvae had occurred within the first 24 h of the eggs

hatching, suggesting the advantage of the RMJine relates to physical combat. It was previously thought that the coexistence of the

two linei was exclusively due to maternal effects. The results of this study indicate for the ûrst time that these differences are based on

phenotypic variations in both the larval offspring and the mother.

O 2003 Elsevier Ltd. All rights reserved.

Keyw ords: Parasitoids; Superparasitism; Competitìon; Venluria canescens

1. Introduction

Most endoparasitoid wasps deposit their eggs inside

the body of another species, typically an immature stage

of an arthropod. The developing wasp larva selectively

consumes its host, ûltering nutrients from its haemo-

lymph in a fashion that is not immediately fatal. In
solitary endoparasitoids, only a single larva will be able

to successfully complete its development inside a single

host (Salt. 196l), However, no such limitation exists on
the number of eggs that may be laid by one or more
female wasps. When a host contains mors than one

egg, it is described as being superparasitised, a pheno-
menon that has been frequently observed in the field
(Salt, 19341 van Alplten ancl Visser, 1990). Of necessity,

the resulting larvae must compete for host resources,

resulting in the death of all supernumerary parasitoids.
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Life history theory suggests that in a variable

environment, multiple evolutionary stable strategies

can occur simultaneously in the same population
(Slearns, I 992). For an endoparasitoid larva develop-

ing in a superparasitised host, a degree of environmen-
tal variation will be intrinsic to the system. The

environment of the developing wasp larva is the host

haemocoel, which will vary e.g. with the number and

genotypes of the larvae present, In a superparasitised

host, the task of manipulating host physiology is per-

formed by multiple wasps, which could provide the

adaptive potential for a line to divert resources toward
interlarval competition and away from host manipu-
lation. Recent studies involving a laboratory colony of
the endoparasitoid wasp Venturia canescetn Gtav,
(Hymenoptera: Ichneumonidae) on its host Ephestia

kuehniella (Lepidoptera: Phycitidae) provides experi-

mental support for this idea. Research indicates that
the wasp population coutains two reproductively inde-
pendent lines, genotypically and phenotypically

distinct, yet coexisting sympatrically (Beck et al-. 1999'

200 | ).
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In a long-standing parthenogenetic laboratory col-
ony of V. canescens, two genetically distinct lines were

identif,ed on the basis of a DNA sequence variation of
a gene encoding a virus-like particle (VLPI) proteiu
(ttellels et a1., 1996). The DNA coding for the protein
was found to differ in the population by the presence

or absence of a short tandem repeat sequence with gen-

otypes of both clonal wasp lines accordingly being

designated as 'repeat plus' (RP) or 'repeat minus'
(RM). Both lines were tested for stability in the VLPI
gene over successive generations with no alterations
detected in either gene. An analysis of genomic DNA
using RAPD-PCR revealed a high degree of genetic

variation between the two clonal wasp lines (Beck et al..

1999). Together, these results indicate that the two lines

are stable and have been separated long enough to
accumulate other DNA polymorphisms, and that the
pres€nce of the two VLPI alleles in the laboratory
population was not simply due to mutation pressure at

this gene locus (Ilecl< et al,. 1999).

A number of phenotypic differences between the two
V. canescens lines were also observed. Under con-
ditions of self-superparasitism, RM wasps produced
fewer offspring than RP wasps, with development of
the RM pre-adults frequently failing at the pupal or
pharate stage. However, under interline super-
parasitism, RM wasps produced significantly more off-
spring than RP wasps (Beck er a1.. 1999). Moreover,
RP- and RM-females displayed behavioural differences,

with RP wasps depositing eggs immediately after host
encounter, while RM females showed a significant
delay in parasitism. Both oviposition strategies could
be correlated with two distinct ovarian phenotypes,

which in turn seem to differentially influence egg matu-
ration and egg numbers in the oviduct: RM wasps had
significantly more eggs in the calyx and significantly
fewer in the oviduct, and their eggs were both larger
and took longer to hatch, than RP eggs (tseck et al.,

r999.2001).
Since the two v/asp lines are genetically stable, and

the original laboratory culture had been maintained
without the addition of new stock for many years, the

two lines had been coexisting sympatrically. Further,
both VLP alleles have been found iu all field popula-
tions of V. canescens analysed so far (Beck el al., I 9991

Malmberg et ul.. 2000: Schueiclel et al., 2003). Homo-
zygous RM and RP offspring from freld-collected
arrhenotokous wasps showed similar patterns of mor-
phological and functional differences to the laboratory
lines (Li et al.. 2003), suggesting the VLPI gene locus is
genetically linked to the phenotype. However, the dif-
ferences were less pronounced in the arrhenotokous
females, indicating that one or more additioual
unlinked genes are involved in the expression of the

observed phenotype.
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If females accept hosts which were previously para-

sitised by a conspecitc female, two or more parasitoid

larvae have to fight for the same host. Parasitoid larvae
inside superparasitised caterpillars use two mechanisms

to compete for host supremacy, one involving physical

fighting, the other physiological suppression with both
mechanisms being dependent on the age difference of
the developing parasitoid larvae: when the age differ-
ence between superparasitising larvae is only a few

days, the competition for the host involves physical

combat with flrst instar Iawae possessing well-
developed mouthparts biting through the cuticle of the

competing larva (l;isher. l96ll Salt. l96J). The second

mode of competition can occur if the lag-time between
parasitism and superparasitism is around 3 days or
more, and involves physiological suppression of the

younger larvae by the older (Sirr.rrr.rorrcls. 1943). In this
situation, the younger larvae either fail to hatch or
upon hatching, fail to feed or grow (Salt. 196l)' In the

case of V. canescens, the cause is most likely asphyxi-
ation (Fisher-, 1961. 1963), a consequence of the egg or
young larva having a relatively high requirement for
oxygen, while the older larva is both more tolerant to a
low oxygen concentration and also able to consume the

grealü fraction of the available supply due to its larger

size (Fisher. l96l, 1963).

A possible explanation of the RM-line's advantage

may be based on the maternal phenotype and on both
wasps laying multiple eggs in a single host, a çommon
occurrence under laboratory culture conditions. Ovipo-
sition rates of up to 50 eggs/h, continuing until the

oviducts are largely depleted of eggs, have been repor-
ted (tlalvey et al., 2001), including under conditions of
intra-line superparasitism (tlecl< et al., 2001). Regard-

less of the respective line, the eggs of the wasp oviposit-
ing first hatch first. Interlarval physical combat

between the siblings commences shortly after, so by the

time the eggs of the second wasp hatch a number of
the first wasp's offspring have already eliminated each

other. The larvae of the second wasp at this point out-
number the larvae of the first wasp and so it is more
likely that one of them will be the ultimate victor'

It has been previously shown that the rate of search-

ing behaviour ('lì-udeatr and Goldon, -l989), 
oviposi-

tion (Silot et a1,, 1997), and the likelihood of winning
an agonistic encounter (llughes et a1., I 994) all increase

with egg load. RM wasps with fewer eggs in their
oviducts (Beck et al., 1999) may thus tend to delay

oviposition compared to RP wasps. Due to differences

in both embryonic development time and oviposition
rate (Beck et al., 1999), there will be a greater overall
lag-time between an RM-wasp being given access to

hosts and her larvae hatching compared to an

RP-wasp. Thus, the relative reproductive success of the

two lines when competing for hosts may show an over-

all bias in the RMline's favour.
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The general alternative explanation is that there is

some physiological difference between the RM and RP
lines that increases the probability of an RM larva win-
ning a one-on-one encounter with an RP larva. Most
plausibly, this would involve an advantage in one of
the two previously identified modes of competition,
either physical combat or physiological suppression.

To distinguish between the two explanations, the
present study compared the reproductive success of the
two lines, when one egg from each line was laid into a
single host. In addition, since the age difference

between competing conspecifics has been shown to
affect the outcome (Marlis ancl Cìaspercì, t9961 Silor.
1996), the effects of differences in the timing of oviposi-
tion were investigated. To assess the outcome of the
contests, superparasitised hosts were dissected at vari-
ous time intervals after oviposition. To investigate any
possible differences in tolerance to a reduced oxygen

environment, singly parasitised hosts were reared under
atmospheric or reduced oxygen conditions and larval
growth was subsequently determined.

2. Materials and methods

2.1. Insect cultures

Both hosts and parasitoids were maintained at
25 "C, under a constant light-dark regime (Ll4:Dl0)
in an insect rearing room. Hosts were final instar lar-
vae of E. kuehniella, reared on an oatmealfwheaÍgermf
yeast diet (llarve.v antl Vel, 1997). Clonal RP- and

RM-wasp lines from a thelytokous V. canescens lab-
oratory culture were previously established as reported
by lìec,l< et al. (1999).

2.2. Competition experiments

On the day of their emergence, V. cenescens females

were removed from culture and \ryere kept in batches of
l0 with a 50% honey solution for 48 h prior to use in
experiments. For the competition experiments, a single

wasp from each line ìvas put together with 20 final
instar host larvae in a round plastic container (7 cm in
diameter, 8 cm in height). The parasitoids were

observed during oviposition and stinging attempts
combined Ìvith the characteristic cocking movements of
the wasp's ovipositor (l{ogels, 1972) were considered

as real oviposition events. Exact time of oviposition
was recorded and host larvae that were parasitised
once either by RP- or RM-females were immediately
removed from the containers. Afher 4,8, 24 and 48 h,

respectively, these larvae were exposed to a wasp from
the other line, wasps were again observed during
oviposition and superparasitised larvae were immedi-
ately removed from the containers. These time intervals

were used as they are representative of the time inter-
vals between ovipositions that would occur under nor-
mal laboratory culture conditions. A total of 80 hosts

were superparasitised in four replicates for each of the

time intervals and each order of oviposition ('RP
first-RM second wasp' and 'RM first-RP second

wasp'). Superparasitised host larvae were cultured as

described above and emerging wasps were submitted to

molecular genotyping using polymerase chain reaction
(PCR) to determine the number of emergent RP- and

RM-wasps,

2.3. DNA preparation and molecular genetic analysß

Emerging wasps were immediately frozet and kept

until molecular genetic analysis. For a crude DNA pre-

paration, the abdomen of an individual wasp was cut
off and was manually ground into small pieces with a
plastic pestle in 500 pl of TES buffer (100 mM Tris
HCl, l0 mM EDTA, 2% SDS, pH 8.0). The solution

was boiled for 15 min and was centrifuged for 30 s at

13,000 rpm to pellet tissue leftovers. The supernatant

was transferred to a fresh tube,0.l vol. of 3 M NaAc
and 2 vol. of ice-cold 100% EtOH were added, vor-
texed and incubated on ice for at least 20 min. The sol-

ution was centrifuged for 15 min at 13,000 rpm, the

pellet was washed wiÍh 10V" EIOH, dried and resus-

pended in 100 pl TE buffer (10 mM Tris-HCl, I mM
EDTA, pH 8,0) overnight. For PCR analysis, 3 pl of
the DNA solution was used.

PCR analysis for classifying emerging wasps as RP

or RM genotype followed the procedure described by

Ilellers et al, (1996) except that VLPI gene specific

primers DINT (5/-CTCAATATGTGGGGTGGTGG-
3') and 5/II (5/-TCGCAGTGGCTTGTCAGAGT-3/)
were used amplifying a 242 and 188 bp fragment of the

VLPI gene in RP- and RM-wasps, respectively,

2.4. Size over time of larvae under interline compelilion

To determine at which time point after oviposition
competition between larvae was resolved, 40 hosts that
had been parasitised twice within 4 h or less were dis-

sected from 4 to 8 days later and the size of the two
larvae was r€corded. To determine the relationship

between larval age and size under the given laboratory
rearing conditions, larvae were dissected from singly
parasitised hosts in an additional experimental set-up.

A total of 408 V. canescens larvae (204 from each line)
were dissected out of parasitised hosts between 64 and

120 h after oviposition and their length was measured.

2.5. Lartal growth under dffirent oxygen tensions

To assess whether the two wasp lines differed in their
tolerance to a reduced oxygen environment, hosts were



170

parasitised once by either an RM or an RP wasp and
maintained for 72 h under atmospheric (21þ oxygen
conditions to allow the parasitoid eggs to hatch. Para-
sitised hosts were then maintained for a further 120 h
under either 5"/o or 2l%o oxygen, after which the parasitoid

larvae were dissected out and their length measured.

2.6. Statistical analysis

All parameters recorded were analysed with the stat-
istical software package JMP (SAS Inst. Inc. 2001,

version 4.0.4). Dafa from the competition experiments

were analysed as binary data (survival or death of the

host, and relative success of superparasitism) using a
generalised linear model (GLM), with time interval
between ovipositions and order of ovipositions as the

controlled variables. The size of larvae over time from
superparasitised hosts was analysed by GLM and the

relationship between age and larval size from single
parasitised hosts determined by linear regression. Lar-
val growth under atmospheric and reduced oxygen ten-
sions was analysed by a generalised linear model, with
line and oxygen tension as the controlled variables'
Tukey-Kramer tests (Sokal and Rohll'. l98l) were used

to conduct a posteriori comparisons; means \üere regar-
ded as significantly different if P< 0.05.

3. Results

3.1. Competilion experiments

The survival rate until parasitoid emergence and the

relative proportion of offspring from the super-

parasitising female are shown in I'able l. Analysis by
GLM revealed that the proportion of contests won by
the offspring of the superparasitising female was signifi-
cantly higher (X2: 12.92, P: 0.0003) for the RM-com-
pared to the RPline, Logistic regressions of the

relative pay-off from superparasitism against the time
interval between ovipositions (t-'ig. l) showed that
when the RP-wasp oviposited second, its offspring won
around 40"/o of contests independent of the time inter-
val (1742< 0.01, P:0.9909). In contrast, there was a sig-
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nificant relation (x2:3.95, P:0.0469) between the

relative pay-off from superparasitism and the time

interval between ovipositions when the RM-wasp ovi-
posited second. When the time interval was 4 h, the

RMline won around 65Y" of contests; this value then

declined to around 50% when the RM-wasp oviposited
48 h after the RP-wasp (Fig. l).

Both the order of oviposition (X2:8.82, P: 0'003)

and the time interval between ovipositions (X2:21 .0,

P< 0.0001) had a significant effect on the survival rate
of superparasitised hosts; however, the interaction
between these two factors was not significant

(x2:2.77, P: 0.0958)' Logistic regressions of the sur-

vival rate of the host against the time interval between

ovipositions (Fig. 2) showed that the survival rate of
the superparasitised hosts was higher when the

RM-wasp oviposited second, and for both orders of
oviposition decreased as the time interval increased.

The latter effect is most likely due to the cost of being

disturbed over a longer time interval and having to
build a new burrow (Sirot- 1996).

3.2. Size over time of larvae under interline compelition

All the 40 superparasitised hosts dissected were

found to contain two immature latvae, thus it is

unlikely that the results of the competition experiments

were biased by differences between the lines in the attri-
bution by the experimenters of oviposition success.

While there was a significant positive relationship
(F:159.2, P< 0.0001) between the size and age of the

larger larva from each host, there was no significant

change over time (F:0.3592, P:0.5525) in the size of
the smaller larva (Fig. -j), indicating that in the great

majority of cases, the contest between competing larvae

was decided within the first 24 h afír.l. hatching.

Staged dissections of larvae from singly parasitised

hosts between 64 and 120 h after oviposition (Irig- 4)

gave results in good agreement with previously pub-

lished data on ûrst instar I{ canescens life history with
eggs usually hatching between 66 and 74 h after ovipo-
sition (Corbet ¿rnti Rother-ham. 1965; f)iarnond. 1929).

There was no significant difference in sizes of the RP

and RM larvae over this time interval (F:0.0642,

Table I

Proportion ofprogeny surviving to emergence from 80 superparasitised hosts, and the proportion that were the offspring olthe second female, for

both orders of oviposition ('RP first, RM second' and 'RM first, RP second') and different time intervals between ovipositions

Time interval (h) RM line second RP line second

Proportion
survlvrng

N Proportion second

females winning
Proportion
survlvlng

N Proportion second

females winning

53

38

52

t8

0.66

0.48

0.65

0.22

4

8

24

48

0.6'l
0.65

0.51

0.5

0.76

0.6
0.59

0.53

61

48

47

42

0.43

0.14
0.42
0.39
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Fig. 3. Mean length ol the larger and smaller larvae dissected from
twice-parasitised hosts. Bars represent 950lo confidence intervals of the

mean.

4. Discussion

The data presented in this study indicate that the

higher reproductive success of the RM line under com-
peting superparasitism observed by Becl< et al. (1999) is

not due to differences in the maternal phenotype, but
rather to some difference in the larval phenotype that
results in an RM-advantage in one-on-one interlarval
competition. The relative pay-off of superparasitism for
the RPline was around 40% independent of the time
interval between ovipositions. In contrast, the relative
pay-off of superparasitism for the RM-line was around
65% when the time interval between ovipositions was

small, declining to 50% when the time interval was 2
days. Thus, the competitive abilities of the two lines

were not s1'rnmetrical, with the RM-line winning a sig-

nificantly higher fraction (around 60þ of the overall
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Fig. 1. The relative pay-off from superparasitism as a function of
the time interval between ovipositions for the two different orders of
oviposition, 'RM first, RP second' (dashed line) and'RP frrst, RM
second' (solid line). Lines represent the frtted values from the logistic
regression model.

P: 0.8). Analysis by linear regression of size against

age in hours (r2:0.792, F:1545.6, P< 0.0001) indi-

cated that the fit was good. Inverse prediction of the

age of the smaller larva from superparasitised hosts

using these data indicated that, based on mean values,

around 600/o of contests were resolved within 6 h of the

losing larva hatching and 90o/o within 24 h ('l'able 2).

3.3. Larval growth under atmospheric and reduced

oxygen tensions

Under both oxygen tensions, the mean length of the

RM larvae was significantly greater than the RP larvae

(fable 3). Analysis by GLM revealed a significant

interaction (F:4.09, P:0.045) between line and oxy-

gen tension, indicative of the relative difference in size

between the two lines being less under the reduced oxy-

gen tension condition.

'r0 20 30 40

Tlmo lnt€rval bolwoon ovlposlüonB (h)

Fig. 2. Survival rate of superparasitised hosts until parasitoid
emergence as a function of the time interval bet\reen ovipositions for
the two different orders of oviposition, 'RM first, RP secon<l' (tlashed

line) and'RP ñrst, RM second' (solid line). Lines represent the ûtted
values lrom the logistic regression model.
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Fig. 4. Relationship between the age and length of lawae dissected

fron silgly parasitised hosts. The solid linc rcprcscnts the fitted value

lrom the logistic regression model, dashed lines represent the individ-

:ual 9 SYo confi dence intervals.
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Table 2

Distribution of the lengths of the smaller lawae from twice-para-

sitised hosts and their estimated age when the outcome ol the inter-
larval contest was determined, by inverse prediction of the relation
between age and length ol larva from singly parasitised hosts
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Length
(trun)

contests. Furthermore, given that the RMline has a
lower rate of reproductive success than the RPline
under conditions of self-superparasitism (Beok et al.,

1999), the results support the suggestion that the RM
and RP phenotypes represent two evolutionary stable

strategies (Malnar-d Smith. 19821 Stearns. 1992), under
conditions of conspecific and self-superparasitism,
respectively.

In addition, our data indicate that the RMline's
advantage relates to physical combat, rather than
physiological suppression per se. Dissections of super-
parasitised hosts suggest that around 60% of contests
\ilere resolved within 6 h of the losing larva hatching
and 90Yo within 24 h, corresponding to the time inter-
val when physical combat has been shown to be the

dominant mode of competition (Iloi.valcl, 1897; Irisher',

196l). Further, although RM-larvae showed signiû-
cantly higher growth rates than RP-larvae under low
oxygen tension, the small size of the difference (around

l2%) combined with the fact that the growth of both
lines was severely retarded makes an explanation
purely based on anoxic suppression implausible.

Thus, the question can be asked, what phenotypic
difference can account for the RM line's advantage?

The more plausible explanation is that the physiologi-
cal basis for the RM advantage is due to a subtle shift
in one of the factors that determines the outcome of
interlarval combat, rather than through the evolution
of a novel mechanism.

Table 3

Mean length of RM- and RP-larvae from singly parasitised hosts

maintained ûrst for 72 h under atmospheric (21%o) oxygen conditions
to allow the parasitoid eggs to hatch and then for a further 120 h

under either 5Yo or 21Yo oxygen

Line 5% Oxygen 2Io/o Oxygen

One option is that there is an interaction between

physiological suppression through anoxic inhibition
(Fisher. 1963) and physical combat, with the less toler-
ant larva being made vulnerable. Under this scenario,

the RM larva would acquire the advantage through a
lower absolute requirement for oxygen. However, it is
unlikely that newly hatched larvae consume enough

oxygen to have any affect on competitors. In addition,
such a difference between the lines should lead to an

increasing advantage with the age of the RM larva,
which was not observed.

A second possibility is that the ovipositing RM wasp

or the developing RM larva secretes a substance that is

toxic to the larvae of genetically different conspecifics,

Macl<auer (1990) reports of such an interaction
between the two closely related species, Aphidius smithi

and Ephedrus californicur, with E. cafurnicus vvasps

injecting toxic substances that, although becoming

ineffective very quickly, killed A. smithi eggs already
present in the host. However, a toxin that would affect

the larvae of a conspecifrc V. canescens female after
they had hatched, while not affecting self-specific

progeny is difficult to envision.
A final possibility is that the outcome of interlarval

combat is not determined in a simple fashion by the

age difference between the two larvae, but also depends

on their absolute age when the physical contest takes

place. It is conceivable that the ability of a larva to
successfully bite another in part depends on the degree

of sclerotisation of the attackers' mandibles and of the

defenders' cuticle. Thus, a physiological difference

between the two lines that results in a newly hatched
RM larva being more highly sclerotised would trans-

late directly into a competitive advantage in combat

over a similarly aged RP larva. Alternatively, the newly
hatched RM larva may gain the advantage by being

intrinsically more mobile than the RP larva. The

observed higher mean growth rates of the RM larvae,
possibly reflecting a higher metabolic rate, would be

consistent with either possibility.
The finding that RM-larvae have a significant com-

petitive advantage in one-on-one competition with RP-

larvae conûrms that the coexistence of the two lines

under laboratory culture conditions is the result of a

complex interaction and not simply because their
phenotypic differences have no fitness consequences. In
addition, it shows that the sympatric coexistence of two
reproductively independent and phenotypically distinct
species on the same resource is l¡¿ principal possible'

Whether this particular system occurs in natural popu-

lations of V. canescer¿s is not knowtl. While similar pat-

terns of morphological and functional differences to the

laboratory lines have been observed in fleld-collected
wasps (Li et al.. 2003), the differences \ilere less pro-
nounced and their contribution to the support of sym-

patric coexistence in the field remains to be shown.

Percentage Predicted
of larvae age (h)

Lower
95% Cl

Upper
95% Cl

0.45

0.5

0.6

0.7

0.8

0.9

't.5

27.5

27.5

l5
15

7.5

64

68
'76

84

92
100

50

54

61

7l
79

8'l

'77

81

89

97

105

r14

N Mean Lower Upper N
length 95% 95%
(mm) CI CI

Mean Lower Upper
fength 95% 95%
(mm) CI CI

RM 22.00

RP 28.00

55.00

37.00
|.3'l
1.21

t.28
1.14

1.46

r.28
4.20

3.7 5

4.06
3.60

4.34
3.91
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The outcome of in vitro contests between larvae of
the endoparasitoid Venturia canescens depends on
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The development of the endoparasitoid wasp Venturia
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Abstract

Using a molecular marker that allows the differentiation of two strains of the solitary endoparasitoid wasp Venturin canescens,

the study investigated the influence of host mass and the time interval between ovipositions on the survival and development of
larvae from both the first and second laid eggs in superparasitised Ephestia kuehniella.

As the time interval between ovipositions increased both overall and superparasitism success decreased, however, time between,

and order of, ovipositions had little eflect on other developmental parameters. Adult size increased with host mass under both

parasitism and superparasitism, while host mortality decreased with host mass under superparasitism. In addition, wasps emerg-

ing from superparasitised hosts were larger than wasps from parasitised hosts. The results confirm that for V. canescens on the

hosf E. kuehniellaboth self- and conspecifrc-superparasitism will be an adaptive strategy when hosts are the limiting factor.

€) 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Endoparasitoid wasps lay their eggs inside the body

of a second organism, where the developing parasitoid
consumes and eventually kills the host. When a host

contains more parasitoids than are able to successfully

complete their development, it is described as being

superparasitised. This phenomenon has been frequently
reported from field studies (e.g. IlorvaL'cl. 1897; Salt.

1934). In the case of a solitary endoparasitoid, the size

of the host allows only a single larva to complete its
development. If multiple eggs are present the para-

sitoids must compete for possession of the host, vari-
ously by ovicide, interlarval fighting or physiological

suppression (Salt. 196 I : l'iislter, I 963; Vinson and

llegazi. t998; l{obeLts el al., in press). In this situation,

the first egg laid is by the parasitising female and

any subsequent ovipositions are by a superparasitising
female.
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For many years, and despite evidence to the contrary
(llill. 1926; Salt, 1932, 193.+), it was widely believed

that superparasitism was due to mistakes by the ovipo-
sitioning female (Lentem et al., 1978) and that any

eggs so laid were wasted (ltLrllìrker ancl M¿ttsumr'-¡ttl.

1982). More recently, it has been recognised that for a

species where the probability of the offspring of the

second female winning the competition for host pos-

session is greater Íhat zero, under some circumstances

superparasitism can be an adaptive reproductive strat-

egy (Ih"rbbalcl et al.. 19871 van Alphen atrcl Visser'.

l eeo).
One such species is the solitary endoparasitic wasp

Venturia canescens. For females parasitising third
instars of the molh Ephestia kuehniella, Sirot (1996:),

using a phenotypic marker to distinguish between two

strains, reported that the probability of the offspring of
the superparasitising female winning a competition was

around 0.45 when the time interval between oviposi-

tions was less than two days, declining to zero when

the interval was four days. Since unlaid eggs can have

no reproductive pay-off, this implies that conspecific-

superparasitism can be adaptive under circumstances
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where hosts, rather than eggs are the limiting factor.
Further, when Z canescens are maintained without
hosts they deposit eggs onto the sides of their culture
vessel whether or not their oviducts were full (l{oberts
ancl Schrnidt. 2004), possibly because eggs stored in the

tip of the ovipositor remain viable for only a short per-
iod. This indicates that the time frame of the decision
is short. If an unparasitised host is not located within a

few hours then the wasp must superparasitise or have
no chance of a reproductive pay-off at all. Clearly, the
optimal strategy of whether to superparasitise or to
continue searching will depend on the relative repro-
ductive values of eggs laid in already parasitised and
unparasitised hosts. In part, this will depend on whe-
ther developmental parameters are affected by the
parasitism status of the host.

The development of V. canescens under super-
parasitism has been studied in several different hosts.
For wasps developing in the permissive hos| Plodia
interpunctella, l'Ialvey et al, (1993.¡ found no significant
differences in wasp emergence rate, development time
or adult mass from third instar hosts containing one or
two eggs, however, wasps developing in final instar
hosts containing two eggs displayed a longer develop-
ment time and a lower adult mass. In contrast, for
wasps developing in final instar larvae of the semi-per-

missive ltost Corcyra cephalonica, when the time inter-
val between parasitisations was a few hours
superparasitism had no effect on wasp emergeuce rate,

development time or adult mass (Iìarvey el al., 1996).

This indicates that the parasitism status of the host can

affect the reproductive value of an offspring, in a fash-
ion that varies between host species.

However, in these studies the effects of the order of,
and the time between, parasitisations on developmental
parameters were not investigated, due to difficulties in
determining whether an emergent parasitoid is the off-
spring of the first or second female to oviposit. By tak-
ing advantage of the recent discovery of a molecular
marker that allows the differentiation of two strains of
V. canescens (llellels et al.. 1996; Beclt et al., 1999), the
present study extends the work of lJarvey et al. (1993.

1996) by investigating the influence of host mass aud
the time interval between ovipositions on the develop-
ment of larvae from both the first and second laid eggs.

By examining pre-adult development in a different host
(E. kuehniella), the study also provides an additional
cross host species comparison of the development of Z
cane s ce ns under superparasitism.

2. Methods

The wasps were clonal RP- and RM-lines of Z
canescens initially established by tseck et al. (1999).

Prior to the described experiments, cultures of the two
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lines were maintained for a number of generations

under conditions of predominantly single egg parasit-

ism. It was subsequently observed that the phenotype

of the new RMline culture (now called RMN) was sig-

niflcantly different in a number of characters from the

old RMline culture (now called RMO). V/hether the

observed differences between the RMN- and RMO-
lines are a consequence of the alterations in the culture
conditions or due to contamination is unclear and is

currently being investigated.
The wasps were reared in cylindrical clear plastic

tubs (height 20 cm and diameter 15 cm). Three or four
adult wasps were placed into each container \À/ith 40-50
hosts, Upon emergence, the wasps were removed from
culture and were kept in gauze-covered 425 ml cleat
plastic cups (Party Rite Jumbo Tumblers@, Harris
Paper Pty. Ltd., West Heidelberg, Australia) with a

50% honey solution. Wasps used in the experiments

were 5-10 days old. Hosts were E. kuehniellct, reared on

a l0'2:l mixture of oat bran, wheat germ, and dried
brewers yeast. All experiments wsre conducted and cul-
tures maintained at 25 !. I " C, under a constant light-
dark regime (Ll4:D10).

To obtain singly parasitised hosts, a single v/asp was

put together with 25-30 host larvae of varying sizes in
a plastic container (7 cm in diameter, 8 cm high). The
parasitoids were observed during oviposition and sting-

ing attempts that resulted in a startle response from the

larvae, combined with the characteristic cocking move-

ments of the wasp's ovipositor (lìogers. 1972) were

considered as real oviposition events, Any stinging

attempt that either did not evoke a startle response or
was not followed by a cocking movement was regarded

as uncertain and the larva was discarded. After being
parasitised, the hosts were weighed and maintained
individually in glass vials with excess food until parasit-

oid eclosion. Over 60 hosts were singly parasitised by

each line.
To obtain superparasitised hosts, E. kuehniellalarvae

that had been parasitised once were presented to a

wasp of the other line 4, 8, 24, 48 and 72 h later,

respectively. Wasps were again observed during ovipo-
sition, and superparasitised larvae were immediately
removed from the container as above. At least 50 hosts

wer€ superparasitised for each of the time intervals and

each order of oviposition.
Emergent wasps were killed by freezing and the time

and date of emergence recorded, which allowed devel-

opment time to be calculated following molecular gen-

otyping to determine the line of the wasp. Head
capsule width was measured to the nearest 0.0125 mm
with an optical micrometer.

Hosts from which a wasp had not emerged by day

35 were dissected to detemine whether developmental
failure had occurred as an early instar (dry host
mummy), a late instar or pupa (dead larva/pupa ident-



ifiable in host) or a pharate (some part of the develop-
ing adult cuticle visible).

Molecular genetic analysis was performed following
the method of l{eineke et al. (2004).

2.L Statistical analysis

Data were analysed using the generalised linear
model (GLM) platform, JMP V4.0.4 (SAS 2001), with
continuous factors centred by their means (Netel et al..
1990). Analyses started with full models with all inter-
actions, and non-significant interactions were progress-

ively dropped,

3. Results

3.1. Development in singly parasitised hosts

Of the 222 hosts parasitised, two produced moths
while a further 28 died during larval development,
Analysis revealed that neither strain nor host mass had
a significant effect on parasitism success, (offspring
from hosts: RP: 87.5010, RMN: 86.4/ù. An analysis
of the stage at which developmental failure occurred
revealed that in over 800/o of cases failure occurred
when the wasp was a late instar or pharate (Fig. l),
with the effects of neither strain nor host mass being
significant.

Data from a further 58 wasps, from trials in which it
'üas not clear that oviposition had occurred, were
included in the analyses involving developmental para-
meters. Analysis of wasp development time with strain
and host mass as factors revealed a significant but
weak positive relationship (F :22.4, df :1,233,
p < 0.0001, R2 :0.063) between host mass and devel-

opment time (mean development time for offspring
from l0 mg hosts :23.4 d, from 45 mg hosts :24.1 d)

as well as a small but significant difference between the

0

singl€ €gg 4h th 24h 48h

Fig. 1. Stage of V. canescens larva when developmental failure
occurred, as a fraction of total hosts (.8 kuehniella) under single

parasitism, and superparasitism with tliflcrcnt til¡rc irrtetvals betweer

oviposition. Black represents early larva, diagonal bars represents late

larvafpupa and grey represents pharate adult.

841

strains (I' : 13.0, df : l, 233, p :0.ffi04; least squares

means: RMN: 23.6 d, RP:23.9 d).

Analysis of wasp head capsule width with strain,

host mass and development time as factors revealed a

significant positive relationship (F :210.1, df :1,231,
p < 0.0001) between host mass and wasp size (Fig. 2a),

a small but significant difference between the strains

(F :14.1, df : l,231, p:0.0002; least squares means:

RMN : 1.27 mm, RP: 1.25 mm) and a significant
positive relationship (F :15.4, df : 1,231, p < 0.0001)

between development time and wasp size (Fig. 3).

3.2. Development in superparasitised hosts

Of the 593 hosts superparasitised, only six produced

moths while a further l4l died during larval develop-

ment. Analysis of relative superparasitism success with
order of ovipositions, time interval between oviposi-

tions and host mass as factors revealed that only
the time interval between ovipositions (Xz : 16.1 ,

df : 1,438, p < 0.0001) had a significant effect, with
the probability of relative superparasitism suæess
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decreasing as the time interval between ovipositions
increased (Fig. 4a). A similar analysis on survival
or death of the host similarly revealed that host mor-
tality increased significantly (1¿2 :13.6, df : l,589,
p:0.0002) with the time interval between ovipositions
(ì':ig. 4b), and also decreased significantly (X2 : 12.4,

df : 1,589, p:0.0004) with increasing host mass

(t'ig. 4c), while the effect of order of ovipositions was
not significant. Analysis of the stage at which develop-
mental failure occurred, relative to the number of hosts

that failed, with time between ovipositions and host
mass as factors, revealed no significant differences, with
failure occurring as early instars in over 500/o of cases

(l;ig. l).
Analysis of wasp development time, with order

of ovipositions, time interval between ovipositions,
strain of emergent wasp and host mass as factors
revealed a signiûcant positive relationship between time
interval between ovipositions (F:23.95, df :1,432,
p < 0.0001) and wasp development time (Fig. 5), as

well as a weak but significant relationship between host

mass (.F - 5.01 , df :1,432, p:0.0248, R2 :0.009)
and development time. There was also a significant
interaction between order of ovipositions and strain
of emergent wasp (F :8.25, df : l, 432, p:0.0043),
suggesting that the offspring of the second female to
oviposit showed longer development times. This was
confirmed by a second analysis (development times

least square means: offspring of first female :23.8 d,

offspring of second female :24.2 d; F :12.1, df :
1,432, p: 0.0005), The effects of order of ovipositions
and strain of emergent wasp \ilere not signitcant.

Analysis of wasp head capsule width, with order of
ovipositions, time interval between ovipositions, strain
of emergent wasp and host mass as factors revealed a

significant positive relationship (F : 825.7 , df - |,437 ,

p < 0.0001) between host mass and wasp size (Fig 2b),

010203040506070
Hours between oviPositions

010203040506070
Hours between oviPositions

10 15 20 25 30 35 40 45

Host mass (mg)

Fig. 4. Logistic regressions on survivorship data. Regression lines

are based on the outcome from 593 superparasitised hosts ranging in
mass from 10 to 45 mg (individual data points not shown). (a) The

time interval between ovipositions and the probability that the

emergent V. canescens was the oftspring of the superparasitising

female. Note that hosts lrom which no V. canescens emerged

(N :147) were excluded from this analysis. (b) The time intewal

between ovipositions and the probability that the superparasitised -E

kuehníella died before the emergence of V. canescens. (c) The mass E

kuehnizlla and the probability that the superparasitised host died

before Z cdnescens emergence.
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Fig. 5 Effect ol tirne intewal between ovipositions on mean devel-

opment time of V. canescens larvae in superparasitised E kuehniella'

Black represents offspring of the parasitising female, grey represents

offspring of the superparasitising female. Bars represent one standard

error of the mean.

a small but significant difference between the strains
(F: 30.0, df : l, 437, p < 0.0001; least squares means:

RM : 54.5, RP: 53.9) and a significant interaction
between strain of emergent wasp and host mass

(,F : 7.08, df : l, 437, p :0.0081). The effects of order
of, and time interval betweeu, ovipositions were not
significant,

3.3. Comparison of development in singly versus

sup erparasitised hos ls

To compare the effects of single parasitism versus

superparasitism, only the superparasitism data for a

time interval between ovipositions of 4-8 h were used.

Analysis of survival or death of the host with num-
ber of eggs and host mass as factors revealed that sig-

nificantly fewer wasps emerged from hosts containing
two eggs (x2 : 4.037 , df : l, 457 , p : 0.0445), while
the effect of host mass was not significant. Analysis of
the developmental stage at which failure occurred

revealed significant differences (X2:11.79, df :2,63,
p :0.0028) between one and two egg hosts, with over
55"/" of failures occurring as early instars in super-
parasitised hosts compared to less lhan llo/o in single
parasitised hosts, In terms of the fraction of total hosts
(Fig, l), single parasitised hosts failed as early iustars
in 1.85% of cases while superparasitised hosts failed as

early instars in 9.88% of cases.

Analysis of wasp head capsule width, with strain of
the emergent wasp, number of eggs and host mass as

factors revealed that in addition to the significant effects

of strain (F :13.06, df : 1,435, p : 0.0003) and host
mass (F : 469.3, df : l, 435, p < 0.0001), wasps emerg-
ing from one egg hosts were significantly smaller than
those emerging from two egg hosts (F : 627.4,

df : l, 435, p < 0.0001; least squares means: one

aEE:1.25, t\¡/o egg: 1.34). There was also a significant
interaction between number of eggs and host size

(F: 30.19, df : 1,385, p < 0.0001), indicative of the
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difference between one and t\ilo egg hosts increasing

with host size (lìig 2a ancl ì--r).

A similar analysis of development time revealed no

significant differences between one and two egg hosts

(mean development time in days: one egg host :23'77;
two egg host, first ovipositing female :23.63, second

ovipositing female :23.88). Mirroring the results for
the individual treatments, the effects of host mass

(F:20.3, df : 1,426, p < 0.0001) and strain of the

emergent wasp (I' - 21.4, df : 1,426, p 10.0001) were

significant.

4. Discussion

4.1. The fficts of time interval between oviposilions

Consistent with the results of Silot (1996), the value

of a host to the superparasitising female decreased with
the time interval between ovipositions, with an increase

in host mortality (Fig. 4b) and a decrease in relative

superparasitism success (Fig. 4a) with increasing time

interval, Dissection of failed hosts revealed increases

with time interval in mortality at both the early and

late larval stages (Fig. l), suggesting the increase in
host mortality is due to a general stress effect, either

from being physically disturbed (Sirot. 1996) or a

response to the maternal secretions. In addition, there

was a small increase in development time (l'rig. 5), but
no significant relationship was observed between adult
wasp size and time interval between ovipositions' This
is consistent with previous observations that interlarval
contests are resolved at the latest within a few hours of
the second larva hatching (€.g. fisher, l9(rll l{eineke

et al. 2004), and thus before either larva has consumed

a signif,cant quantity of the host's tissues.

4.2. The effects of order of oviposilions

The order of ovipositions had only a small effect on

development, with the offspring of the second female to

oviposit showing a significant increase in development

time. As the order of ovipositions had no significaut

effect on the size of the emergent adult, this effect may

represent inhibition of embryonic or early first instar
development, due to the first hatching larva selectively

removing key nutrients. However, while statistically
significant the effect was small (<2%) and the signifi-

cance of this for parasitoid fitness is uncertain.

4.3. The effects of hosts mass

Looking at the effects of host size on development,

under both single egg and superparasitism adult size

increased substantially with host mass (Fìg. 2a ancl b).

Although host instar was not determined, the range of
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host masses (10-50 mg) indicates that hosts ranged
from third to fifth instars. A signifrcant increase in pre-
adult development time with host mass was also
observed for both conditions, but the effect was small
(<5% between hosts of mass 10-45 mg) and the signif,-
cance of this for palasitoid fitness is uucertaiu. No sig-

nificant change in the rate of adults from hosts with
increasing host mass was observed under single parasit-
ism. Under superparasitism, host mortality was higher
for smaller hosts, however, dissection of failed hosts
found that the relative fractions of the stages at which
failure occurred did not vary with host size. This sug-

gests the higher host mortality in smaller hosts is again
due to a general stress effect such as smaller hosts being
at more adversely affected by the increased amount of
venom (Ilarve-v et al., 1993) or the consequences of
parasitoid combat (ViLrsor and Sroka, 1978).

In addition, a weak positive relationship was

observed between pre-adult developmeut time and
adult size (l ¡ig. 3), suggesting a possible trade off
between parasitoid developmental speed and the repro-
ductive output of the emergent female.

4.4. Comparison of parasitßm and superparasitism

Comparing the development of Venturia in single
parasitised and superparasitised Ephestia revealed that
superparasitism resulted in a lower rate of emergent

adults from hosts. This is probably due to the fraction
of interlarval contests in which both parasitoids die.
Dissection of failed hosts indicated that the increase in
mortality was primarily due to an 8o/o increase in the

total fraction ofhosts that failed as early instars (ìrig, l,
columns 'single egg' and'4 h'), a value similar to the
fraction (10%o) of interlarval contests under in vitro
conditions that resulted in mutual death (Roberts et al.,
in press). More interestingly, the size of the emergent
wasps was found to be greater under superparasitism,
with the size of the difference increasing with host size

(lrig. 2a ancl b). It has been shown that for V. canes'
cens bfelime egg production increases with adult size

(t Lalvey et al.. 2001: IìoberLs arrcl Schrniclt, 2004).

Based on size and fecundity data for RP-line females
(lìoberts and Schnliclt, 2004), it can be calculated that
the mean fecundity for an RP-female developing in a

40 mg fifth instar host increases from 500 eggs under

H.L.S. Roberts et al. f Journal oflnsecr Physialogy 50 (2004) 839-846

single egg parasitism to 620 eggs under super-
parasitism, or an increase of around 25%. Increases

in adult size under superparasitism have also been

reported for the aphidid wasp Aphidius ervi (Bai ancl

Mackauer, 1992) and the braconid wasp Monoctonus
paulensis (Mackauer atrcl ChaLr, 2001). An implication
of this finding is that, in addition to acting as an

insurance policy against the risk of future conspecific-

superparasitism, self-superparasitism of E. kuehniella

by V. canescens caî have a positive pay-off when hosts

are the limiting factor (MackaLrer et al.. 1992)'

4.5. Development in P. interpunctella and E. kuehnþlla

A comparison of the development of V. canescens in
third and fifth instars of the two hosts P. interpunclella
(Ilarvey et al.. 1993) and E. kuehniella revealed sub-

stantial differences ('lable l). Most strikingly, the rate
of host mortality under superparasitism was lower for
fifth instar Ephestia but higher for f,fth nsfar Plodia,
while adult size increased from third to fifth instars and

with number of eggs in Ephestia but variously
decreased or was unchanged ît' Plodia. The patterns of
developmental changes under superparasitism in these

hosts are also different from those observed in C.

cephalonica (llarvey et al.. 1996), and indicates that the

conditions under which superparasitism is adaptive will
be specific to the individual parasitoid-host system.

4.6. How does V. canescens manipulate hosl

physiology?

It has been shown for a number of parasitoid species

that proteins from the venom gland and those pro-
duced by polydnaviruses play roles in manipulating
both host immune responses and metabolic functions
(e,g. Beokage. 1998). There is also evidence that the lar-
vae of a number of species secrete metabolically active

substances such as ecdysteroids (Bror,vn et a1.. 1993)

and mucopolysaccharides (Iìiililer-, 1973) into the hosts'
haemolymph. The results of this study support the

suggestion by llalve"v- (1996) that V. canescens also

employs secretions from both the ovipositing female

and the developing larva to actively modify the host
larva's physiology. When a host is superparasitised

and, as a consequence of interlarval combat both para-

Table 1

Comparison ofthe effects ofhost size (as L3 and L5 instar) and number ofeggs per host, on the development of V. canescens in Plodia inter-

punctella (lìnlvcy ct al . I 993) and Ephestia kuehniella

L3 vs L5, one egg L3 vs L5, two eggs L3, one vs tr¡/o eggs L5, one vs two eggs

Plodia Ephestia Plodia Ephestia Plodia Ephestia Plodia Ephestia

I:2
l<2
r>2

_a

>2

_.,

\t

L5
L5
L5

L3
L3
L3

L5
L5
L5

L3
L3
L3

L5
L5
L5

L3
L3
L3

L3:L5
L3:Ls
L3>L5

Development time
Adult size

Adults from hosls

t<2
I>2
t>2



sitoids die, the host almost invariably also dies. In con-
trast, a host parasitised numerous times that, following
the resolution of interlarval contests, contains one
viable parasitoid and many dead ones will in most
cases give rise to au emergent wasp. In the first case, if
maternal secretions were not affecting the hosts' physi-
ology then the death of the parasitoids should allow
the no-longer-parasitised host to complete its develop-
ment. It is implausible that host failure in this situation
is due simply to the two decomposing parasitoid car-
cases since multiparasitised hosts, containing numerous
dead parasitoids, generally produce a wasp. Under
these circumstances the potentially fatal consequenc€s

of the putative secretions are prevented by the presence

of a viable larva, which suggests that the developing
parasitoid, either by selectively filtering components
from the host haemolymph or by secretion of metaboli-
cally active substances, is also altering the hosts' physi-
ology. In addition, since the maternal secretions of tr{

canescens do not include polydnaviruses, the effects of
any secretions are likely to be concentration dependent,
If so, then the effects should be greater under super-
parasitism, where two aliquots of maternal secretions

are injected into the host, and as a consequence of
dilution, developmental differences betweeu single and

superparasitised hosts should increase with host size.

The results of Corbet (196tì) are consistent with both
of these propositions, In one experiment, final instar E
kuehniella were parasitised by V. canescens, and after
three days eggs were dissected from the hosts and injec-
ted into fresh hosts that, therefore, did not contain
maternal secretions. It was found that the subsequent
development of the transplanted parasitoids was sig-

nificantly retarded compared to non-transplanted con-
trols. While this may simply reflect the effects of the
injection process, it is also consistent with maternal
secretions altering host metabolism. A second experi-
ment examined the effects of parasitism on the fteezitg
point depression of host haemolymph, as an indicator
of solute concentration, under a number of treatment
conditions. It was observed that parasitism resulted in
an increase in freezing point depression compared to
unparasitised hosts, but a reduction in freezing point
depression compared to controls under treatments
(abdominal ligation and decerebration) that otherwise
led to an increase in freezing point depression. Further,
in the latter case the reduction \¡/as not observed in
hosts three days after parasitisation, but only after the
larvae had hatched, While it is unclear from this whe-
ther the effect is due to larval secretions or simply lar-
val feeding, the results indicate that in this situation it
is the young developing parasitoid that is altering the
physiology of its host.

The available evicJence in<licates lhar" V. canescens

larvae do not feed directly on host tissues but rather by
f,ltering soluble components from the hosts' haemo-
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lymph. Thus, the haemolymph can be viewed as a

nutrient sink that is replenished from the fat body as

its concentration is reduced by larval feeding' In this

context, it is tempting to speculate that one of the roles

of the maternal secretions is to inhibit host control of
this process, while the secretions of the larva manipu-

late the process to facilitate its own development.
Under superparasitism the inhibition by maternal

secretions is more pronounced, leading to the higher

failure rate observed in smaller larvae, and the later lar-
val manipulatiolr more effective, leading to the increas-

ing difference observed in adult size (I-'ig. 2a ancl b).

Further experiments are required to clarify this issue.

In summary, the study found that as the time inter-
val between ovipositions increased both overall and

superparasitism success decreased, while there was little
effect on other developmental parameters. Adult size

increased with host mass under both single parasitism

and superparasitism, while host mortality decreased

with host mass under superparasitism. In addition,
wasps emerging from superparasitised hosts were larger

than wasps from single parasitised hosts. The results

confirm that for V. canescens developing in the host ,E'.

kuehniella both self- and conspecific-superparasitism
will be an adaptive strategy when hosts are the limiting
factor. Speculatively, the results also suggest that the

metabolic activity of the host is actively modified

initially by secretions of the ovipositing female andlaler,
by the parasitoid larva as it develops inside the host.
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Äbstract

The study investigated egg maturation and deposition by the endoparasitoid wasp Venturia canescens under conditions of host

deprivation. Female V. canescens maintained without hosts began to deposit eggs onto the sides of the culture vessel on the day

of eclosion. The maturation of additional eggs was not inhibited once the maximum oviduct egg load was reached but rather con-

tinued fo¡ the duration of the experiment (up to 39 days), at a rate of around 5.8% of the remaining unmatured eggs per day.

Following host access, wasps matured additional eggs at an increased rate. Artificial damage to the ovipositor resulted in a

reduced ãte of egg maturation even though the oviducts were partly egg depleted, while damage to the auxiliary valvulae had no

eflect. These results suggest two conclusions. Under conditions of host deprivation, the rate at which eggs are matured is determ-

ined by the rate of synthesis of precursors by the fat body that in turn is modifred by feedback from the ovipositor, induced by

physicâl stimulation. Further, thè discarding of eggs is due to the involuntary unidirectional movement of eggs down the oviduct,

facilitated by the ongoing maturation of additional eggs.

€) 2003 Elsevier Ltd. All rights reserved.

Keywords: Endoparasitoid; Synovigenic; Hydropic; Egg load

1. Introduction

Parasitoid wasps deposit their eggs either outside
(ectoparasitoid) or inside (endoparasitoid) the body of
their host, After hatching, the immature parasitoid

consumes and ultimately kills its host. Since suitable
hosts are unlikely to be continuously available, the
extent to which the female parasitoid can match egg

production to host availability will significantly affect

her lifetime reproductive success (lilanclels, 19-50; .ler-

vis et al., 2001). To this end, a number of egg pro-
duction strategies exist. The eggs may be small and
deficient in yolk (hydropic), capable of being produced

without the female having access to an extrinsic pro-
tein source, or large and yolk-rich (anhydropic), with
continued production being dependeut on the female

being able to feed on an extrinsic protein source such

as host haemolymph (lilantiels, 1942; .len,is aucl l(iclcl.

1986). In addition, lilanclers (1950) argued for a dis-

tinction between parasitoids that emerge with a full

' Corresponding author. Tel.: 1-6l-83037274; fax: *61-83794095
E-mail address: harry.roberts@adelaide.edu.au (H.L.S. Roberts)

0022-l9l0lï - see front matter @ 2003 Elsevier Ltd. All rights reserved.

doi: 10. l0l6/j.jinsphys.2003. I 1.007

complement of mature eggs þro-ovigenic) and those

that continue to mature additional eggs after emerg-

ence (synovigenic). This dichotomy \ilas extended by

lervis et Lrl. (200 l), who showed that the "ovigeny
index" of a wasp (the fraction of the maximum poten-

tial lifetime complemert of eggs that are mature upon

emergence) occurs as a continuum across species and

is negatively correlated with lifespan. Within a sp€cies,

it has been suggested that the ovigeny index of an

individual would decrease with increasing body size

(Jeli,is et al,, 2003). Among anhydropic egg producers,

those species that have the capability to resorb eggs

tend to have a lower ovigeny index, that is, they

mature a greater proportion of their eggs after

emergençe.
The solitary endoparasitoid Venturia canescens Gtav.

(Hymenoptera: Ichneumonidae) is strongly synovigenic
(has a low ovigeny index), and produces hydropic eggs.

At emergence, the oviducts of the adult wasp contain

between 20 and 60 mature eggs, and in the first day,

additional eggs are matured aÍ a tatle of approximately

L8 eggs per hour (l'rrrtleelu arrcl Gorclon. 1989:

l'ìletchel et al.. 1994). If the wasp is deprived of hosts,
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then the eggs accumulate in the oviducts. Ilarvey et al.
(200 l) reported that oviduct egg numbers continue to
increase for several days before attaining a maximum
of about 160 eggs after 6 days, after which egg num-
bers remain constant. This suggests that when the egg

storage capacity of the oviducts has been reached,
oogenesis ceases. However, it was recently observed
that host-deprived V. canescens deposit substantial
numbers of eggs on the sides of the containers in which
they are maintained (Roberts and Z,engq| pers. obs.).
While some anhydropic egg-producing females will
deposit partially resorbed eggs if host-deprived (e.g.

Phaeogenes nigri.dens, Srnith. 1932), cases of hydropic
egg-producirg endoparasitoids depositing eggs when
hosts are unavailable have not been previously repor-
ted.

The observation raises two questions: why does the
female deposit eggs in the absence of hosts and what
controls the rate of oogenesis? Egg deposition in the
absence of hosts may have a behavioural or physiologi-
cal basis. During host seeking, an egg is stored in the
tip of the ovipositor, ready to be laid should a host be

encountered. Thus, possible behavioural explanations
include accidental deposition during host seeking or the
deliberate discarding of degenerate mature eggs. An
alternative physiological basis could be, if egg pro-
duction cannot be completely inhibited, then once the
oviducts are full, any surplus would have to be dis-
carded. Similarly, if the movement of eggs down the
oviducts cannot be prevented, then eggs may be inad-
vertently forced out.

The rate at which eggs are matured by host-deprived
wasps may be influenced by feedback on oviduct egg

numbers or egg deposition behaviour, or alternatively
it may be independent of any feedback and deterrnined
solely by metabolic processes.

At the metabolic level, the process of oogenesis in
anhydropic egg producing insects generally is known to
be controlled hormonally aï a number of different
points, including the separation of follicles from the
germ cells, the previtellogenic growth of the oocyte, the
synthesis of precursor molecules, and their uptake by
the oocyte (cle Wilcle aucl cle Lool-, 1973). While very
little is known about the endocrine control of oogenesis
in hydropic egg producers (Wheeler, 1996), in broad
terms, the possible control points must be the separ-
ation of follicles from the germ cells, the synthesis of
precursor molecules by the fat body and their utilis-
ation by the follicles.

flere, we document the previously unreported
phenomenon of egg deposition by a host-deprived
endoparasitoid wasp. We provide evidence that the rate
at which V. canescens matures eggs is determined by
the rate of synthesis of precursor molecules by the fat
body, which in turn is modified by sensory feedback
from the ovipositor. Further, the data suggest that the
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discarding of eggs is due to the involuntary unidirec-
tional movement of eggs dowu the oviduct, which is

facilitated by the ongoing maturation of additional
eggs.

2. General methods

All experiments were conducted and cultures main-
tained at 25 +. I " C, under a constant light-dark regime

(Ll4:Dl0).

2.L Insects

The wasps \tr'ere a clonal repeat plus (RP) line from a
thelytokous V. canescens laboratory culture previously

established as reported by lieck et al (1999). The
wasps were reared in cylindrical clear plastic tubs:

height 20 cm and diameter 15 cm. Three or four adult
wasps were placed into each container with 40 50

hosts. Upon emergence, the wasps were removed from
culture and were kept in gauze-covered 425 mI clear

plastic cup (Party Rite Jumbo Tumblers@, Harris
Paper Pty. Ltd., rù/est Heidelberg, Australia) with a

50% honey solution. Hosts were final instar Ephestiø

kuehniella, reared on a l0:2:l mixture of oat bran,
wheat germ, and dried brewers yeast.

2.2. Correlation between physical paramelers

In V. canescens, egg load has been shown to increase

with wasp size (llarvey et al,, 1994). The aim of this
experiment was to determine the physical parameter

that best correlated with wasp dry mass. Within 2 h of
emergence, wasps were killed by freezíng and then
dried at 50 "C for 24 h. Following this, they were

weighed to the nearest 0.0001 g, and the front wing,
rear tibia and head capsule width were measured under
a stereomicroscope.

2.3. Measurement of oviduct and deposited egg numbers

Wasps were individually maintained in a 425 ml
clear plastic cup (Party Rite Jumbo Tumblers@, Harris
Paper Pty. Ltd., West Heidelberg, Australia) sealed

with gauze. A small weighing tray containrng a 50o/o

honey solution soaked itto cotton wool was placed in
the bottom of the cup as a sugar source. Wasps were

dissected at times ranging between 0 and 39 days after
eclosion (Table l). To determine egg numbers, wasps

were chilled on ice and dissected in water under a ste-

reomicroscope. The width of the head capsule was

measured and the number of eggs present in the calyx
region an<l the tateral oviducts were counted by teasing

the tissues apart so that the individual eggs 'were
released. The plastic cup was cut into strips and the



Table I
Number and age of V. canescens maintained with no host access

1.97

the day of eclosion, Egg maturation did not cease once

the maximum oviduct egg load was reached but rather

egg deposition continued for the duration of the experi-

ment (up to 39 days).
Wasps emerged with an average of 39 eggs in their

oviducts. In host-deprived wasps, the oviduct egg load
increased over the first 3 days and then remained

approximately constant (average of ll0 eggs) until day

27 before declining to an average of 80 eggs by day 39,

On the first day after emergence, wasps deposited an

average of 7.5 eggs. Over the first 3 days after emerg-

ence, wasps deposited on average a total of 48 eggs,

and the cumulative number of deposited eggs then

increased over time at a decreasing rate up to a mean

of around 480 after 39 days. The mean total eggs

matured by 39 day-old wasps was 560 with a highest

individual total of 678.
Analysis by GLM for total eggs matured, with age

and head capsule width as factors, revealed that total
eggs matured varied significantly with age

(Fr,rsr: 1294.4, P < 0.0001) and head capsule width
(Fr,rsr: 98.9, P < 0'0001). There was also a significant

interaction between age and head capsule width
(Fr,rsr: 43.0, P < 0.0001). The data for total eggs

matured were fitted to an equation of the form:

Total eggs matured : h * (kz i kz x head width)
x (l - exp(-ka x age in days))

The total number of matured eggs asymptotically

approached a maximum value that was dependeut on

the size of the wasp, as modelled in Fig. l. Regression

of the predicted total matured eggs against the experi-

mental values returned a value of 12:95.1% (lrig. 2).

In contrast to the prediction by Jelvis et al (2001),

there was a positive relationship between wasp size and

ovigeny index (Fig. 3).

3.2.2. Eggs matured by wasps deprived of hosts for 7

days
At 7 days, there was a positive linear relationship

between head capsule width and oviduct egg load
(r2:0.438; Ft,q6: 36.7, P < 0.0001), deposited eggs

(r2:0.311; Fr,qe:21.7, P < 0.0001) and total eggs

7rz:0.847; Ft,q6:259.8, P < 0.0001) (see Fig. 4a c).

Regression analysis revealed an inverse relationship

between the residuals of the trendline plots of oviduct
egg load and deposited eggs against head capsule width

1r2:0.568; Ft,q6:61.7, P < 0.0001) (Fig. 5c1). Thus,

when corrected for wasp size, the more eggs a wasp

had deposited the fewer were present in the oviducts,
and vice versa.

3.2.3. Eggs matured by single-oviduct wasps

Over the course of the experiment, seven wasps were

found upon dissection to have only one functional
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Days 0 1 3 5 7 9 11 1315 2127 3339

Wasps 15 l0 13 10 49 11 11 l0 13 12 14 14 13

number of eggs deposited on the sides of the cup was

counted,

2.4. Statistical analysß

All analyses were performed using JMP v4.0.4 (SAS

lustitLrte lnc.. 2001).

The three measures of number of eggs matured
(deposited, oviduct and total) consistently correlated
with wasp age and head capsule width, and so most
analyses were performed using a generalised linear
model (GLM), with continuous factors centred by their
means (Neter et al.. 1990). Analyses started with full
models with all interactions, and interactions were pro-
gressively dropped iÎ P > 0.25 (Winer-. l97l).

The parameters in the equation predicting total num-
ber of matured eggs were determined using a nonlinear
regression procedure involving the Gauss Newton
method with step halving. The relation between physi-
cal parameters \ilas analysed using the Pearson pro-
duct moment correlation coefficient. The relationship
between ovigeny index and wasp size was determined
using the regression equations of total matured eggs

against head capsule width for newly emerged and I
day-old wasps, and for 39 day-old wasps.

3. Results

3.1. Correlation between physical parameters

Of the three parameters measured, head capsule

width returned the highest correlation with dry weight
('l'able 2) and so was used in subsequent analyses as a

measure of wasp size.

3.2. Egg maturation by host-deprived wasps

3.2.1. Lifetime egg maluralion by host-deprived wasps

Female V. canescens maintained without hosts began

to deposit eggs onto the sides of the culture vessel on

Table 2

Correlation between physical parameters ol newly emerged V, canes-

ceru. Sample size is 49

Wing length Rear tibia Head width

Dry weight
Wing length
Rear tibia

0.84s3
0.8698

0.6006

0.7839 0.7396
0.5838
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Fig. 1. Predicted number of eggs matured by host-deprived
V- canescens as a function of age. Insert shows wasp sizes as head

capsule width in mm.

ovary, with the second ovary withered and containing
no eggs in either the ovarioles or the oviduct. One-ovi-
duct wasps deposited approximately half as many eggs

as two-oviduct rüasps (Fr,rs¡: 49.3, P < 0.0001; least

squares means: one-oviduct wasps: 112.8,

two-oviduct wâsps: 202.8). However, there was no

signifrcant difference in the number of eggs in a single

oviduct between one- and two-oviduct wasps

(Fr,¡so: 0.401, P:0'5369; least squares means:

one-oviduct w&sps : 5l.6, two-oviduct wasps : 47.8).

3.3. The effect of host access on the rate of egg

maturation

It is possible that the rate at which V. canescens

matures eggs is solely determined by metabolic pro-
cesses, unmodified by any feedback. To test this, 6 day-
old wasps Ìvere given access to hosts for 24 h and then
their rate of egg maturation compared to wasps that
had remained host deprived. It was found that wasps

given access to hosts matured additional eggs at a

higher rate over the following 4 days than those of the

same age that were not given access to hosts (Irig. 5).

Analysis by GLM for egg number (total for host

access treatment and deposited for the no host access

treatment), with day and treatmeut as factors, revealed

that egg number varied significantly with day

(F\y: 609.4, P < 0.0001) and treatment (F137: fQS.5,

P< 0.0001). There was also a significant interaction
between day and treatment (Ft,y:64.3, P < 0.0001).

3.4. The effect of crushing the base of the ovipositor on

egg maturation

The previous experiment showed that the rate of egg

maturation observed in host-deprived wasps does not
represent the maximum possible rate. The question

remains whether a wasp that is unable to deposit eggs

will cease to mature additional eggs ollce its oviducts
are full. To investigate this possibility, the ovipositors
of newly emerged wasps were treated with cyano-acry-
late glue in order to prevent egg deposition. The wasps

were then maintained for 7 days and the total number
of eggs matured was determined. All treated wasps

continued to deposit eggs although at. a reduced rate,

indicating at least partial failure of the gluing process.

However, while the results were highly variable, total
oviduct egg numbers were often much lower than nor-
mal, ranging from 24 to 152. These observations sug-

gested that egg maturation might be determined not by
oviduct egg load but rather by feedback from the sen-

silla of the ovipositor. To test this hypothesis, two
experiments were conducted.

In the first experiment, newly emerged wasps \ryere

chilled on ice and the base of the ovipositor crushed

with jewellers' forceps to damage the nerve and hence
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inhibit any sensory feedback from the ovipositor ("cru-
shed"), As controls, a second group of wasps were chil-
led on ice and the auxiliary valvulae were cut off at

the base without damaging the ovipositor ("faux").
All wasps were maintained for 7 days and total eggs

matured determined. The results for the two groups

were also compared with those for the 7 day-old wasps

described previously, which received no treatment
("untreated").

"Crushed" treatment wasps deposited fewer eggs,

and had fewer eggs in their oviducts, compared to
"faux" or "untreated" wasps ('l'able 3). Analysis by
GLM showed that deposited eggs (F2,75:69.6,
P < 0.0001), oviduct egg load (Fz:ts:12.42,
P< 0.0001) and total matured eggs (FzJs:161.6,
P < 0.0001) all varied significantly with treatment,

In the second experiment, 6 day-old wasps were sub-
jected to the treatments "crushed", "faux" and

"untreated" as described above. All wasps were then
given access to hosts for 24 h. A randomly chosen sam-

ple of \ryasps was dissected immediately after host

access and it was found that they were egg depleted,

with no significant differences in oviduct egg load
between the three groups (Fz,zz:0'0251, P:0.9752;
overall mean was 21.4 eggs). The remaining wasps \ilere
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Table 3
Irast squares means (LSM) and standard error (SE) of the mean of deposited, oviduct and total eggs lor V. cønescens maintained with no host

acc"., får 7 days following treatment of either the base of the ovipositor being crushed (crushed), the auxiliary valvulae being cut off (faux) or no

treatment (untreated). Within a column, treatnents with the same letter were not significantly different by Tukey's HSD

Treatment N Deposited eggs Oviduct eggs Total eggs

LSM SE LSM SE LSM SE

Crushed
Faux
Ilntreated

17

T4

49

55.4a

r22.7b
1 17.6b

80. la
102.sb

1 10.5b

4.7'l
5.24

2.80

5.25

5.'17

3.09

I 35.8a
22s.\b
229 sb

4.58

5.04

2.69

maintained for a further 4 days and then the total
number of eggs matured \ilas determined.

As in the first experiment, "crushed" treatment
wasps deposited fewer eggs, and had fewer eggs in their
oviduçts, compared to "faux" or "untreated" wasps
(l'atrle 4). Analysis by GLM showed that deposited
eggs (Fz,zq: 16.0, P < 0.0001), oviduct egg load
(F2,2a: 10.3, P: 0.0004) and total matured eggs

(Fz,zq:21.7, P < 0.0001) all varied significantly with
treatment.

4. Discussion

Previously, it was thought that V. canescens' rate of
egg deposition (into hosts) depended on the rate of
searching behaviour, which was related to the oviduct
egg load, Egg maturation continued until the carrying
capacity of the oviducts was reached, at which point
oogenesis was inhibited. If a wasp subsequently

encountered hosts, then the oviduct egg load would fall
below the maximum and oogenesis would restart.
However, in this study of V. canescens maintained
without hosts, egg maturation did not cease once the

maximum oviduct egg load was reached but rather
continued for the duration of the experiment, with
increasing numbers of eggs being deposited onto the

sides of the culture vessel,

These data raise two connected questions. The first
issue is, why does V. canescens deposit eggs in the

absençe of hosts? Noting that single-oviduct wasps

deposited around half the number of eggs as two-ovi-

duct wasps, but were not egg depleted, suggests that

the phenomenon does not have a strictly behavioural

basis, but rather is due to properties of the individual
oviduct, relating to the transfer of eggs toward the ovi-
positor. Since newly emerged wasps, and wasps that
had had their ovipositors crushed both deposited eggs

at a time when their oviducts were not full further indi-

cates that the effect is not exclusively due to the need to

deposit additionally matured eggs once the oviducts are

full. However, the movement of an egg from the ovi-
duct to the tip of the ovipositor is not simply a con-

tinuation of the movement down the oviduct but
requires a lateral flexing of the ovipositor (Ììogels,

1972). Thus, the implication is that the involuntary
movement of eggs down the oviduct, aided by the

ongoing maturation of additional eggs, pres€nts eggs at

the base of the ovipositor from where they are trans-

ferred to the tip and, in the abseuce of hosts, eventually

deposited, either by accident during host seeking, by

necessity due to the upstream pressure of additionally
matured eggs, or by design as they degenerate in the

oxidising environment. Under this model, egg load is

only indirectly related to the rate of host seeking

behaviour, by increasing the rate at which eggs are pre-

sented for transfer to the tip of the ovipositor.
.Whether the phenomenon of egg depositiou under

conditions of host deprivation is restricted lo V' canes-

cens is not known. However, one of its consequences,

oviduct egg depletion in the absence of hosts, has been

reported in a number of studies (e.g. CollieL' 1995;
-['r'¿rn 

ancl 'fakasu. 2000). Egg depletion is often inter-

Table 4
I-east squares means (LSM) and standard error (SE) of the mean of deposited, oviduct and total eggs for V. canescens given host access for 24 h

between days 6 and 7 and then maintained for a further 4 days without hosts, lollowing treatment of either the base of the ovipositor being cru-

shed (crushed), the auxiliary valvulae being cut otr (faux) or no treaTment (untreated). Within a column, treatments with the same letter were not

significantly different by Tukey's HSD

Treatment ¡l Deposited eggs Oviduct eggs Total eggs

LSM SE I,SM SE LSM SE

Crushed
Faux
Untreated

6.30a

28.6b
22.4b

77.8a
r24.8b
\27.2b

84.1a

1s3.5b

r49.6b

l0
10

9

2.78

2.86

3.77

8.16

8.4

11.1

7.95

8.18

10.79



preted as evidence for oosorption; the results of this
study indicate this is not always the case.

The second issue raised by the data is, what deter-
mines the rate of oogenesis, in terms of both metab-
olism and control? In the present study, it was found
that egg maturation by host-deprived wasps continued
after the oviducts were full. This raises the possibility
that the rate at which Z canescens matures eggs is

solely determined by metabolic processes, unmodified
by any feedback. However, following host access and

oviduct depletion, the rate at which additional eggs

were matured increased. Clearly, the rate of oogenesis

can be elevated by feedback. V/hen the ovipositor of
newly emerged wasps was crushed at the base, both egg

deposition and oviduct egg load were reduced. This
indicates that the rate aL which untreated wasps
matured eggs is not some metabolically uncontrollable
minimum, and further that egg maturation is not sti-
mulated solely by the oviducts being below their carry-
ing capacity. By inference, this suggests that the rate of
egg maturation is modified by sensory feedback from
the ovipositor. Consistent with this explanatiou, wasps
given access to hosts after their ovipositors were cru-
shed depleted their oviducts to the same extent as

untreated wasps but subsequently matured fewer eggs.

Since in all cases, following treatment, at least some

additional eggs were produced, however, it is possible

that there is a minimum rate of egg maturation, or that
the rate is also controlled in part by feedback on ovi-
duct egg load,

The above interpretation assumes that the process of
damaging the ovipositor did not itself significantly
affect the metabolic activity of the wasp. This is reason-

able, since the results for wasps that were treated by
having their auxiliary valvulae cut off were not signifi-
cautly different from untreated coutrols; however, the
possibility cannot be excluded, either theoretically or
experimentally.

At the metabolic level, the rate-determining factor of
oogenesis must, in broad terms, involve either the sep-

aration of follicles from the germ cells, the synthesis of
precursor molecules by the fat body or their utilisation
by the follicles. In this study, it was found that the
total number of eggs matured by a host-deprived wasp

could be fitted to an equation of the general form:

Total eggs matured : kt t (kz -l h x head width)
x (l - exp(-ka x age in days))

It can be shown from this equation that, at any time,
the daily rate at which eggs are matured is a constant
fraction of the number of, potential eggs remaitting to
be matured, with the value (e"*) - l. Assuming the
number of eggs V. canescens can mature is directly pro-
portional to its fat reserves, this speculatively suggests

that, under the constant environmental condition of
host deprivation and potentially at other times as well,

20t

the rate of oogenesis is controlled by controlling the

rate of synthesis of precursor molecules by the fat body.

This hypothesis will be explored in future research.

Whatever the underlying causes are, the consistency

of the rate aT which individual females mature eggs,

and the inverse relationship observed between the num-

bers of deposited and oviduct eggs indicates that even

under conditions of host deprivalíon, V. canescens is

effectively unable to completely inhibit oogenesis' Inter-
estingly, while it has beeu shown that oosorption by

anhydropic egg producers can occur under conditions

of nutrient stress (reviewed in Bell zrncl llohnr, 1975), in

a number of species of encyrtid wasps under conditions

of host deprivation, oogenesis and oosorption occur

simultaneously (Flartclers, 1942: I{ii'ero-Lynch antl
(ìodfìa1,. 1997). The risk of precocious development

can be ruled out as a cause as oviposition must occur

for embryogenesis to begin (lrlanders, 1942). One

possibility is that encyrtid eggs, once matur€, quickly

decline in quality (Rivero-Lynch ancl Gocll'ray, 1997).

Alternatively, it is possible that, like V. canescens,

encyrtids are unable to completely inhibit oogenesis.

The hydropic eggs of V. canescens contain little sal-

vageable material and so surplus eggs are discarded; in
contrast, the anhydropic eggs of the encyrtids are

nutrient-rich and so are resorbed.

In summary, the study found that V. canescens

females maintained without hosts deposited eggs onto

the sides of the culture vessel. Egg maturation did not
cease once the maximum oviduct egg load was reached

but rather continued for the duration of the experiment
(up to 39 days), at a rate of around 5.8% of the remain-

ing unmatured eggs per day. The rate of egg maturation
increased following host access but decreased following

artificial damage to the ovipositor, even though the ovi-
ducts were partly egg depleted. The results suggest that

the rate at which eggs are matured may be determined

by the rate of synthesis of precursors by the fat body,

which in turn is modified by feedback from the oviposi-

tor. Further, they suggest that the discarding of eggs is

due to the involuntary unidirectional movement of eggs

down the oviduct, facilitated by the ongoing maturation
of additional eggs.
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Chapter Seven

An empirical model of the sympatric coexistence of
two strains of the endoparasitoid wasp Venturia

canescens

"l think you slrould Þe nrore exf¡licit here tn

step two."

www.sciencecartoonspl us.com/
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Abstract

Recent research has demonstrated that a laboratory culture of the asexual

solitary endoparasitoid wasp Venturia canescens Grav. (Hymenoptera:

lchneumonidae) contains two genetically and phenotypically distinct lines,

coexisting on their host the flour moth Ephestia kuehniellaZeller (Lepidoptera:

Pyralidae). The basis to the coexistence of the two lines appears to be

differences in their reproductive success under single parasitism and

superparasitism. Further, examination of field-derived wasps from several

locations has shown that the phenotypes displayed by the laboratory colonies

also co-occur in field populations.

Historically, the impossibility of showing that two species do not occupy

separate niches has precluded any demonstration of sympatric coexistence in

the field. Here we present the results of an iterative model that uses a range

of experimental life history data to predict the stable composition of a mixed

population of two lines displaying the laboratory phenotypes under different

rates of superparasitism. The model predicts that sympatric coexistence of the

two lines is possible when the overall rate of superparasitism is between 4

and 12"/" or greater. These values are within the rates reported for other

solitary endoparasitoid wasp species in the field, and so demonstrate that the

sympatric coexistence under natural conditions of two species that display the

phenotypes observed in the laboratory lines is, in principle, possible'
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lntroduction

The principle of competitive exclusion (Volterra, 1926; Gause, 1934) states

that it is impossible for two species that are limited by the same resource to

coexist indefinitely. While mathematical models incorporating non-linear

phenomena suggest that sympatric coexistence is possible under certain

conditions (e.g. Levins, 1979; Armstrong and McGehee, 1980; Durret and

Levin, 1998), the basic theory remains popular (Vandermeer et aI.,2002). ln

part, this is due to the numerous examples in the literature of competitive

displacement of one species by another, but also because of the difficulty of

demonstrating that there is no niche differentiation involved in those cases

where species have been shown to be coexisting (see DeBach, 1966).

However, recent research has demonstrated that a laboratory culture of the

asexual (=thelytokous) parasitoid wasp Venturia canescens contains two

genetically distinct lines, coexisting on their host the flour moth Ephestia

kuehniella (Hellers et al., 1996; Beck et al., 1999, 2000, 2001).

The two lines are addressed as RP (repeat plus) and RM (repeat minus) for

the presence or absence of a 54 base-pair tandem repeat sequence in the

gene coding for a virus-like particle (VLP1) protein (Hellers et al., 1996). The

lines are genetically stable, and differ in a range of phenotypic characters,

including ovarian morphology, calyx gland secretions and reproductive

success (Beck et al., 1999,2000,2001). Since the laboratory culture had

been maintained without the addition of new stock for over 400 generations,

the two lines must have been coexisting sympatrically while competing for the

same resource,

V. canescens lays eggs directly into the body of the larva of its host

(=endoparasitic), where the developing parasitoid feeds on the haemolyph.

When more than one egg is deposited into a host, it is described as

superparasitised. However, irrespective of the number of eggs laid, at most a

single wasp emerges from a host (= solitary). When the time interval between

ovipositions is around three days or less, parasitoids fight for possession of

the host using strong sickle-shaped mandibles to attack competitors, and the

outcome is uncertain. For greater time intervals the older larvae prevails,

probably by suppressing the development of its younger adversary by anoxia

(Fisher, 1961 , 1963)
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The basis to the coexistence of the two lines appears to be differences in their

reproductive success under single parasitism and superparasitism. ln a

simulation of laboratory conditions, Beck et al. (1999) observed that when

RM- and RP-wasps were allowed to compete for hosts for a 24-hour interval

the RM-wasps produced significantly more offspring than the RP-wasps.

However, under intra-line competition the RM-wasps produced significantly

fewer offspring than the RP-wasps. Reineke et al. (2004) examined the

reproductive Success of the two lines when each competing female was

allowed to oviposit only a single egg into each host, with the second female

ovipositing after a lag time of four to 48 h. For the RM-line the relative pay-off

of superparasitism was around 65% when the time interval between

ovipositions was a few hours, declining to 50% when the time interval was 2

days. ln contrast, the relative pay-off for the RP-line was around 40%

independent of the time interval between ovipositions. Dissections of

supernumery larvae from superparasitised hosts indicated that about a third of

contests were resolved around the time the younger larva hatched, and in

almost all cases within 24 hours, corresponding to the period when physical

combat is the dominant mode of competition (Fisher, 1961).

lnvestigations of interlarval combat under in vitro conditions (Roberts et al.,

2004b) showed that the outcome of interlarval combat depended on both the

relative and absolute ages of the two competing larvae. The higher

reproductive success of the RM line under conspecific superparasitism

(Reineke et al., 2OO4) appears to be due to a physiological difference between

the newly hatched larvae of the two lines, which results in an advantage to the

RM larva irrespective of the order or time interval between ovipositions.

The research described above demonstrates that the two lines have been

coexisting for many generations under laboratory conditions, that they differ in

key life history traits that impact on fitness, and suggests a mechanism for

their sympatric coexistence. Further, since the lines are asexual, they are

reproductively isolated from each other, and hence effectively behave as

separate species. However, the question remains whether such a system can

be stable under natural conditions, or whether it is only possible in the

laboratory-created environment.
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An examination of field-derived asexual wasps from Mildura, Australia and Mt.

Boron, Southern France, using the VLPI gene as a marker, found that wasps

displaying phenotypic clusters qualitatively similar to the laboratory RM- and

RP-lines co-occur in natural populations (Li et al., 2003). Homozygous RM

and RP offspring derived from a mixed culture of field-collected sexual

(=arrhenotokous) wasps also showed similar patterns of morphological and

functional differences to the laboratory lines. ln all three populations, the

phenotype observed corresponded to the VLPI allele but the quantitative

expression of the phenotype was less pronounced, suggesting the VLPl gene

locus is genetically linked to the phenotype and that a second unlinked gene

is also involved (Li et al., 2003). ln a second study, Amat et al. (2003)

reported asexual RM and RP females derived from material collected in

Antibes both displayed a laboratory RM-like phenotype, confirming that the

phenotypes displayed by the laboratory colonies also occur in field

populations but suggesting the correlation observed by Li et al. (2003) may be

coincidental. Alternatively, it is possible that the laboratory RM-phenotype is

the result of more than one gene, acting additively but able to act separately.

Given the relative competitive advantage of the RM-phenotype under

conditions that favour superparasitism (Beck et al., 1999; Reineke et al.,

2OO4), it would not be surprising if strains displaying different pathways to the

RM-phenotype occurred in field populations.

The fact that wasps displaying RM- and RP-phenotypes have been found in

the same geographical locations does not demonstrate that they are

coexisting sympatrically. No amount of field data will be able to exclude the

possibility that the two phenotypes occupy separate niches. However, it is

possible to estimate by mathematical modelling the conditions under which

two sub-populations displaying the same life history parameters as the two

laboratory lines can coexist in competition for the same host resource. ln this

study those parameters that are not in the literature were first determined.

Then, the experimentally derived data set was applied to an iterative model to

predict the stable composition of RM and RP wasps in a mixed population

under different rates of superparasitism.
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Material and Methods

Rearing procedures

Wasps were clonal RP- and RM-wasp lines from a thelytokous V. canescens

laboratory culture as reported by Beck et al. (1999). For general colony

maintenance, wasps were reared in cylindrical clear plastic tubs (height 20cm

and diameter 1Scm). Four or five adult wasps were placed into each container

with 40-50 hosts until the wasps died (around 36 h). Upon emergence the

wasps were removed from culture and kept in gauze-covered 425 ml clear

plastic cups (Party Rite Jumbo TumblersrM, Harris Paper Pty. Ltd., West

Heidelberg, Australia) with a 50'/" honey solution. Hosts were E. kuehniella,

reared on a 10:2:1 mixture of oat bran, wheat germ, and dried brewers yeast.

All experiments were conducted and cultures maintained at 25 ! 1oC, under a

constant light-dark regime (L1 a:D1 0).

Parasitism procedures

To obtain singly parasitised E. kuehniella, a single wasp was put together with

25-30 host larvae of varying sizes in a plastic container (7 cm in diameter, 8

cm high). The parasitoids were observed during oviposition and stinging

attempts that resulted in a startle response from the larvae, combined with the

characteristic cocking movements of the wasp's ovipositor (Rogers, 1972)

were considered as real oviposition events. Any stinging attempt that either

did not evoke a startle response or was not followed by a cocking movement

was regarded as uncertain and the larva was discarded. After parasitisation

the hosts were weighed and maintained individually in glass vials with excess

food until parasitoid eclosion. Superparasitised E. kuehniella were obtained

similarly, by presenting wasps with hosts that had already been parasitised

once.

M easu rement of phenotypic characters

Emergent wasps were killed by freezing and the time and date of emergence

recorded, which allowed development time to be calculated following

molecular genotyping to determine the line of the wasp. Head capsule width

was measured to the nearest 0.0125 mm with an optical micrometer.

Molecular genetic analyses were performed as per Reineke et al. (2004).
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Total eggs matured by 7-day-old host-deprived wasps were determined as

per Roberts and Schmidt (2004).

Statistical analysis

Data were analysed using the generalised linear model (GLM) platform, JMP

V4.0.4 (SAS lnstitute lnc., 2001), with continuous factors centred by their

means (Neter et al., 1990). Analyses started with full models with all

interactions, and interactions were progressively dropped if P>0.25 (Winer,

1971).

An empiricat model of the sympatric coexistence of the two strains

The model uses an iterative approach with experimental data to predict the

stable composition of RM and RP wasps in a mixed population under different

rates of superparasitism. The major simplifying assumptions of the model are

that the generations do not overlap, and that no host is parasitised more than

twice.

The fraction of superparasitised hosts is defined as some number A, and the

fraction of single parasitised hosts is (1-A). Each generation the fraction of

adult wasps for each strain will be:

Adult wasps = (relative offspring from superparasitism) " A + (relative offspring

from parasitism) . (1-A)

ln general, the reproductive output (RO) of each strain will be the product of

the fraction of hosts parasitised (HP) and the survival rate of wasps from

parasitised hosts (SP), such that:

RO=HP.SH
ln general, the fraction of hosts parasitised will be the product of the relative

rate of encounter (EB) and the rate of acceptance (AB), such that:

RO=ER*AB.SR
The reproductive value (Rtz) of those wasps will also depend on the effects

on fecundity of differences in development time and adult size, represented by

a fecundity modifier term (F/V), such that:

RV=RO*FM-ER.AR*SR*FM
For the /h generation,

the fraction of RM females = M
the fraction of RP females = P¡
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Under single parasitism, the relative encounter rate will be the fraction of each

strain in the population (M¡and P), and the rate of acceptance is assumed to

be the same for each strain and so is set to one. The rate of single parasitism

is defined as (1-A), and so, with the subscripts mand p referring to the RM

and RP strains respectively, the reproductive value from single parasitism for

the each strain is:

RVsingle(RM),= M¡* SR. * FM^ " (1-A)

RVsingle(RP)¡= P¡* SBp * FMp. (1-A)

Under superparasitism, the relative encounter rate will be the products of the

relevant relative fraction of each strain in the population, such that:

EB(RM first, RM second) = Mf

EB(RP first, RP second) = P,?

ER(RM first, RP second) = M¡ * P¡

EB(RM first, RM second) = P¡* M¡

The acceptance rate will be the relative probability of a female

superparasitising a host containing either an egg of the same (AB") or a

different (ABd) strain, and so the relative fraction of hosts superparasitised

under each of the four combinations will be:

HP^^=Mf*AR,
HPpp=Pf.AR,
¡1Pmp = M¡* P¡* ARd

HPp^ = Pi* M¡* AR¿

These values are then normalised to have a Sum of one, for example:

HP^^^= Mf * ARrl Wf * ARr+ Pf . AR"+ MiP¡* ARa+ PiM¡. ¡Ra)

The survival rate of wasps (SP) of each strain from superparasitised hosts

can vary with the order of oviposition. The subscript xy rcleß to the first and

second ovipositing female respectively and the strain of the emergent wasp is

indicated by capitalisation, for example:

RM adults from hosts parasitised by RM then RP = SRup

RP adults from hosts parasitised by RM then RP = SRmp

Thus, the relative reproductive output of each strain under superparasitism

will be:

RO, = HP^^, * SR^^ + HPn^o * $Ruo + HP^p^ " SRpu

ROp = HPnpp * SRpp + HP^^p * SR^p + HP^p^ * SRp^
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For a given rate of superparasitism, defined as A, the reproductive value of

adults from superparasitised hosts from each strain is:

RVsupe(RM)¡= ROr* FMm* A

RVsuper(RP)i = ROp* FMp* A

And the overall relative fraction of each strain in the (i+1)th generation, from

single and superparasitism combined, is:

Mu(relative) = RVsupe(rm)¡ + RVsingle(rm)¡

Pa/relative) = RVsuper(rp)¡ + RVsingle(rp)¡

These fractions are then normalised to have a sum of sum one, giving the

fraction of each strain in the (i+1)th generation:

Mi*t = Mu(relative) / IMin(relative) + P¡¡(relative)]

P¡*t = P¡¡(relative) / [P¡n(relative) + Mu(relative)]

For each given set of parameters the model is then run iteratively for different

values of A (the fraction of superparasitised hosts) until there is no change in

the value for the fractions of the two wasp lines.

The model requires the experimental estimation of three parameters, the rates

of emergence of wasps from hosts (SB), a fecundity modifier (F/\zf) term to

incorporate developmental differences, and the rates of acceptance of

encountered hosts (AR).

Survival rates (SR) under single parasitism are calculated from the present

study, under intra-line superparasitism from Beck et al. (1999) (Table 1) and

from inter-line superparasitism from Reineke et al. (2004) (Table 2)'

Fecundity modifier (Flrrl) values (Table 3) are based on the relations between

host mass and adult size (Figs. 1a, b), and the relation between wasp size

and lifetime egg maturation described in Roberts and Schmidt (2004), with the

value for the RP strain under single parasitism treated as the baseline.

Parameters are calculated as least squares means for hosts ranging from

around 10 to 50mg, corresponding to late second through to final instars

(Harvey, 1996). While lifetime egg maturation of the RM-line was not

determined, there was no significant difference in the relation between adult

size and the number of eggs matured by 7-day-old females of the two lines

(Fig. 2) and so the use of the RP-line relation for both is reasonable. The

effects of parasitoid line and parasitism status on development time were not

signif icant.
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The values for rates of acceptance under superparasitising conditions are

derived from a laboratory study by Marris et al. (1996), who reported that for

V. canescens parasitising the lndian meal moth Plodia interpunctel/a host

acceptance rates for wasps presented with a host containing their own egg, a

sibling's egg and an egg of a different strain were 0.2282, 0.4534 and 0.7031

respectively. The relative rate of acceptance (RA) of a host by a

superparasitising female is calculated as the ratios of those same-strain rates

to that for a host containing an egg of a different strain (Table 4).

Results

Suruival of hosts containing a single egg

Analysis of the rate of emergent adults from singly parasitised hosts with

strain and host mass as factors revealed the rate of adults from hosts was

significantly lower (X' = 7.368, dt = 2,197, p = 0.0066) for the RM strain

compared to the RP strain (Table 1), however the effect of host mass was not

significant. An analysis of the stage at which developmental failure occurred

revealed that compared to RP-line significantly more (X2=4.837, df=1,51,

P=0.0278) RM parasitoids failed as late instars (Fig. 3). Failed larva generally

were not encapsulated or melanised.

Development time and adult mass

Analysis of development time by GLM with parasitism status, strain of

emergent wasp and host mass as factors, revealed a small but significant

positive relationship between host mass and development time (F=8.834,

df=1,282, P=0.0032, Rsquare=0.032), while the effects of both strain and

parasitism status were not significant (Table 5). A similar analysis on wasp

head capsule width revealed significant effects for parasitism status (F=186.0,

dÍ=1,270, P<0.0001), strain (F=43.74, df=1,270, P<0.0001) and host mass

(F=205.8, dÍ=1,270, P<0.0001) as well as a significant interaction (F=11.5,

dt=1 ,270, P=0.0008) between parasitism status and host mass (Figs. 1a, b)'

Egg maturation

Analysis of total eggs matured by 7-day-old host-deprived wasps with strain

and wasp size as factors revealed that the number of matured eggs increased
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with wasp size (F=477.2, df=1,82, P<0.0001), while there was no significant

difference between the strains (Fig. 2).

The model

Two of the parameters relating to superparasitism that are required in the

model can take a range of possible values. The host acceptance rate for intra-

line superparasitism depends on whether the two eggs are laid by the same,

or by different wasps. When the model is run for A=0 (no superparasitism)

irrespective of the initial frequencies of the two lines the RP-line always drives

the RM-line to extinction. The model seeks to estimate the lowest rate of

superparasitism under which the two lines will coexist indefinitely. As this will

correspond to the situation where the RM-line is present as a very small

fraction of the total population, the fraction of intra-RM-line superparasitism

involving two different RM-females will be negligible, and can be ignored. ln

contrast, the RP-line will comprise the greater fraction of the population, and

so intra-RP-line superparasitism will involve both self-superparasitism and

eggs being laid by two different RP-females.

ln addition, the survival rates for the two lines under inter-line superparasitism

vary with the time interval between ovipositions. While in theory

superparasitism could occur over any time interval up to the emergence of the

wasp (around 24 days), research by Hubbard et al. (1987) suggests that in

the field superparasitism is uncommon when the time interval between

ovipositions is greater than 24 hours. Further, it is likely that for a considerable

amount of time over a 24 hour period a host is in a refuge or otherwise not

accessible by a parasitoid, so that the distribution of the time interval between

ovipositions under natural conditions will show a bias towards time intervals at

the shorter end of the scale.

To estimate the distribution, under natural conditions, of the time interval

between ovipositions or the relative frequencies of intra-RP-line

superparasitism that will involve the same or two different wasps, is beyond

the scope of the model. lnstead the approach taken is to take the extremes of

these parameters and regard them as the boundary conditions. The lower

boundary for the minimum rate of superparasitism under which the two lines

will coexist indefinitely is the condition where two wasps search the same

patch at the same time. The survival rates are for a time interval between
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ovipositions of between zero to four hours and the intra-RP-line acceptance

rate is for self-superparasitism. The parameters that result in the upper

boundary correspond to the survival rates being for a time interval between

ovipositions of between zero to four hours and the intra-RP-line acceptance

rate is for superparasitism by two different wasps. lt must be stressed that

neither of these scenarios are regarded as realistic; their purpose is to define

the limits for the minimum rate of superparasitism under which sympatric

coexistence of the two lines will occur.

For a given rate of superparasitism the stable ratio of the two lines is

independent of the initial ratios. The results of the model indicate that the

minimum rate of superparasitism under which the two lines will coexist

indefinitely is between 4 and 12"/" (Fig.4a). Above these values the fraction of

the RM-line then rises sharply as the rate of superparasitism increases.

The model can also be applied to investigate the stable ratios of the two lines

under high levels of superparasitism, reflecting laboratory colony culture

conditions. However, as the level of superparasitism rises, the assumption

that a single host contains no more than two eggs becomes increasingly

invalid and while not worthless the results must be viewed with caution. ln this

situation, the boundary conditions are defined as above, except that the host

acceptance rates for the two lines are reversed. Under the model, at very

high levels of superparasitism the two lines continue to coexist indefinitely,

with the RM-line comprising a maximum fraction of between 69 and 83% of

the population, when the rate of superparasitism is 100% (Fig.4b).

Discussion

Life history data

The rate of emergent adults from hosts containing a single egg was

significantly lower for the RM-line compared to the RP-line (Table 1). This is

consistent with the observation by Beck et al. (1999), that when RM- and RP-

females engage in intra-line competition for 24 hours the RM-wasps produced

significantly fewer offspring than the RP-wasps. The lower rate of parasitism

success for the RM-line appears to be due to an increase in the rate of failure

as late instars (Fig. 3). There was no evidence that larvae had succumbed to

the host's immune response, and so the cause of failure is unclear.
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Wasps emerging from hosts containing two eggs were larger than wasps from

equivalent sized hosts containing one egg. This is consistent with the results

of Roberts et al. (2OO4a), and may be related to a putative concentration

dependent capacity of maternal secretions to modify host physiology. Adult

RM-wasps were larger than RP-wasps from equivalent sized hosts under both

single egg and superparasitism (Figs. 1a, b). This is consistent with the

observation that 8-day-old RM-larvae are larger than corresponding RP-larvae

(Reineke et al., 2OO4), but the basis is unknown.

The Model

Previous research has shown that, under laboratory culture conditions, two

lines of the asexual solitary endoparasitic wasp V. canescens, differing in a

cluster of phenotypic characters, coexist sympatrically on their host the flour

moth E. kuehniella (Hellers et al., 1996; Beck et al. 1999, 2000, 2001)'

Laboratory experiments have indicated the coexistence of the two lines is due

to reciprocal differences in their reproductive success under single egg and

superparasitism (Reineke et al., 2OO4a), with the higher reproductive success

of the RM-line under conspecific superparasitism being due to an advantage

of newly-hatched RM-larvae in the interlarval physical combat that determines

possession of the host (Roberts et al., 2004b). Further, investigations of

natural populations from several locations has revealed that wasps displaying

similar clusters of phenotypic traits to both laboratory lines occur in the field

and can be collected from the same locations (Li et al., 2003; Amat et al.,

2003).

A simulation of laboratory colony culture conditions (Fig. ab) returned the

result that the two lines will continue to coexist indefinitely, with the RM-line

never exceeding 83% of the population (Fig. ab). Applications of the model to

situations with high levels of superparasitism can only be regarded as

suggestive, since the assumption that a single host contains no more than two

eggs becomes increasingly invalid as the level of superparasitism rises.

However, the results support the suggestion that it is differences in the

reproductive success of the two lines under single egg and superparasitism

that underlies their observed continued coexistence.

Application of the model to determine the minimum rate of superparasitism

required for the stable coexistence of a mixed population of two lines
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displaying the laboratory RM- and RP-phenotypes, predicts that sympatric

coexistence is possible when the overall rate of superparasitism is between 4

and 1 2"/" or greater (Fig. 4a). While no studies have reported on the incidence

of superparasitism by V. canescens in the field, three lines of evidence

suggest that the rate under natural conditions may be above the threshold

required to allow coexistence.

Firstly, appropriate superparasitism rates been have reported from field

studies involving other species of solitary endoparasitic hymenoptera.

Examples include 19J% for Cottyria calcitrator on Cephus pygmaeus (Salt,

1931, 1932)), 2O/" lor Limnerium vatidum on Malocosoma Americana and

7.8% tor tbatia leucospoides on Sirex cyaneus (Salt, 1934), 10"/" Íor Asobara

tabida on Drosophila metanogaster (Janssen, 1989) and 34/" lor Pauesia sp'

on Cinara cronartii(Kirsten and Kfir, 1991).

Secondly, work by Hubbard et al., (1987) and Marris et al., (1996) on

superparasitism avoidance shows that V. canescens has the ability to make

fine distinctions, between non-parasitised hosts and hosts containing an egg

laid by herself, a sibling or a conspecific, with the acceptance rates for the

various parasitised hosts ranging from 20 to 70%. This indicates that

superparasitism avoidance is only partial and parasitised hosts are likely to be

superparasitised if encountered. lndeed, in laboratory trials where single

wasps were allowed access to patches containing 20 hosts for one hour, 18%

of parasitised hosts were superparasitised (Roberts, unpublished data)'

Thirdly, egg maturation by V. canescens does not cease once the oviduct

storage capacity is reached but is continuous for the life of the wasp. Further,

a female without access to hosts dumps eggs, a phenomenon that occurs

irrespective of whether the oviducts are at capacity (Roberts and Schmidt,

2OO4). Although the rate of egg dumping varies with the age, size and

previous host access history of each wasp, it is clear that periodically V.

canescens must accept an already parasitised host or discard an egg with no

chance of a payoff.

While they are plausible, in the absence of field data on superparasitism rates

it is impossible to conclude whether the rates required by the model occur in

the field. ln addition, it is always possible that the two phenotypes occupy

overlapping but not identical niches. Thus, the results of the model do not and
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cannot provide proof that natural populations of V. canescens contain two

sympatrically coexisting lines. However, since the two lines of V. canescens

are asexual and so in a reproductive sense separate species, the model does

demonstrate that, under ecologically realistic conditions, the sympatric

coexistence of two solitary endoparasitoid species that display the

phenotypes observed in the laboratory lines is, in principle, possible'
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Tables

Table 1. Mean rate of adult emergence of V. canescens from hosts under

single parasitism (present study), and intra-line superparasitism (Beck 2000).

Line RM RP

Single parasitism 0.75 0.88

Superparasitism 0.64 0.80

Table 2. Mean rate of adult emergence of V. canescens from hosts under

inter-line superparasitism for different ranges of times between ovipositions

(Reineke et al 2004).

Time between

ovipositions (h)

RM oviposits first RP oviposits first

RM wins RP wins RM wins RP wins

0to4
0lo 24

0.38

0.35

0.28

0.25

0.51

o.4

0.25

0.25

Table 3. Least squares means for the relationship between host mass and

head capsule width ol V. canescens, and the corresponding lifetime potential

fecundity (Roberts 2004).

Single parasitism Superparasitism

Line
Head width Potential

(mm) fecundity

Head width Potential

(mm) fecundity

Relative

fecundity

Relative

fecundity

RM

RP

1.281

1.261

478

458

1.044

1

1.374

1.337

563

528

1.229

1.153

Table 4. Host acceptance rates under intra- and inter-strain superparasitism

by V. canescens (Marris et al 1997).

Self vs conspecific Sibling vs conspecific

Superparasitising

Line

Acceptance

rate

Proportion

acceptance

Acceptance

rate

Proportion

acceptance

Same

Conspecific

0.23

0.70

0.25

0.75

0.45

0.70

0.39

0.61
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Table 5. Mean development time (days) of V. canescens from hosts under

single parasitism and inter-line superparasitism.

Single

parasitism

lnter-line

superparasitism

Line RM RP RM RP

N

Mean

SD

44

23.7

1.0

47

23.8

1.0

118

23.5

1.3

102

23.6

1.0
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Figures

Figure 1a. Relationship between the mass of E. kuehniella and adult V.

canescens head capsule width under a) single parasitism and b) inter-line

superparasitism. Open circle and solid line represents RM wasps, plus and

dotted line represents RP wasps.

1a

Figure 2. Relationship between total matured eggs and head capsule width for

7-day-old host-deprived V. canescens. Open circle and solid line represents

RM wasps, plus and dotted line represents RP wasps.
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Figure 3. Stage of RM- and RP-lin e V. canescens larvae in single parasitised

E. kuehniel/a when developmental failure occurred, as a fraction of total hosts.

Black represents early larva, diagonal bars represents late larva/pupa and

grey represents pharate adult.
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between the overall rate of superparasitism and the stable fraction of the RM-

line in a mixed population of RM- and RP-line V. canescens under a) low

levels and b) high levels of superparasitism. See text for details.
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Ghapter Eight

Genetic analysis of two distinct reproductive
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Abstract

Recent research has demonstrated that a long-standing laboratory

culture of the asexual endoparasitoid wasp Venturia canescens contains two

genetically distinct lines, coexisting on their host the flour moth Ephestia

kuehnietta, The two lines are addressed as RP (repeat plus) and RM (repeat

minus) for the presence or absence of a 54 base-pair tandem repeat

sequence in the gene coding for a virus-like particle (VLP1) protein. The lines

are genetically stable, and differ in a range of phenotypic characters. Previous

indirect evidence has suggested that the phenotypic differences between the

lines are due to pleiotropic effects of the VLPI alleles.

Here we report that maintaining the RM line under conditions of low

superparasitism resulted in rapid alterations in the phenotypic characters

calyx eggload, egg maturation rate, and reproductive success under single

egg and under competing superparasitism. The observed changes were not

associated with changes in the RM-VLP1 allele, and in general are difficult to

explain in terms of genetic change.
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lntroduction

Endoparasitoid insects deposit their eggs inside the body of a host, exposing

the larval stages of the developing parasitoid to the potentially fatal influence

of the host's immune system. To facilitate the development of their young,

many female endoparasitoids produce a range of ovarian and venom gland

secretions that are injected into the host during oviposition (Beckage, 1997),

where they interfere with the host's defense system and other host functions

(Quicke, 1997). ln the case of the solitary endoparasitoid wasp V. canescens

these secretions include nucleic acid free virus-like particles (VLPs) that are

produced in the calyx tissues of the reproductive tract (Feddersen et al.,

1986). ln an asexual laboratory colony founded from wasps donated by

George Salt in the 1960's, the DNA of one of the VLP proteins (coding for 40

kDa protein, named VLPI ) was found to occur in two allelic variants, differing

by the presence or absence of an 54 bp tandem repeat Sequence (and named

"repeat plus", RP and "repeat minus", RM). All WaSpS analySed Were found to

be homozygous for one of the two VLPI alleles (Hellers et al., 1996) and the

genes were stable over successive generations (Beck et al., 1999)'

Consequently, in combination with the population's asexual mode of

reproduction, it was possible to establish two separate clonal lines based on

the allelic variation. Once established, it was found that RM wasps produced

fewer offspring than RP wasps. However, when the two strains were

maintained as a mixed culture, RM wasps produced more offspring than the

RP wasps (Beck et a1.,1999), and most interestingly, more offspring than they

did as a pure culture. This suggests that the RM larvae gained some benefit

from developing in a host that had been parasitised by an RP wasp.

Examination of the reproductive tracts of individuals from the two newly

established lines revealed further differences. The calyx glands of RM wasps

were larger than those of RP wasps, with extended VLP-filled membrane

systems, and the amount of secreted VLPI protein in the calyx was less for

the RM wasps than the RP wasps. Differences were also observed in the

transfer of eggs through the calyx to the oviduct, with 7-day-old RM wasps

having significantly more eggs in the calyx and significantly fewer in the

oviduct, compared to RP wasps (Beck et al., 1999).
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Reineke et at. (2003) investigated the reproductive success of the RM and RP

lines under controlled inter-line superparasitism (= more than one egg

oviposited into each host), with a wasp from each line allowed to oviposit a

single egg each, with different time intervals between ovipositions. They

found that the competitive abilities of the two lines were not symmetrical, with

the RM-line winning a significantly higher fraction (around 60%) of the overall

contests, probably due to an advantage of the RM-line in interlarval combat

involving newly hatched larvae (Roberts et a1.,2004).

Examination of field collected sexual and asexual material from Australia and

France showed the same cluster of traits associated with the RM and RP

laboratory genotypes, albeit in a less pronounced form (Li ef a/., 2003). This

suggested that the different components of the laboratory RM phenotype

shared a common underlying molecular cause.

However, the observed phenotypic differences in the morphology and eggload

of the RP and RM calyx are not fully penetrant (Beck et al., 1999; Li et al.,

2003), which suggests expression of the phenotype may involve a possible

non-genetic determinant. Further, the higher absolute reproductive success of

the RM line under inter-line, compared to intra-line, superparasitism (Beck et

al., 19g9) suggests that the development of the RM larvae is beneficially

affected by its host also being parasitised by an RP wasp.

This raises the question of whether the expression of the RM phenotype is

modified by the degree of superparasitism and the genotype of the ovipositing

adults. Known non-genetic mechanisms of phenotypic change in asexual

lineages can be grouped into three overlapping categories, phenotypic

plasticity, maternal effects and endosymbionts.

Phenotypic plasticity refers to how different phenotypes ("character states"

(Schmalhausen, 1949)) can arise from a single genotype, as a result of

different environmental conditions during ontogeny. While little is known about

the genetic mechanisms that underlie adaptive phenotypic plasticity (Barton

and Turelli, 1989), two general mechanisms have been identified. Allelic

sensitivity refers to where the expression of an allele in different environments

has varying effects on the phenotype. Gene regulation refers to the interaction

between two genes, with a regulatory (epistatic) gene controlling the

expression of the other (hypostatic) gene (Scheiner, 1993; Via, 1993).
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Maternal effects include maternal imprinting, where there is a heritable

change in gene expression without an actual change in DNA sequence, for

example due to DNA methylation and S-methylcytosine content (reviewed in

Holliday, 1994)). There is also evidence that a character state induced in one

generation can be transmitted to subsequent generations. For example,

Rahman et at. (2004) showed that tolerance to a Bacillus thuringiensis

formulation in the Phycitid moth Ephestia kuehniella correlated with an

elevated immune response, which could be induced by pre-exposure to a low

dose of the formulation and, once induced, transmitted to following

generations through the female line.

Finally, it is known that infection by endosymbionts can result in profound

phenotypic effects. For example, for many sexually reproducing wasps (but

not including V. canescens (Beukeboom and Pijnacker, 2000)) infection by

the bacteria Wotbachk results in a change to asexual reproduction, which is

reversible if the infection is treated with antibiotics.

lf the expression of the RM phenotype is influenced by the degree of

superparasitism and the genotype of the ovipositing adults, then rearing the

RM line under conditions of single egg parasitism would be expected to result

in observable change. Here we report that culturing the RM line under

conditions of low superparasitism resulted in rapid alterations in the

phenotypic characters calyx eggload, egg maturation rate, and reproductive

success under single egg and under competing Superparasitism. The

observed changes were not associated with changes in the RM-VLP1 allele,

and in general are difficult to explain in terms of genetic change.

Method

lnsects

The initial cultures of wasps (named RP (pure) and RM (pure)) were clonal

RP- and RM-lines oÍ Venturiacanescens as described in Beck et al. (1999).

After 70 generations of being cultured as isolated strains, a mixed RM/RP

culture was established again (named RM (mixed)).

Rearing procedures

For general colony maintenance, wasps were reared in cylindrical clear plastic

tubs; height 20cm and diameter 1Scm. Four or five adult wasps were placed
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into each container with 40-50 hosts until the wasps died (around 36 h). To

determine the level of superparasitism under these conditions all hosts from

one such container were dissected 5 days after set up. Upon emergence the

wasps were removed from culture and kept in gauze-covered 425 ml clear

plastic cup (Party Rite Jumbo TumblersrM, Harris Paper Pty. Ltd', West

Heidelberg, Australia) with a 50/. honey solution. Hosts were Ephestia

kuehnietta, reared on a 10:2:1 mixture of oat bran, wheat germ, and dried

brewers yeast. All experiments were conducted and cultures maintained at 25

+ 1oC, under a constant light-dark regime (L14:D10).

Singly parasitised hosts were obtained using the method of Roberts ef a/'

(2004). For large scale culturing of the RM line under conditions of limited

host access, single RM wasps were given access to 20 hosts for one h'

Wasps from the RM (pure) line were reared under conditions of strict single

parasitism for one generation (described as RM (pure)s) and then for a further

S generations under conditions of limited host access. There were 20 replicate

lines. The replicate lines were then pooled and the new colony (labelled RMN

for RM new) was used to assess a range of phenotypic characters.

Generation numbers for the RMN line are counted from the generation the

replicate lines were pooled. To determine the level of superparasitism under

these conditions all hosts from five such containers were dissected 5 days

after set up.

Measu rement of phenotypic characters

Measurement of adult wasp size and molecular genetic analyses were

performed as per Reineke et at. (2003). Calyx eggload and total eggs matured

by 7-day-old host-deprived wasps were determined as per Roberts and

Schmidt (2004). Reproductive success under single and inter-line

superparasitism was determined as per Roberts et al. (2004).

Statistical analysis

Data were analysed using the generalised linear model (GLM) platform, JMP

V4.O.4 (SAS lnstitute lnc., 2001), with continuous factors centred by their

means (Neter et al., 1990). Analyses started with full models with all

interactions, and interactions were progressively dropped if P>0'25 (Winer'

1e71).
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Results

Levels of superparasitism under colony maintenance and limited host access

conditions. Excluding unparasitised hosts from the analyses, under limited

host access conditions 82"/" of hosts contained a single egg while under

colony maintenance conditions the mean number of eggs per host was 6'4,

with no host containing fewer than three eggs (Fig. 1).

VLP typing of the tines. Analysis of the VLPI proteins of the lines by western

blots confirmed that the RM and RMN lines were homozygous for the RM-

VLPI protein and the RP line was homozygous for the RP-VLP1 protein.

Catyx eggtoad. There were significant differences (F=29.3, df=6,641,

P<O.OOO1) in the numbers of eggs in the calyx regions among the 3 lines

(Table 1). Post hoc analysis (Tukey-Kramer, q=0.05) showed that the

differences between the F10 and caFSO generations of the RM (pure) line, the

caF2O generation of the RM (mixed) line and the offspring under single

parasitism of the caF80 RM line were not significant. Similarly, there was no

significant difference between the F2 and F10 generations of the RMN line. ln

contrast, significantly fewer eggs were present in the calyx region of the RMN

wasps compared to the various RM wasps.

Eggs matured by 7-day-otd host-deprived wasps. There were significant

differences (F=26.7, df=2,132, P<0.0001) in the total number of eggs matured

by 7-day-old host-deprived wasps between the RP, RM (mixed) and RMN

lines (Fig. 2). Analysis by Tukey-Kramer LSD (o=0.05) indicated that the RMN

line matured significantly fewer eggs than either the RM (mixed) or RP lines.

Reproductive success under singte egg parasitism. There were significant

differences in the number of offspring from hosts between the RM, RMN and

RP lines (Table 2). Pair-wise tests showed that the difference between the

RM (pure) and RM (mixed) cultures was not significant. Similarly, the

difference between the RP and RMN lines was not significant while the RM

lines produced significantly fewer offspring under single parasitism compared

to both the RP and RMN lines.

Reproductive success under inter-line superparasitism. Analysis of the

outcome of inter-line superparasitism (RM vs RP, Fig. 3a and RMN vs RP,

Fig. 3b) with time interval between ovipositions and RM line (RM coded as 1,
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RMN coded as 2) as factors revealed that the RM line produced significantly

more offspring (X2=43.6, dÍ=2, P<O.OOO1) than the RMN line when in

competition with the RP line. There was also a significant interaction between

RM line and time (X2=1 4.1, df=2, P=0.0009).

Discussion

While a high level of superparasitism is the norm under standard colony

maintenance conditions, with an average of 6.4 eggs per host, single egg

parasitism is the norm under the limited host access condition, with only 18%

of hosts containing more than one egg. When the RM wasps were maintained

as either pure or mixed cultures under conditions of high superparasitism, the

expression of the phenotype, as indicated by the calyx eggload, did not

change significantly over time. Similarly, there was no significant change in

calyx eggload in the first generation of RM wasps reared under conditions of

single egg parasitism (RM (pure)s). However, following a further five

generations of rearing under conditions of predominantly single egg

parasitism, the phenotype expressed by the RM line (now described as RMN,

for RM new) showed significant differences to the other RM cultures in all four

of the characters examined. Compared to the RM (pure) line, the RMN line

retained fewer eggs in the calyx region, had a higher rate of reproductive

success under single parasitism and a lower rate of reproductive success

under inter-line superparasitism with the RP line. Similarly, compared to the

RM (mixed) line, the RMN line retained fewer eggs in the calyx region, and

also showed a lower rate of egg maturation under conditions of host

deprivation. ln contrast, there were no significant differences between the

RMN and RP lines in the numbers of eggs in the calyx region, or in

reproductive success of the two lines under single parasitism or competitive

superparasitism. Further, after the RMN line was cultured under conditions of

superparasitism for a total of 10 generations no significant change to the calyx

eggload phenotype was observed.

Since the Venturia lines in the study are asexual, these results raise the

question of how the observed differences in the RM phenotype can occur in

only a few generations.
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The two simplest explanations, either contamination of the RM colony by a

third strain or selection for a pre-existing RMN genotype are difficult to

imagine for a number of reasons. Any contamination would be expected to

have a S0% chance of being by a wasp of the alternative VLPI allele' The

pure colonies had been maintained collectively for around 150 generations

without alternative VLPIs being observed, suggesting that contamination, if it

has occurred at all, is a rare occurrence. Further, there was no significant

change in the calyx phenotype between the l Oth and 70th (immediately prior to

the change in culturing conditions) generations of the RM (pure) line,

indicating that the composition of the culture had not changed in that time.

Contamination or selection as the basis is also unlikely due to the nature of

the breeding program. Since each founder wasp generated an independent

line, there was no competition for hosts between the offspring of the different

females and hence no selection pressure relating to reproductive success

under single egg parasitism. Thus, the fraction of the population represented

by a putative pre-existing RMN genotype should not change over the five

generations that the wasps were reared under conditions of limited host

access.

Explanations based on genetic change are also implausible. Possible genetic

change in asexual strains can occur through a number of processes, such as

crossing over and mutation, including microsatellite slippage. ln asexual V.

canescens, the mode of reproduction can be categorized as central fusion

automictic parthenogenesis (Beukeboom and Pijnacker, 2000), with two

haploid pronuclei that segregated at meiosis I fusing, following meiosis ll, to

restore diploidy. Since crossing over can occur prior to meiosis l, over

successive generations the degree of heterozygosity in a lineage will

decrease the more distal the loci are to the centromere, so that a group of

siblings may be genetically different from both their mother and each other.

Thus, while in principle evolutionary adaptation in asexual V. canescens

lineages should be possible from existing genetic diversity, it will likely be in a

limited and possible irreversible form (Slobodchikoff, 1983). Phenotypic

changes can also be based on mutational genotype alterations. Although

there are reports on increased mutational rates in hymenopteran parasitic

wasps (Dowton and Austin, 1995), it is difficult to reconcile a phenotypic
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change based on a general increase in mutation rate with the otherwise

normal fitness observed in both strains. An increase of mutations in localised

areas of the genome is possible, particularly if the mutations are in DNA 'hot

spots', such as microsatellites that can expand and contract by DNA-

polymerase slippage mechanisms. However, invoking genetic change based

on selection of spontaneously arising mutants implies similar changes of the

independent lines, which has not been observed'

lf explanations based on contamination, selection for a pre-existing genotype

or genetic change are rejected, then the simplest explanation, as suggested

by Amat et al. (2003), is that the RM phenotype is due to a pathogen,

specifically, an interaction between the RM genotype and a semi-permissive

endosymbiont, where transmission is vertical via maternal secretions from

adult wasp to host and then horizontal from host to larval parasite. Thus, if the

level of superparasitism is high, then the maternally derived endosymbiont

load, and hence the probability of a wasp larva being infected, are also high.

ln contrast, under predominantly single parasitism the probability of

transmission is low and so over successive generations the endosymbiont is

lost.

The finding that the RM phenotype was expressed in the first generation of

larvae reared under single egg parasitism, but then lost over the subsequent

generations, suggests that the phenotype of the offspring depends at least in

part on the maternal phenotype. While this does not preclude infection by an

endosymbiont from being the cause, it suggests a possible alternative, where

the RM phenotype emerges due to an interaction, mediated by the host,

between the RP maternal secretions and the developing RM wasp. Once the

RM phenotype has emerged it is maintained under conditions of high intra-

RM-line superparasitism (and hence high levels of maternal secretions) by

maternal transmission, but lost over successive generations under conditions

of single egg parasitism (and hence low levels of maternal secretions). Such a

system may be functionally similar to one described by Rahman et al. (2004),

where exposure of larval E. kuehnietla to sublethal concentrations of a

Baccitlus thuringiensis toxin formulation led to an elevated immune response

which could be transmitted to offspring by a maternal effect'

lrrespective of the basis, the finding that culture conditions affect the
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expression of a cluster of phenotypic characters in a strain of the

endoparasitoid wasp V. canescens has profound implications on the ecology

of the wasp in the field. The induction of phenotypic traits and their

transmission to subsequent generations can create distinct phenotypes in

subpopulations that are genetically identical. This is particularly relevant in

parasitoid populations that are reared under laboratory conditions to be

released into the field as biological control agents.
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Figures

Figure 1. Distribution of the number of eggs deposited by V. canescens in

each E kuehnietta larva: black bars colony maintenance conditions (4 wasps

given access to 50 hosts for 24h), grey bars limited host access conditions

(single wasps given access to 20 hosts for one h).
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Figure 2. Relationships for wasps from three lines between V. canescens head

capsule width in mm, and total number of eggs matured by wasps deprived of hosts

for seven days, Triangle and solid line is RP (Roberls et al., 2QO4), closed circle and

dotted line is RM (mixed), grey diamond and dashed line is RMN.

Generation number, and least squares means and SE of total number of eggs

matured are shown in the box. L S means with the same letter were not

significantly different (Tukey-Kramer LSD, q=0.05).
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Figure 3. The fraction of emergent wasps that were the offspring of the

superparasitising female (the relative pay-off from superparasitism), as a

function of the time interval between ovipositions for the two different orders of

oviposition. Lines represent the fitted values from the logistic regression

model. a 'RM pure' first, 'RP' second (dashed line) and 'RP'first, 'RM pure'

second (solid line). (Reineke el at., 2OO3), b 'RMN' first, 'RP' second (dashed

line) and 'RP' first, 'RMN' second (solid line). (Roberts ef a\.,2004).
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Tables

Table 1. Number of eggs in the calyx region of 7-day-old host-deprived V'

canescens. Means with the same letter were not significantly different (Tukey-

Kramer, q=0.05).

Line Generation N Mean 95% Cl

RM (pure)

RM (pure)

RM (pure)s

RM (mixed)

RMN

RMN

RP

ca 10

ca 80

ca 80+1

ca20

2

10

caSO

13.6 a

11.5 a

12.7 a

15.4 a

0.9 b

0.8 b

0.7 b

12.0 - 15.2

8.7 - 14.4

9,1 - 16,3

10.2 - 20.6

0.5 - 1.3

0,5 - 1.1

0.1 - 1.3

168

114

44

72

102

50

98

Table 2. Percentage V. canescens offspring from E kuehniella larvae under

conditions of controlled single egg parasitism. Means with the same letter

were not significantly different (X2 test, q=0.05).

Line Generation N % offspring 95% Cl

RM (pure)

RM (mixed)

RMN

RP

ca 80

ca20

2

ca B0

74

1s6

103

117

71.6 a

75a

86.4 b

88b

60.5 - 80.6

67.7 -81.1

78.5 - 91.7

80.9 - 92.7
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It has recently been shown that a thelytokous laboratory culture of the

parasitoid wasp Venturia canescens contains two genetically distinct lines,

coexisting on their host the flour moth Ephestia kuehniella (Hellers et al.,

1996; Beck et a1.,1999,2000b,2001). The two lines differ genetically by the

presence (the RP-line) or absence (the RM-line) of a 54 base-pair tandem

repeat sequence in the gene coding for a virus-like particle (VLP1) protein

(Hellers et a1.,1996). The lines are genetically stable, and differ in a range of

phenotypic characters, including ovarian morphology, calyx gland secretions

and reproductive success (Beck et al., 1999, 2000b, 2001). The laboratory

culture had been maintained without the addition of new stock for over 400

generations, suggesting, in apparent contradiction of the principle of

competitive exclusion (Gause, 1934; Volterra, 1926) that the two lines had

been coexisting sympatrically while competing for the same resource.

The primary aim of the research presented in this thesis was to

determine the basis of the coexistence of the two wasp strains, and estimate

whether it is an artefact of the laboratory rearing conditions, or could in

principle occur in field populations.

Controlled oviposition experiments showed that the RM-line won a

significantly higher fraction (around 60%) of the overall contests, and further,

that the competitive abilities of the two lines were not symmetric, indicating

that the advantage of the RM-line related to one-on-one interlarval

competition rather than differences in maternal behaviour. Dissection of

parasitoid larvae from superparasitised hosts indicated that most contests

between competing larvae had occurred within the lirsl 24 h of the eggs

hatching, suggesting the advantage of the RM-line relates primarily to

physical combat rather than to physiological suppression (Reineke et al.,

2004).

lnvestigations of interlarval combat under in vitro conditions showed

that the outcome depended on both the relative and absolute ages of the

contestants, and confirmed that the competitive abilities of larvae from the two

lines were not symmetric. The higher reproductive success of the RM line

under conspecific superparasitism was found to correspond to a physiological

difference between the newly hatched larvae of the two lines which results in
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an advantage to the RM larva independent of the order or time interval

between ovipositions (Roberts et al.,2OO4a).

Dissection of singly-parasitised hosts in which parasitism had failed

indicated that the lower rate of parasitism success for the RM-line when

reared alone is due to an increase in the rate of failure as late instars. There

was no evidence that larvae had succumbed to a melanisation or

encapsulation response, and so the cause of failure is unclear (Roberts et al.,

in press).

An analysis was conducted of the influence of host mass and the time

interval between ovipositions on the survival and development of larvae from

both the first and second laid eggs in superparasitised E. kuehniel/a, in this

case involving two competitively similar lines. lt was found that as the time

interval between ovipositions increased both overall and superparasitism

SucceSS decreased, however time between, and order of, ovipositions had

little effect on other developmental parameters. Adult size increased with host

mass under both parasitism and superparasitism, while host mortality

decreased with host mass under superparasitism. ln addition, wasps

emerging from superparasitised hosts were larger than wasps from

parasitised hosts (Roberts et al.,2OO4b).

Research on the lifetime fecundity of female V. canescens revealed the

previously unreported phenomena of egg dumping by an endoparasitoid wasp

when deprived of hosts. Female V. canescens maintained without hosts

began to deposit eggs onto the sides of the culture vessel on the day of

eclosion. The maturation of additional eggs was not inhibited once the

maximum oviduct egg load was reached but rather continued for the duration

of the experiment (up to 39 days), at a rate of around 5.8% of the remaining

unmatured eggs per day (Roberts and Schmidt, 2004).

Following this research an iterative mathematical model was developed

that uses a range of experimental life history data to predict the stable

composition of a mixed population of two lines displaying the laboratory

phenotypes under different rates of superparasitism. The model predicts that

sympatric coexistence of the two lines is possible when the overall rate of

superparasitism is between 4 and 12/o or greater. These values are within the

rates reported for other solitary endoparasitoid wasp species in the field, and
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so demonstrate that the sympatric coexistence under natural conditions of two

species that display the phenotypes observed in the laboratory lines is, rn

principle, possible (Roberts et al., in press).

However, the question addressed by the secondary aim of the

research, whether the phenotype observed in the laboratory RM-line is due to

pleiotropic effects of the allelic VLPl gene locus, remains unresolved.

Examinations of four pairs of field-derived lines have found that the

traits variously associated with the RM and RP laboratory genotypes cluster

together, typically in a less pronounced form (Amat et al., 2003; Li et al.,

2003b; Roberts et al., 2OO4b). This correspondence suggests that the

different components of the laboratory RM phenotype share a common

underlying physiological cause, while the reduced level of expression

suggests two different factors can potentially be involved. Further, the

expression of the phenotype is not fully penetrant (Beck et a1.,1999; Li et al.,

2OO3b), and can change with culture conditions (Roberts et al., in

preparation), which suggests expression of the phenotype may involve a non-

genetic determinant.

Within these parameters two general explanations of the RM-

phenotype have been proposed, that the RM-phenotype is either due to an

endosymbiont or pathogen acting in some unknown fashion (Amat et al.,

2OO3), or due to pleiotropic effects of the allelic VLPI gene locus (Beck et al.,

2000b,2001).

The key components of the RM-phenotypic cluster of traits are: calyx

membrane alterations leading to the development of extensive luminal

membrane systems and the retention of eggs in the calyx region (Beck et al.,

1999), the superiority of RM-larvae over RP-larvae in fighting ability for the

first few hours after hatching (Roberts et al., 2OO4a), and an increased

probability that parasitism by RM wasps alone will fail at the late larval/

prepupal stage (Roberts et al., in press).

Several lines of evidence support the pathogen model. Amat et al.

(2003) examined two field-derived strains homozygous for the RM- and RP-

VLPI and found that they both displayed traits of the RM-phenotype. This

implies that the RM-VLP1 is not necessary for the expression of the RM-

phenotype. Further, Roberts et at. (in preparation) found that following five
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generations of predominantly single parasitism the phenotype of the

laboratory RM-line changed to a predominantly RP-line phenotype. This result

is difficult to account for in terms of genetic change, and so the simplest

explanation is that it is due to the loss of an endosymbiont or a pathogen.

What is the possible mode of action of a pathogen? lt is conceivable

that the RM-calyx membrane alterations arise in some fashion through the

effects of an endosymbiont or pathogen developing in the calyx gland region.

ln an analogous fashion to that described later, this in turn could give rise to

the competitive superiority of RM-larvae, through alterations in the

concentration of calyx secretions co-injected with the egg into the host.

The increased rate of failure of RM-parasitised hosts at the late larval/

prepupal stage is perhaps the easiest of the traits to explain under a pathogen

model. lt has been found, for a range of pathogens, that when a parasitoid

grows inside an infected host developmental failure can occur at the pupal or

pharate stage, depending on the time interval between parasitism and

infection (eg King and Bell, 1978; Temerak, 1980; Santiago-Alvarez and

Caballero, 1990). Further, parasitism can lead to an increase in the host's

resistance to a subsequent infection (Begon et a1.,1999). lf the resistance of

the host is due to the effects of a calyx secretion acting globally, and a

consequence of the RM calyx tissue alteration is a general reduction in the

concentration of maternal secretions, then RM-parasitised hosts may be more

susceptible to infection and eventual failure.

There are a number of difficulties with the endosymbiont or pathogen

model. Differential ovarian DNA expression of the laboratory RM- and RP-

lines using cDNA-AFLP analysis (Reineke et a1.,2003) revealed a number of

differences, one of which was shown to be a picorna-like virus of the genus

Itfavirus (Reineke and Asgari, in press). However, analysis revealed the virus

was also present in the laboratory RMN-line (Roberts, unpublished data) and

not present in either of a pair of other lines, homozygous for the RM and RP

VLPI gene and displaying the respective phenotypes (Li et al., 2003b);

(Reineke and Asgari, in press). Thus, it is unlikely the llfavirus is responsible

for the phenotype, and Reineke et al. (2003) detected no other pathogens.

The possible mode of transmission of a putative endosymbiont poses further

difficulties for an explanation based solely on the action of a pathogen. lf
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transmission is strictly vertical, then it should not be affected by culture

conditions. Alternatively, if transmission were vertical to the host and then

horizontal from the host to the larval parasitoid, then under conditions of

competitive superparasitism it would be expected to be present in both the

RP- and RM-lines. Thus, the pathogen model would seem to require the

phenotype be due to an interaction between the pathogen and the laboratory

RM-genotype.

The alternative explanation is that the RM-phenotype is due to

pleiotropic effects of the RM-VLP1 and at least one other factor, through a

reduced capacity to control the effects of oxidative activity. A number of lines

of evidence support this hypothesis, although it too is not without its

difficulties.

The VLPI protein shows sequence similarities to vertebrate PHGPxS

(Hellers et â1., 1996), enzymes involved in the reduction of oxidised

phospholipids. This suggests that a possible function of the VLPI is to reduce

oxidised lipids in membranes. While the VLPI does not show enzymatic

activity (Li ef at.,2OO3a), it may still bind to oxidised phospholipids and mask

any deleterious or elicitor effects. The latter function is more likely since

enzymatic activity would require the presence of reduced glutathione, which is

unlikely to be available in extracellular locations such as the calyx lumen.

Evidence also suggests that V. canescens calyx fluid has serine protease

inhibitor (serpin) activity and is able to inhibit the activation of the melanising

enzyme phenoloxidase (PO) (Beck et a\.,2000a).

As discussed in Schmidt et al. (in press), observations indicate that V.

canescens oocytes and eggs contain PO-like enzymes, and are a source of

reactive electrons that have the potential to damage the membranes of calyx

tissues. The structural changes from the deletion of the tandem repeat

sequence in the RM-VLP1 may reduce the capacity of the protein to bind

membrane lipids oxidised by the reactive electrons. Reduced particle-

membrane interactions and/or exposure of oxidised phospholipids may lead to

the VlP-membranes merging with each other. Once these membranes start

to form they may act as a positive feedback loop of ever increasing oxidative

damage: the membranes progressively reduce the secretion of additional

calyx fluid, including the VLPI and the putative serpins (Beck et a1.,2000a),
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resulting in an increase in reactive electron species and a decrease in

capacity to repair damage, and thus over time leading to the formation of the

observed extensive damage to calyx tissues and the creation of luminal

membrane systems. Once formed, these constitute an obstacle to the

passage of eggs, leading to the observed retention of eggs in the calyx

region.

Another consequence of the reduction in the amount of calyx proteins

secreted into the calyx lumen (Schmidt et al., in press) would be a reduction in

the amount of VLPs and calyx fluid that surrounds the egg when it is injected

into the host. lt is plausible that the superiority of RM-larvae over RP-larvae in

fighting ability, given it only extends for the first few hours after hatching, is

due to the mandibles or cuticle of the RM-larvae being relatively more

sclerotised at the time of hatching (Roberts et al., 2OO4a). Calyx fluid

possesses serpin activity (Beck et a\.,2000a) and this activity is reduced in

RM-calyx fluid (Beck, 1998), which suggests that RM-line eggs and embryos

may be exposed to a higher level of host PO activity. This could result in

higher levels of sclerotisation in the newly hatched RM-larvae, either directly

by enhancing tanning of the RM-larval cuticle, or indirectly by strengthening

the egg shell so that hatching is delayed (Beck et a1.,2001), allowing more

time for the normal cuticular tanning processes to occur.

While the VLP proteins are secreted in greatest concentration in the

calyx region, they are known to be present at lower but significant levels in a

number of other tissues as well, including in the gut of the larval parasitoid

(Kinuthia, 1996). This suggests a mechanism for the third key component of

the RM-phenotypic cluster, an increased probability that parasitism by RM

wasps will fail at the late instar/ pre-pupal stage. V. canescens does not

appear to engage in systemic suppression of the host's immune response,

but rather, relies on molecular mimicry and localised immune protection at the

hosVparasitoid interface (Kinuthia ef a/., 1999; Schmidt et a1.,2001). Larvae

are exposed to the host's immune response in two areas, the external cuticle

and the gut. There is no evidence to suggest that larvae of either line are

attacked by an external encapsulation response unless they have previously

been wounded during interlarval combat. However while the external cuticle is

a containing barrier, the gut must allow the uptake of nutrients from the
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ingested host haemolymph. This will contain active host immune components

including prophenoloxidase that is potentially activated by gut proteases,

producing reactive electron species. Thus the gut would require some form of

immune protection. This would plausibly involve at least two components: one

to inactivate PO activity, and a second to repair oxidative damage. This is

analogous to the situation in the calyx, and so it is tempting to speculate that

the parasitoid employs a similar solution, serpins to inhibit the production of

reactive oxygen species and the VLP1 to mask or remove any oxidative

damage. Consistent with this hypothesis, Kinuthia (1996) observed that anti-

VLP antibodies (i.e. antibodies raised against a preparation containing all the

different VLP proteins) stained both the lining and, to a lesser extent the

contents, of the gut lumen. ln addition, preliminary Western blots of parasitoid

gut contents stained with anti-PPO antibodies found that RP-larval gut

contents showed a number of strong lower molecular weight bands indicative

of PO breakdown products, while RM-larval gut contents showed much

weaker lower molecular weight bands (Roberts, unpublished data). However,

no differences were observed between blots of haemolymph from RM- and

RP-parasitised hosts, suggesting the difference is due to larval gut secretions

rather than systemic suppression of host haemolymph immune factors.

Together, these observations Suggest a model where, by a mechanism

analogous to that in the calyx, the lower capacity of the RM-VLP1 to bind

oxidised membrane lipids results in increasing levels of damage to the gut

lining, in turn reducing the amount of proteins being secreted. lf the level of

secreted proteins falls below some threshold required to control the host-

derived immune active components of the gut contents then the gut contents

coagulate and the parasitoid dies. Noting that Kinuthia (1996) observed from

UV visualisation of parasitoid gut tissue sections that the transition from late

larval to pre-pupal stages was associated with an increase in necrotic cells,

presumably as the internal structure of the gut changes in preparation for

adult life, and that this corresponds to the stage at which the rate of RM-

parasitism failure is greatest (Roberts et al., in press), it is plausible that the

onset of the transition represents the point where control is most likely to be

lost.
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An implication of this general model is that RM-larvae develop in hosts

containing lower quantities of maternally derived calyx proteins. However,

apart from an increase in the rate of parasitism failure of the RM-line under

non-competitive parasitism, no major differences in larval development have

been observed. ls this consistent with the model? Two lines of reasoning

suggest that it is,

To be successful the parasitoid must be protected from the host's

immune system and manipulate the host's physiology. As discussed in

Roberts et al. (2OO4b), it is likely that the task of manipulating the physiology

of the host is performed by both maternal and larval secretions. The available

evidence suggests a two-step process, where one of the roles of maternal

secretions is to inhibit host control of physiological processes, while the

secretions of the larva manipulate the processes to facilitate the parasitoid's

own development. The maternal secretions comprise the calyx fluid and the

venom gland secretions. The apparent functions of all the calyx fluid

components analysed to date have related exclusively to providing protection

against the host's immune response (Asgari et al.,2OO2; Beck et a1.,2000a; Li

et a1.,2003a; Reineke et al., 2002). This implies that it is probably venom

gland secretions that perform the role of inhibiting host control of physiological

processes. Consistent with this suggestion, unparasitised E. kuehniella lhal

were injected with a volume of whole calyx fluid equivalent to being

parasitised around 20 times showed no differences in mortality or

development compared to untreated controls (Roberts, unpublished data).

Since there is no reason to suspect systematic differences in the amount of

either venom gland or exogenous larval secretions, it follows that there is no

reason why the two strains should differ in their capacity to control the

physiological processes of the host. Further, the model posits that parasitism

failure in the RM-line is not due to the level of gut membrane damage

impacting on nutrient uptake so that the parasitoid starves, but rather that

parasitoid death occurs at a late stage from a failure to control an immune

response in ingested host haemolymph, and thus would not predict major

differences in larval growth and development between the two strains

Another finding that requires explanation is that expression of the RM-

phenotype is variable between different strains (Li ef al.,2O03b). The essence
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of the general model is an interplay between two processes, the generation of

reactive electron species and the repair or masking of their effects. lf it is

assumed that the VLPI is the key component in the repair/masking process,

then two potential explanations of the between strain variability can be

envisioned. First, the observed serpin activity may be due to multiple peptides

and/or alleles that vary in their effectiveness (Beck et a1.,2000a), so that the

level of reactive electron species varies from strain to strain. Alternatively, the

serpins may be differentially expressed in the different strains, for example

with a strain in which the serpin-coding genes are up regulated and hence

display a reduced RM-phenotype. Likewise, a variation in calyx phenotypes

may be due to variation in the oxidative sources (copper-containing chorion

proteins) or in the repair/masking of oxidised lipids and proteins by the VLPI

protein.

The latter option also provides an in principle explanation for the

observation that maintaining the laboratory RM-line under conditions of low

superparasitism resulted in rapid alterations in calyx morphology and

reproductive success under single egg parasitism compared to competing

superparasitism. These changes were not associated with changes in the

RM-VLP1 allele, and in general are difficult to explain in terms of genetic

change (Roberts et al., in preparation). lf we assume that the expression of

the RM-phenotype can vary with the relative up or down regulation of the

ovarian proteins, then all that is required is that the expression levels can be

modified by environmental factors that are able to be transmitted in a non-

genetic manner from mother to offspring. The model involves the RM-

phenotype emerging due to an interaction, mediated by the host, between the

RP maternal secretions and the developing RM wasp. Once the RM

phenotype has emerged it is maintained under conditions of high intra-RM-

line superparasitism (and hence high levels of maternal secretions) by

maternal transmission, but lost over successive generations under conditions

of single egg parasitism (and hence low levels of maternal secretions). Such a

system may be functionally similar to one described by Rahman et al. (2004),

where exposure of larval E. kuehniella to sublethal concentrations of a
Bacillus thuringiensis toxin formulation led to an elevation of the immune

response which could be transmitted to offspring by a maternal effect and
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maintained in the absence of the external elicitor.

The above discussion seeks to show how the observed phenotypic

data can be adequately explained in terms of what is currently known of the

insect's molecular biology. However it must be acknowledged that other

explanations are possible. Once the remaining components of the calyx

secretions have been identified and characterised, the detail of the model may

well change. As noted earlier, the model is not without its difficulties. While the

model does not invoke any processes that have not been demonstrated to

occur in other systems, a number of the elements of the model are not

supported by any direct experimental evidence. For example, the serpins in

the calyx fluid have not been identified (Beck et al., 2000a), nor have the

putative gut secretions. Also, it is very difficult to explain the observation by

Amat et al. (2003) of a homozygous RP-line line displaying RM-phenotypic

traits. However, given the studies demonstrating that the RM-phenotype has a

relative competitive advantage under conditions that favour superparasitism

(Beck et al., 1999; Reineke et a1.,2004), it would not be surprising if strains

displaying different pathways to the RM-phenotype occur in field populations.

Nor would it be surprising if the eventual explanation of the RM-phenotype

included elements of both the pathogen/endosymbiont and allelic VLPl

models.
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Appendix One.

Other publications by the candidate

During my candidature I was involved in several other projects, that

were not related to the investigation of the sympatric coexistence of the two

strains of V. canescens, but which led to a number of other publications.

These papers are presented in this appendix, in order to give a full

representation of the work I performed during my time as a PhD candidate.
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Al¡stract

The ichneumonid endoparasltoid yenturia canescens successfully develops inside the hemocoel of another insect by using

maternal protein secretions, including nucleic acid-free virus-like particles ryLPÐ, to manipulate host physiology. These VLPs

consist oflour major proteins, which are produced mainly in the calyx tissue and transferred into the host insect together with the

egg. One of the piotóin-coding genes (vþ1), with simiiarities to phospholipid-hydroperoxide glutathione peroxidases (PHGPx)'

"*ists 
in allelic forms producing two protein variants with different protein properties. Here, we summarise observations indicat-

ing that oocytes and eggs are the source of reactive electrons, which potentially damage the lining and membranes of calyx

tissues. We discuss the possible role of VLPI in counteracting the damaging effects of oxidised phospholipids on membranes

surrounding VLPs in the calyx lumen.

O 2004 Elsevier Ltd. All rights reserved.

Keywords; Reproductive success; Egg maturation; Superparasitism; PhenoloxidaseJike activity; Reactive oxygen; Phospholipid-hydroperoxide

glutathione peroxidases

1. Introduction

Endoparasitoid insects deposit their eggs inside the

body of another iusect, exposing the larval stages of
the developing parasitoid to the potentially faØl
influence of the host's immune system. To facilitate the

development of their young, many female endopar-
asitoids produce a range of ovarian and venom gland

secretions that are injected into the host during ovipo-
sition (Beckage, 1997; Goclfray. 1994t Salt, 1973),

where they interfere with the defense system and other
host functions (Salt, 1970; Schrnidt et a1.. 2001). In the

case of the solitary endoparasitoid wasp Venturia
canescens these secretions include nucleic acid-free
viruslike particles (VLPÐ that are produced in calyx
cells of the reproductive tract (Beclwiu , lg79: llotheram,

' Corresponding author. Tel. : +61 -8-8303-'7 2521 fax: +6 I -8-8303-7 1 09.

E-mail address: otto.schmidt@adelaide.edu.au (O. Schmidt).

OO22-I9I0l$ - see front matter O 2004 Elsevier Ltd. All rights reserved

doi: 1 0.1 0 1 6/jjinsphys.2004.05.006

1973). The particles comprise four major proteins of
60,52,40 and 35 kDa in size (Feddersen et al., 1986),

which are assembled inside the nuclei of calyx cells and

surrounded by a proteaceous unit membrane, like

those of morphologically similar DNA-containing ich-

noviruses (Nolton et al., 1975). The particles are

released from the cells by a budding process (Stoltz

ancl Vinson, 1979). Particles in the cytoplasm of calyx

cells enter microvilli located on cell membranes facing

the lumen and become separated from the cell by the

formation of membrane-vesicles containing the protein

particle. The calyx-derived membrane surrounding the

coated particle is clearly visible during the budding
process, but becomes less obvious after separation

from the calyx cell (Feclclersen, 1982; Rotherarn. 1973).

The acquisition of a membrane during budding aud its

disappearance inside the calyx lumen has also been

described for ichnoviruses (Not'ton et al-, [975; Stoltz
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ancl Vinsorì. 1979), but nothing is known about its
functional significance.

Cloning of V. canescens YLP genes revealed a gene

(uþ1) codirg for the 40 kDa protein with similarities to
vertebrate phospholipid-hydroperoxide glutathione per-

oxidases (PHGPx) (llellers et a1.. 1996), and a second
gere (vlp2) that coded for the related 60 and 52 kDa
proteins as cytoplasmic proteins (Reineke et al.. 2002).

The latter are of unknown function but may be impor-
tant for the structural assembly of the VLP. Further
studies of the VLPI protein indicated that despite

extensive similarities to PHGPxs from other organisms,

a crucial cysteine residue at the active site was missirg
in the protein sequeltae (IJellels et a1,, 1996) and that
both native and recombinant VLPI had no measurable

et\zyme activity (Li et al.. 2003a). However, selenium-

containing enzymes, such as PHGPx, may be unable to
function in the calyx lumen, since enzyme activity is

dependent on continuous supply of reduced glu-

tathione, which is probably absent in the calyx lumen,
Given the large amouuts of VLPI protein foutld in the
particle, and its relatively high degree of protein simi-
larity to functional PHGPx proteins, this suggests the

VLPI function may iuvolve recognition of, and binding
to modif,ed lipids such as phospholipid-hydroper-
oxides, in a non-enzymatic one-to-one reactiou.

The two allelic genes differ in the deletion of a 54 bp
tandem repeat sequence in the coding region, produc-
ing two allelic VLPI proteins (I-Iellers et a1., 1996) dif-
fering by an internal deletion of l8 amino acids (named

"repeat plus", RP and "repeat minus", RM). Since the

repeat sequence is between the PHGPx domain and a

lipophilic N-tenninal domain (Beck et al., 1999; IIellers
et al,. 1996), the allelic VLPI proteins may have differ-
ent tertiary structures and therefore differ in their
functional properties. The VLPI protein is processed

inside tlre bosl, Ephestia kuehniella, by an Arg-specific
trypsinJike protease, generating an 18.5 kDa peptide

comprising the PHGPx domain (tseck et irl., 2000),

which is the same in both alleles. This suggests that any
phenotypic differences due directly to the VLPI allelic
forms will be observable in the reproductive tissues,

where the VLPI exists as an unprocessed precursor,
while other phenotypic differences may be pleiotropic
effects or other uurelated genetic differences.

When asexual wasps homozygous for one of the two
alleles were examined, a number of phenotypic differ-
ences \¡/ere observed. The calyx glands of RM-wasps
were larger than those of RP-wasps, with extended

VlP-filled membrane systems, and the total amount of
secreted VLPI protein in the calyx was less for the

RM-wasps than the RP-wasps. There were differences

in the transfer of eggs through the calyx to the oviduct,
with 7-day-old RM-wasps having significantly more
eggs in the calyx and signifrcantly fewer in the oviduct,
compared to RP-wasps (Beck et a1., 1999). Analysis

also revealed complex differences in the reproductive

success of the two strains uuder intra- and inter-straiu
superparasitism (Beck er a1., 2001; Li et a1., 2003b).

An examination of field-collected asexual wasps from
two separate locations, as well as homozygous wasps

from a mixed interbreeding sexual culture revealed that
the three RM-cultures all showed similar, but less pro-

nounced, patterns of morphological aud functional
characters to the laboratory RM-line, while the pat-

terns for the three RP-cultures were similar to the lab-

oratory RPJine (Li et a1.. 2003b), consistent with the

suggestion that the VLPI protein is involved in the

phenotype and the functional differences are pleiotropic
effects of the VLPI, The reduced phenotype in all three

RM-cultures also suggests that, in the case of the lab-

oratory culture, at least one other gene may be

involved, playing either an additive or enhancing role,

Subsequent investigation of asexual RM- and RP-

females from a culture newly established from field-col-

lected wasps (Arnat er al,, 2003), reported that the

calyx egg load phenotype expressed by the original lab-

oratory colouy RM-line was observed in both RM and

RP strains, but agaiu, in a less prouounced form.
While this confirms that wasps displaying both the

RM- and RP-phenotype can persist under f,eld con-

ditions, the occurrence of au RM-phenotype in an RP-
genetic line is on the surface a ptzzle. One possibility is

that the observed association between the RM-VLPI
and the RM-phenotype for the four lines (Beck et al..

1999; Li et al,, 2003b) is simply a coincidence. Alter-
natively, consistent with Li et al. (2003b), the labora-

tory RM-phenotype may be the result of more than

one gene acting additively, but able to act separately.

Given several studies ou the laboratory cultures dem-

onstrating that the RM-phenotype has a relative com-
petitive advantage under conditions that favour
superparasitism (Beck et a1.' 1999: I{erneke et al,
2004), is probably not surprising that strains displayirg
different pathways to the RM-phenotype occur in field
populations.

Considering that the observed differences in the RM-
phenotype are not fully penetrant (Beck et al.. 1999: Li
et al., 2003b), and indications that the phenotype is

dependant ou culture conditiotls (Roberts, unpublished

data), suggests the RM-phenotype may also involve a

non-genetic determinant. One possibility is the action
of a pathogen (Arnat et a1.. 2003). Candidates known
to be associated with reproductive tissues include viru-
ses (Ileineke and Asgari, this issr"re) and the bacteria

Wolbachia (West et al.. 1998). However, as the RM-
phenotype was observed in sexual RM-females but not
in sexual RP-females derived from an interbreeding

culture, it is difficult to see how the RM-phenotype
could be due exclusively to the action of a pathogen.

Alternatively, the variability may be due to phenotypic

plasticity. Maternal trattsmissiotl of an inducible
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character state has recently been reported (Rahman

et al,. 2004), where tolerance to a Bacillus thuringiensis

formulation it E. kuehniella correlaled with an elevated

immune response, which could be induced by pre-

exposure to a low dose of the formulation and, once

induced, transmitted to following generations through
the female line.

To explore the physiologrcal basis of the RM-pheno-
type, and the function and hence possible role of the

VLPI protein iu generating that phenotype, we exam-

ined the reproductive tracts of laboratory colony RM-
and RP-females. In particular, given the high degree of
sequence homology between the VLPI and PHGPx, we

investigated processes that could lead to the production
of oxidised phospholipids. Here, we repol't a phenolox-

idase (PO)-like activity in oocytes and eggs that may be

responsible for the leakage of reactive electrons with
the potential to damage biological substances, such as

calyx-cell and VLP membranes. The PO-like activity is

strongest iu the basal section of the ovarioles and the

apical half of the calyx regiott, is more pronounced in
the reproductive tracts of RM-females, and corre-

spouds to the area of the calyx that in RM-females
shows extensive membrane damage and reduced

expressiou of the VLPI-protein.

2. Methods

2.1. Insect colonies

The initial cultures of wasps named RP and RM
were clonal RP- and RM-lines of V. canescens as

described in (tseck et al.. 1999). Hosts were -E

kuehniella, reared on a l0:2: I mixture of oat bran,

wheat germ, and dried brewers yeast. All experiments

were conducted and cultures maintained al 25+1"C,
under a constant light-dark regime (Ll4:Dl0).

'Wasps were reared in cylindrical clear plastic tubs;

height 20 cm and diameter 15 cm. Four or frve adult
wasps were placed into each container with 40-50 hosts

until the wasps died (around 24-36 l1), IJpou emerg-

ence the wasps were removed from the culture and

kept in groups of l0 or less in gauze-covered 425 ml
clear plaitic õups (Party Rite Jumbo Tumblers@, Har-
ris Paper Pty, Ltd., West Heidelberg, Australia) with a
50olo honey solution.

2.2. Ovary staining

Whole ovaries were dissected from wasp abdomen
and flxed overnight in phosphate buffered saline (PBS)

containing 4o/oparaformaldheyde (PFA) and lo/o Triton
X100. The ovaries were washed four times in PBS over
a period of several hours before incubation in anti-VLP
antiserum (Feclclersen et al., 1986), anti-PO antiserum

(a gift from M. Kanost), or corresponding pre-sera in a
dilution of l:500 in PBS for 8 h, The ovaries were then

washed four times in PBS with one wash overnight'
TRlTC-conjugated secoudary antibodies (goat anti-
rabbit IgG, Sigma) diluted l:50 in PBS were applied

for 8 h, followed by one wash overnight in PBS. The

ovaries were then mounted in anti-fade solution (2%

(vlv) 1,4-diazabicyclo-(2.2.2)-ocl"ate in I M Tris HCI
pH 7.5 made up in 80% glycerol) and inspected under

indirect UVJight using confocal microscopy.

2.3. Tissue sections

Frozen tissue sections of ovaries were performed as

described (Dequin et a1.. 1984)' Briefly, ovaries were

immersed in optimal cutting temperature (OCT) tissue

compouud Tec (Miles Scientif,c) and frozen in liquid

nitrogen and sectioued at l0 pm at -20 "C using a

cryocut microtome (Reichert-Jung). Sectious were

placed on subbed (0.02% Chrom Alum in 0.2o/o gelatin)

slides and fixed in 4%PFA in PBS for 20 min, washed

three times in PBS and dehydrated by incubating in an

ethanol gradient (30-100% in f,ve steps), Sections were

then incubated in anti-VLPI antibodies (Ilellers et al'.

1996), anti-YLP antibodies (Feclclersen et al', 1986) and

the corresponding pre-sera. After three washes, sections

were incubated with FITC-conjugated secoudary

antibodies (goat anti-rabbit IgG, Sigma) and mouuted

in anti-fade for inspection under indirect lJV-light.
Sections from more than l0 animals were analysed.

2.4, DOPA-staining

POlike activity can be detected after incubation with
20 mM nl-DOPA (close to saturation in PBS, pH 6.8),

which shows blackening of oocytes at late stages of
oogenesis and eggs inside the calyx and oviduct. The

differential staining of ovarian tissues is reproducible,

while the intensity of staining depends on the

ol-DOPA conceutration and time of reactiotl. The

staining can be inhibited by phenylthiourea (PTU) and

tropolone, which are chelating substances that inhibit
copper-containing enzymes, such as PO (Li et a1-.

1996). The activity is not inhibited by protease inhibi-
tors that prevent hemolymph PO-activity, such as calyx

fluid-specific serpin (tseck. 1998) and p-AMSF, an indi-
cation that the POlike enzyme is already activated at

the time of dissection. Since oocytes and eggs do not

show obvious signs of darkening in the absence of ol-
DOPA, it is likely that n-DOPA is not the natural
substrate for this eîzyme and that the euzyme activity
may have different functions, such as immutle functions

or cross-linking of chorion proteins.
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To identify PO-like enzymes "in-gel" staining of
ovarian tissue and hemolymph extracts was perfomed
as described (Xylancler arrcl Bogusch, 1992). Protein
extracts were dissolved in non-reducing buffer (0.5%

SDS, l0% glycerol, 0.2olo Bromophenol blue in I M
Tris-HCl pH 6.8) without boiling. Fifty microgram
protein per sample were loaded and after electro-

phoretic separation gels were washed for 60 min in
PBS containing 2"/o Triton X-100 and then washed

twice for 5 mir in PBS. Gels were stained in 20 mM
rl-DOPA solutions until a black band of melanised

substrate appeared and rinsed thoroughly in water.

2.5. NBT staining

The preseuce of reactive electrons in the ovary was

determined by incubating live ovaries in a solution of
20 mM NBT, which is reduced by reactive electrons to
form a formazan that precipitates as a blue dye at the

site of reduction, As with melanisation, the differential
staining of ovariau tissues is reproducible, while the

intensity of staining depends on the NBT concentration
and time of reaction. Since reactive electrons are

usually (Nappi et a1.. 1995), but not always (Fridovich.
1995), associated with reactive oxygen radicals (ROS),

the NBT-staining can be used in a first approximation
as au indication for potential lipid peroxidation,

3. Results

3.L Oxidalive reaclions in the V. canescens ovary

When dissected ovaries are incubated with ol-
DOPA, oocytes and eggs turn black (Fig. lA, showing

a dark-field picture, where melauised black dots appear

white) in a reaction that is similar to melanisation

(Fig, 3B.C). The differential staining is an indication

for an enzyme-like activity. When ovaries were stained

with anti-PO antibodies, the staining coincided with

the ol-DOPA-staining and is particularly strong in

areas where ovarioles connect to the calyx (Fig. lB).

In-gel staining of ovarian tissues conûrmed a band of
enzyme activity after electrophoretic separation of
ovary extracts, which is different from hemolymph PO,

which is not detectable under these conditions (Fig. 2).

A PO-like activity has been reported in mosquito eggs,

where eggs turn black in the presence of oxygen (Li

et a1., 1996). Since Z canescens eggs show no signs of
darkening reactions in the absence of ll-DOPA, eveu

under extended periods in oxygen-rich envirouments,

the observed melanization is probably uot the natural

reaction aud the PO-like activity is more likely

involved in other functions, such as other immune

functions or cross-linking of egg-shel1 proteins.

Fig. l. Oxidising activities in an RP-ovary of V. canescens. (A) Whole ovary and oviduct incubated with or--DOPA and inspected in dark freld

shãwing black melanisation as white reflections. Note the strong reactions at the site of transition between ovarioles and entry of eggs into the

calyx tissue; egg-shell and ooplasm are stained (arrow). (B) Localisation of a PO-likc protein iu ovaries using anti-PO antibodies, TRITC-con-

jugated secondary antibodies and inspection using confocal microscopy in the TRITC-channel. No signifrcant staining was observed'ilith the pre-

serum or secondary antibodies alone (not shown).
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Fig. 2. In-gel staining of ovarian and hemocyte extracts. Separation

of protein extracts from ovarian tissues (Ov) and hemocytes (Hem)

under non-reducing conditions After electrophoretic separation on a

7.5% SDS-PAGE the gel was stained with DOPA and subsequently

with Coomassie blue.

'Whatever the function of a POlike activity, the cop-

per-ion can potetttially create damaging reactive elec-

trons. We therefore incubated ovaries with NBT, which

is diagnostic for reactive electrons (Friclovrcli, 1995)'

The blue staining was localised to vitellogenic oocytes

and eggs passing through the calyx tissue aud stored

inside the oviduct (Fig. 3A), When NBT staining was

examired in calyx tissue, it was apparent that the stain-

ing is reduced in areas where VLPs are found (Fig. a).

This suggests that eggs of the parasitoid V' canescens

generate reactive electrotls that are potentially damag-

ing to ovarian tissues and that calyx proteiu secretiolrs

may coullter-act some of the damaging effects.

3.2. Damctge to calyx tissue

If eggs are a source of damage to surrouuding

tissues, the question is what is the phenotypic manifes-

tation and how does the wasp cope with the damage?

To answer the first question, we examined VLP-
expression on frozen tissue sections of ovaries to ident-

ify any possible damage due to the passage of eggs

from the ovary to the oviduct. When sections of
ovaries from newly emerged v/asps were analysed uo

significant damage was detected, whereas in some older

RM-wasps tissue damage was observed in calyx tissues

as autofluorescent bright spots, which indicate oxidat-
ive reaction products in damaged cells (ììig 5). More-
over, expressiou of VLP proteins was diminished in

calyx tissue-areas facing the entry of eggs on their
passage from ovarioles into the oviduct. No obvious

damage was noticeable to the oviduct.

3.3, Phenotypic changes in allelic ovaries

Since VLPI with conserved PHGPx proteiu sequen-

ces may recognise and bind modiûed phospholipids,

Ov Hem

I - 250

-*.

v

NBT DOPA Control

Fig 3. Live ovaries stained with NBT and or--DOPA. (A) Ovaries stained with a PBS solution containing 20 mM NBT. The yellow NBT ts

¡educed by reactive electrons to form a formazan that precipitates as a blue dye (shown in black) at the site of reduction Since reactive electrons

aleusually(Nappietll .1995),butnotalways(Irirìovich, l995),associatedwithreactiveoxygenradicals(ROS),theNBT-stainingcanbeusedin
a frtst approximation as an indication for potential lipid peroxidation. Staining in vitellogenic parts ol the ovarioles is mostly localised to other

structures in addition to oocytes, such as nurse cells, whereas in later stages the oocytes are predominantly stained; (B) Ovaries stained with a PBS

solution co¡tai¡ing 20 nM or--DOPA. Since oocytes and eggs do not show any signs of darkening it is likely that DL-DOPA is not thc natural

substrate for this enzyme and that the PO-like activity may have different functions, such as other immune functions or cross-linking of egg-shell

proteins; (C) Untreated ovalies.
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Fig. 4. Localisation ol VLPs and NBT staining. (Above) Whole

ovaries displaying RP (left) and RM (right) phenotypes were incu-

batecl in anti-VlP-antibodies and l¡ound arrtibodies visualised with
FlTC-conjugated secondary antibodies and inspected under indirect

IlV-light. (Below) Ovaries with RP (left) ancl RM (right) phenotypes

stained with a PBS solution containing 20 mM NBT.

thereby altering the VlP-membraue structure (Lj et a1..

2003a), we investigated possible effects of VLPI on the

surroundirìg memb[alle. Calyx tissues from the two
allelic stlains were examilìed for morphological differ-

ellces. Using confocal and electrolì microscopy the

most dramatic difference betweeu the two tissues was

the preseuce of additional membranes in the lumen of
RM-calyx tissues (tseck et al., 2001), which probably
derive from membranes surrounding VLPs, ircreasing
in size by the merging of membranes containing VLPs
with the age of the wasp (lìig. 6), The fact that these

additional membranes in the calyx lumen are rarely
observed in RP-wasps suggests that the allelic differ-

elìce in the VLPI protein may be responsible for the

phenotype.

4. Discussion

'We observed that oocytes and eggs are a source of
reactive electrons, consistettt with the existence of cop-
per-contairìil1g ellzymes that are active throughout
oogeltesis and egg storage in the oviduct. Although the

exact identity and function of the ellzyme remaius to
be determined, copper-containillg proteins have the

potential to ploduce reactive electrons that can leak

fi'om oocytes passing from ovarioles into the oviduct

Fig. 5. Frozen section of calyx tissue from wasps displaying RP-

ancl RM-phenotypes staioed with anti-VLPI antibodies, visualised

with FlTC-conjugated secondary antibodies and inspected under

indirect IWJight. Phase contrast pictures of the sa¡re section ate

shown on the right. Sections representing RP- and RM-phenotypes

are shown. Similar results were obtained with anti-VLP antibodies

(not sliown). The morphologically visible separation of calyx tissue

and ovarioles are highlighted with a black line Note that tlie
expression of VLP proteins was ditninished in patts of calyx tissues

facing the entry of eggs on their passage from ovarioles into the ovi-

duct. This area also shows morphological signs of cell and tissue

damage, such as yellow autofluorescellt dots inside damaged cells

(alrow), which is an indication for necrosis

with damaging effects oll calyx tissues. The activity is

found in nurse cells, the ooplasm and on the egg sur-

face, probably in the egg-shell. Other copper'-co1ltaill-

ing proteins, such as hemocyaniu, are llot tuled out,

but have not been found in higher insects (Ilagner-

IIoller et al.. 2004: Sanchez et al.. 1998). POJike

enzymes have beetl reported in mosquitoes, where the

euzyme is involved in tanuing of the egg-shell

(Li. 1994). However, eggs dissected from ovaties or

parasitised caterpillars do uot show obvious signs of
darkening, which suggest that melanization is not the

natural reaction and that the PO-like activity ir
V. canescens may have different functions. Siuce

POlike enzymes are involved in the crossJiuking of
cuticle proteins a similar function may be possible for
egg-shell proteins. Cross-linking of chorion proteins il1

Diptera involve peroxidases (Kerarnaris et al., 19961

\lar'¡rarìÎis, 1985), but may iuclude PO-like activities
(Li et al.. 1996; Nappi et a1.. 1995). Iu most iusects,

these enzymes are inactivated at the end of oogeuesis
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with the completion of the chorion, when the enz)¡me is

incleasingly cross-linked to other chorion proteins.

However, in hydropic eggs of some parasitoid species,

the choriou hardeniug may be interrupted to allow

aclclitional exteusiou of egg size after egg depositiorr
(QLricke, 1997). Although it is not kuown how this

intermission of crosslinking is regulated, the fact that
tlre PO-like activity is detected in V. canescens lot'tg

Fig. 6. RM-specifìc alterations in the calyx tissues (A) RP and RM

ovaries stained with anti-VLP1 antibodies and inspected under con-

focal microscopy inside the calyx lumen as slrown previously (lìcck

ct al , 30(ll). Note the large strongly stainetl membrane-surrounded

areas in the lumetr of RM-tissue Tlie large nuclei, where VLPs ate

assembled are less stained in RM- colnpared to RP-tissues; (B) Elec-

tron microscopic itnages of calyx lumetl and surroutlding tissues lrom

RP- and RM-females as showtl previously (lleck ct al . 2001) Note

tlre electron-dense ntembrane-staining arouud VLPs in the calyx

lumen of RM-wasps; (C) Possible events leading to RM- and RP-

plienotypes in calyx lumen of V' canescens. VLPs ernerging from

calyx cell-derived microvilli liave visible membrane bilayers Given

that merlbranes are exposed to reactive electrons leaking from eggs,

the membrane lipids may be damaged by oxìdation processes, leading

to modifìed lipids. Phospolipid-hydroperoxides are recoguised by the

underlying VLPl, which bìnds the membranes to the protein particle

(RP). In insects with altered VLP1 proteins (RM), the attaclxnent

nray not be as effective and damagetl metnbranes are prone to Nerge

with each other forming large vesicles containing metnbrane-less par-

ticles. The p-r-esence of multiple eggs inside the calyx lunren of RM-
¡rr'asps conpounds the problems of reactive electro¡rs leaking from the

eggs with the result that calyx tissues become dzLnaged and produce

less calyx proteins.

after the oocyte has left the ovaliole suggests that egg-

shell hardening may not be completed duriug oogenesis

to allow the adjustment of final egg size itlside the host

hemocoel.
If the nature of hydropic egg maturation irvolves

iucomplete irtactivation of an oxidisitlg etlzyme, the

leakage of reactive electrons during passage and sto-

rage of oocytes poses a threat to the surrouudiug

tissues and cells. Reactive electrons, which are pre-

clominantly manifest in reactive oxygell species, such as

hydroperoxides, are particularly damaging to lipids. In
fact, PHGPx is unique iu lecognising phospholipid-

hydroperoxides inside membrane bilayers and reducing

oxidised phospholipid inside membraues (Schucl<elt

et a1., l99l). The observed protein sequence similarity
of VLPI and vertebrate PHGPxs (llellers et al', 199(r),

suggest that the ability to recogrlise and bind phospho-

lipid-hydroperoxides in VlP-membranes may be

retained (Li et al.. 2003a). Taken together with our

studies of t',/r'o V. canescens lines with allelic VLPI pro-

teins, we propose a possible role of VLPI in altering

the membrane surroullding VLPs itl the calyx lumeu

with dramatic morphological effects. This is also the

first, albeit indirect, evidence that VLP proteills play a

functional role ir the female ovary by protecting the

calyx tissue against the deleterious effects of an

egg-derived oxidising iuflueuce.
What is the possible mode of action of VLPI in the

calyx lumen? Ichuoviruses (Norton et a1.. 1975) and

VLPs (Sollniclt ancl Schuchnatrn-Feclc1ersen, 1989)

builcling from calyx cells via microvilli are surroullded

by calyx cell-derived membranes. However, the stluc-

tural features of membraue bilayers "disappear"

c

c

+
oo
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shortly after the particles are released into the calyx
lumen (Stoltz ancl Vinson. 1979) by an unknown
process. It is tempting to speculate that PHGPx-like
proteins interact with membrane phospholipids thereby
altering the lipid-protein composition after particles
are released from the calyx cell and membranes are

exposed to reactive electrons from eggs passing

through the calyx tissue. Under exposure to an oxidis-
ing source, oxidised phospholipids are probably the

first membrane components to be modified, accumulat-
ing in the VlP-membrane as phospholipid-hydroper-
oxides (Kolytorvski ancl Girotti, 1999). VLPI proteins
ir the underlying particle may recoguise these modified
lipids and bind to them, but because enzymatic
reduction of the lipid molecule is lacking, the linkage
will be retained and the membrane will eventually
become closely attached to the underlying protein
particle. In the calyx of RM-females, the structurally
different VLPI variant may not be as effective in
absorbing the membrane to the particle, leaving the

damaged membrane exposed to merging with mem-
branes from other particles, thereby creating large

membrane systems containing VLPs (F-ig. 6). These

membrane systems are an obstacle to the passage of
eggs from the ovarioles to the oviduct thereby generat-

ing the RM-calyx phenotype, where eggs accumulate
inside the calyx lumen instead of being transported into
the oviduct (Beck et al., 1999).
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We examined the survival and development of the endoparasitoid Venturia canescens in a Bt-tolelant laboratory strain of the

flour moth Ephestia kuehniella, in which Bt-tolelance has been shown to be associated with an indusible elevation of the insect's

im¡rune 1..rpãnr". The results indicate the elevated immrme status associated with Bt-tolerance does not confer cross-protection

against putuiitir* tty V. canescens. No significant difference was observed in the rate of ernergent wasps from parasitised Bt-tolerant

und Bfr6""ptible hosts. In addition, wasps fi'om Bt-tolerant hosts had longer developrnent times and were larger than wasps fi'om

Bt-susceptible hosts.
@ 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Parasitoids are effective natural enemies of many pest

species and are widely used in conjunction with biopesti-
cides such as Bacillus thuringiensis (Bt) in integrated pest

management (IPM) programmes. Previous research has

found little evidence of direct negative effects on parasi-
toids of Bt-formulations or of Bt-transgenic plants, nor
of Bt-resistant hosts acquiring cross-resistance to parasi-

toids (Glare arid O'Callaglian. 2000; Schtrlc'r'et a1,, 2004),

indicating that parasitoids can be employed in a compli-
mentary fashion with the use of Bt-formulations. How-
ever, while in previous studies host Bt-resistance has

typically been due to alterations in gut protease activity
or receptor insensitivity, recent research has shown that
tolerance to Bt endotoxins in a laboratory strain of the

" Corresponding author. Fax: +61-83794095.

E-mail address. hzury.t'obct'tsiZ;atleliride.eclu.atr (H.L.S. Roberts).

û22-20lll[ - see front matter @ 2004 Elsevier Inc. All rights reserved.

doi: I 0, l0 16/j jip.2004.09.003

fl our moth Ep hestia kuehniella (Lepidoptera: Phycitidae),

a common pest of stored food products, is associated

with an inducible increase in the rate of the melanization
reaction in haemolymph (lìahman ct al., 2004), a hall-
mark of an elevated immune response in insects (Socler-

hail ancl Cerenius. 199B). Similar results have also been

observed for the cotton bollworm Helicouerpa armigera
(Ma et al.. un<lel leview) and the diamondbackmoth Plu-

tella xylostella (M. Sarjan, unpublished data), suggesting

that the initial development of Bt-tolerance through

immune-related processes may be a common phenome-

non. Since the capacity of a host to overcome parustliza-
tion in large part depends on the effectiveness of its
immune response, this raises the question of whether the

immune induction associated with Bt-tolerance results in
cross-protection against parasitism. To answer this ques-

tion we examined the survival and development of the

endoparasito íd Venturia canes c ens Grav. (Hymenoptera:

Ichneumonidae) in Bt-tolerant E. kuehniella.
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2. Materials and methods

The toxin used was a commercial formulation of Bt
endotoxins (DelfinWG, Sandoz (now Syngenta), North
Ryde, NSW), consisting of CrylAa, CrylAb, CrylAc,
Cry2{a, proteins, and spores.

The initial Bt-susceptible colony of E. kuehniella was
a long established laboratory colony that had been
maintained without selection for over 100 generations.

The Bt-tolerant E. kuehniella originaled from the colony
described in Rahman cr al. (2004), and subsequently
maintained on diet containing 4000 ppm of the Bt-for-
mulation. Both Bt-tolerant and Bt-susceptible larvae
used in the study were reared from egg-hatch on toxin-
free diet. All hosts were maintained as per Rahman el al.

(2004). The wasps were a clonal RP line of V. canescens,

maintained as per lìoberls and Schmidt (2004).
In the study, 150 Bt-susceptible line and 100 Bt-toler-

ant line larvae, ranging in mass from 10 to 50mg, were
each parasitised once by V. canescens. Following parasit-
ism each host was weighed and then maintained individ-
ually in a glass vial until parasitoid emergence. Upon
emergence parasitoids were killed by freezing, their head

capsule width measured and development time recorded.
To assess whether host line differentially affected wasp
size to mass ratio a sample of 30 wasps emerging from
each host line were dried in an oven at 50 oC for 24h and
then weighed. Procedures for obtaining single parasitised

hosts and determining survivorship and developmental
parameters followed the methods of Roberts et al. 12004.¡.

The immune status of eight samples E. kuehniellalarvae
from each line was determined by melanisation assays

according to the method of Rahntan ct al. 12004).
Data were analysed using the general linear model

(GLM) platform, JMP V4.0.4 (SAS, 2001), with continu-
ous factors centred by their means (Neter et al., 1990).

Analyses started with full models with all interactions,
and non-signiflcant interactions were dropped rf p> 0,25
(WineL. l97l).

3. Results

Compared to Bt-susceptible larvae, cell-free haemol-
ymph (Fig. l) from Bt-tolerant larvae showed signifi-
cantly increased melanization reactions (F:157.8, df :
1,108, p<0.0001), a hallmark of an elevated immune
response in insects (Soderhall an<l Cerenius, 1 998).

Neither host line nor mass had a signiûcant effect on
parasitism success (rate of emergent wasps from Bt-tol-
erant hosts : 87%, from Bt-susceptible hosts : 88%).

Analysis by GLM of wasp development time with
host line and host mass as factors revealed a signif,cant
difference between the host lines (F:81.3, df :1,212,
p<0.0001; least squares mean development time: in
Bt-tolerant hosts:25.8 day, in Bt-susceptible hosts:

M.M. Rahman el al I Journal of Inuertebrate Pathology 87 (2004) 129-131

24.0 day; Fig. 2A) as well as a small but significant posi-

tive relationship between host mass and development time
(F:9,41, df :7,212, p:0.002). The interaction between

host line and host mass was not significant, indicating that
the difference in development time of wasps from the two
host lines was independent of host mass.

0102030
Time (mins)

Fig. 1. Melanization assays of cell-free haernolymph from Bt-tolerant

(open circle) and Bt-susceptible (closed circle) E. kuehniella larvae-

Bars represent SEM,
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A similar analysis of wasp head capsule width revealed
the effect of host line was signifrcant (F:40.8, df :7,211,
p<0.0001), with larger wasps developing in Bt-tolerant
hosts. There was also a significant positive relationship
between host mass and adult wasp head capsule width
(F:119.2, df : 1,21l, p < 0.0001), and a significant inter-
action between host mass and host line (F:5.13,
df :1,211, p:0.025), indicative of the difference in adult
wasp head capsule width between the two host lines
becoming smaller as host mass increased (Fig. 2B).

Analysis by GLM of wasp head capsule width with
wasp dry weight and host line as factors revealed the
effects of host line were not signitcant, indicating that
host line did not differentially affect the wasp head cap-
sule width to mass ratio.

4. Discussion

The study found no significant difference in the rate
of emergent wasps from the Bt-tolerant and Bt-suscepti-
ble lines oî E. kuehniella, índtcating that the elevated
immune status associated with the Bt-tolerant line (Fig.
l) does not provide E. kuehniella with cross-protection
against parasitism by V. canescens. The study also found
that wasps from Bt-tolerant hosts had longer develop-
ment times and were larger than wasps from susceptible
hosts. The increase in wasp development time was inde-
pendent of host mass, while the increase in wasp size (as

measured by adult wasp head capsule width, Fig. 28)
was greatest for small hosts (which themselves have the
greatest potential for growth) and smallest for large
hosts (which have the smallest potential for growth).
This suggests these eflects represent a parlial inhibition
of embryonic or early instar parasitoid development in
the Bt-tolerant hosts, such that the initial stage of
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parasitism, when the host is still able to feed and grow, is
extended relative to Bt-susceptible hosts.
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Abstract

Bacillus thuringiensis endotoxins (Bt-toxins) are the most important

biopesticides used in controlling insect pests and vectors of diseases. The

emergence of widespread resistance to Bt in some insect species is a serious

threat to agricultural production. Analysis of Bt-resistant and susceptible

laboratory strains of Helicoverpa armigera revealed elevated immune

responses involving increased melanization and the presence of a soluble

toxin-binding glycoprotein in the hemolymph and gut lumen of the resistant

strain. We propose a resistance mechanism against toxins based on a

systemic immune-induction that can be transmitted to the next generation by

a maternal effect.
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l.lntroduction

lnsecticides from the soil bacterium Bacillus thuringiensis (Bf), a natural

pathogen of many invertebrates including insects, are economically and

ecologically important biological control agents (Shelton et al., 2002). Due to

its benign environmental properties and absence of any harmful effects on

humans, the Bf-endotoxins are increasingly employed in pest management

programs in favour of synthetic pesticides. Recently, bacterial endotoxin

genes have been expressed in crop plants, where they provide protection

against a number of major insect pests, such as cotton bollworms

(Helicoverpa zea and Helicoverpa armigera).

Reports of the emergence of resistance in field populations of DBM

have highlighted the inherent danger of the evolution of resistance against this

powerful insecticide (Ferre and Van Rie, 2002). The most effective and best-

characterised resistance mechanisms are based on receptor-inactivation at

the midgut membrane, for example involving the aminopeptidase N (Darboux

et al., 2002) and the cadherin-like (Gahan et al., 2001', Morin et al., 2003)

gene families. Other mechanisms known to impair Bt-toxicity include

alterations to proteolytic activity of midgut extracts affecting protoxin

processing and maturation (Oppert, 1999), and increased rates of

replacement of damaged cells at the gut lining by stem cells (Martinez-

Ramirez et al., 1999).

We have recently reported evidence of an additional mechanism,

where Bt-tolerance is associated with an elevated immune response (Rahman

et al., 2004). W'len larvae from a susceptible laboratory strain of the flour

moth Ephestia kuehniella were selected for survival on progressively

increasing levels of a Bt-formulation for five generations the resulting Bt

tolerant strain displayed a constitutively elevated immune response.

Treating larvae of the susceptible strain o'Í E. kuehniella with sublethal

doses of the Bf-formulation led to an elevated melanization reaction in the

hemolymph, which in turn was correlated with an increase in tolerance against

the toxin at a later stage of larval development. As susceptible larvae were

immune-induced and exposed to Bf-toxin in the same generation, this

experiment excluded the selection of a pre-existing resistance allele as the

cause of increased tolerance to the toxin in pretreated larvae.
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Reciprocal crosses of tolerant and susceptible insects revealed the

transmission of both the immune induction and tolerance to the toxin from one

generation to the next by a maternal effect. Offspring of tolerant females and

susceptible males (TxS) were significantly more tolerant than offspring from

susceptible females and tolerant males (SxT). A possible mechanism for this

effect is the incorporation of an immune-elicitor into the oocyte by an immune-

induced female. The elicitor can interact with embryonic tissues to induce the

immune system of the neonate so that by the time the neonate starts feeding

the insect is already induced, thus increasing the chances of surviving the

toxin.

Bioassays showed that the SxT neonates were significantly more

tolerant than the SxS neonates, indicating a genetic contribution to the

variation in the immune response in addition to the maternal effect (Rahman

et al., 2004). Further, the level of the immune response in the TxS larvae, as

measured by the scale of melanization reactions, was variable between the

offspring of different mating pairs, but directly correlated with the degree of Bt-

tolerance. The fact that the level of the immune response and Bt-resistance in

the TxS larvae occurred as a continuum suggests that the observed variation

in the magnitude of the potential immune response is determined by more

than one gene.

W'ren females from the SxT cross were back-crossed with males from

the tolerant strain, no immune-induction was observed in the offspring. This

confirms that the elevated immune-status in the tolerant population was based

on a transient immune induction, which is initiated in each generation by a

maternal effect. However, when otfspring from the backcross were immune-

induced by a sub-lethal dose of the toxin, the observed melanization reaction

was significantly greater than that detected in immune-induced susceptible

larvae, confirming that the genetic disposition to respond to an elicitor was

genetically determined by alleles that were different in the tolerant compared

to the susceptible population (Rahman et al., 2004).

The molecular basis of the Bt-tolerance in this strain o'l E. kuehniella is

not known. However the evidence that its magnitude is determined by more

than one gene in turn suggests that it may involve multiple metabolic and

regulatory pathways. For example, mutational changes in a gene product
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involved in post-translational modifications, such as glycosyltransferases

(Griffitts et al., 2OO1), may potentially interfere with pro-coagulant (Theopold et

al., 2OO2), cell surface receptors (Oltean et al., '1999) and ovarian elicitor

functions (Sen et al.,'1998). lf pro-coagulant molecules are transferred into

the gut lumen as part of an immune response, it is possible that soluble

immune components in the gut lumen interact with the mature toxin causing

its inactivation by a coagulation or melanization reaction.

To examine whether immune-related Bt-tolerance mechanisms occur

in other insects, we investigated differences between a susceptible and a Bt-

resistant strain of the cotton bollworm H. armigera, an important insect pest

(Akhurst et al., 2002, Akhurst et al., 2003). Mirroring the results for E.

kuehnietta, reciprocal crosses involving the susceptible and resistant strains

revealed that tolerance involved a genetic and also a non-genetic component

that was transmitted to the next generation by a maternal effect. Susceptible

larvae fed with a diet containing a sub-lethal concentration of the toxin Cry1Ac

subsequently displayed an elevated immune response in both the hemolymph

and gut lumen. Further, the immune-induction was associated with an

increased level of the larval serum protein hexamerin, which interacts with the

toxin by an aggregation reaction to form an insoluble coagulum.



2. Material and Methods:

2.1. Bt-toxin

The Cry1Ac protoxin was purified from B. thuringiensrs subsp. kurstaki HD73

by sucrose gradients (Liao et al., 2002). Protoxins were solubilized in a

solution containing 30 mM NazCOs and 1% mercaptoethanol at pH 9.6 and

digested with trypsin or gut juice extracts. Oligomeric Cry1Ac was obtained by

performing digests at various time periods with H. armigera gut juice or trypsin

(1ng/mg protoxin) and used after dialysis against PBS (137 mM NaCl, 2.7 mM

KCl, 8.0 mM NazHPO¿, 1.5 mM KHzPO¿, pH 6.8) buffer. Oligomeric toxin

complexes were monitored on SDS-PAGE after extracting proteins from

protoxin digests in electrophoresis loading buffer (2% SDS, 0.5mM DTT,

TrisHCl, pH 8.5) at 65'C.

2.2. lnsects

A laboratory strain oÍ H. armigera was selected for resistance to CrylAc

(Akhurst et al., 2OO2), and the resistant H. armigera insects were repeatedly

crossed with susceptible insects resulting in nearly isogenic resistant (lSOC4)

and susceptible (ANGR) strains (Akhurst et al., 2003). Resistant caterpillars

were smaller and showed retarded growth and development on artificial diet,

which at 25"C amounted to a two weeks delay in pupation of resistant

compared to susceptible insects. Several variables, such as instar, size and

age, were used to compare similar stage resistant and susceptible

caterpillars. Alternatively, the two strains were kept at different temperatures

to partly compensate for the differences in growth and development. All larvae

were reared on artificial diet under a 14'.10 L:D schedule (14).

2. 3. Electrophoretic techniques

SDS polyacrylamide-gel electrophoresis on a Mini-Protean ll electrophoresis

unit (Bio Rad) was essentially performed according to (Laemmli, 1970).

Molecular weights were determined using prestained SeeBlueTM (lnvitrogen)

molecular weight markers. The proteins were blotted onto a nitrocellulose

membrane (Amersham) as described by (Theopold et al., 1996). The amount

of protein loaded was ca. 5 pg/lane in Western blots or as indicated in the

figure legends. The blotting efficiency was determined by staining the blot with
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Ponceau S. for Western-blots, peroxidase-conjugated PNA was used at a

concentration of 1 pg/ml.

2.4. lmmune-induction

The induction of melanization and other defence reactions was carried out by

exposing 4th or Sth instar larvae from the susceptible strain to a sublethal dose

of Cry 1Ac (1 pg per ml of artificial diet) for various time periods as indicated.

Note that the same dose is used as a lethal dose for neonates (see below).

2. 5. M elanization assays

Plasma from one or five caterpillar(s) was collected in the absence of PTU and

light absorbance measured at a wavelength of 490 nm. Gut extracts were

obtained by homogenizing gut, including gut content, in 1 ml PBS. Debris was

removed by centrifugation (5,0009, 5 min) and the light absorbance (at 490 nm)

of the supernatant was measured in the presence of '10 mM 3,4-

dihydroxyphenylalani ne ( DOPA).

2.6. Coagulation assays

To detect coagulation-related aggregate formation, hemolymph from a single

sth instar caterpillar was collected in 1.5 ml ice-cold PBS containing

phenylthiourea (PTU) and hemocytes were removed by centrifugation (5,0009,

5 min at 6'C). The resulting plasma was divided into aliquots of 250¡tl to which

lectins (0.1 pg each) or gut juice-digested Cry'lAc (between 0.1¡tg and 2¡lg)

were added and mixed gently. After 5 min at room temperature the mixture was

centrifuged for 5 min at 13 0009. Both pellet and supernatant were transferred

into loading buffer and analysed by SDS-PAGE. ln separate experiments gut

juice extracts (0.1pg) or extracts from a bacterial strain lacking the toxin (0.1pg)

were added to plasma without changing the composition significantly.

2.7.ln-gel digestion of p85 protein

The protein gel bands of interest were excised and Coomassie blue stain

removed by washing with 0.1 M NH¿HCOs and 50 % CHgCN. Cystine bridges

were reduced with p-mercaptoethanol and free cystine residues alkylated

using iodoacetamide. The lyophilised gel piece was rehydrated by adding 200

¡rl of the digestion butfer containing 0.5 pg of trypsin (Sigma) and incubated

for 16 h at 37oC. The digestion buffer was carefully removed, 200 ¡tl of 1 %

TFA was added to the tube containing the gel piece and the peptides were

extracted.
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2.8. Reverse Phase-HPLC

After digestion, the total reaction mixture was loaded onto a VYDAC@ reverse

phase C18 column and eluted at the flow rate of O.2 ml/min using a gradient

of 5 to lOOo/o of buffer B (0.04o/o trifluoroacetic acid (TFA) in 70% acetonitril)

against buffer A (0.05% TFA in water) over 78 minutes. Collected fractions

were detected by absorbance a|214 nm and protein fractions were collected

manually.

2.9. Peptide sequencing

Three peptide peaks from the TpHPLC (approximately 100 picomol) were

vacuum-dried, reconstituted in 8M urea, containing 0.1M NH¿HCO3 and 4mM

Dl-dithiotreitol (DTT) and finally alkylated by addition of sodium iodoacetate

to a final concentration of 1OmM. The samples were acidified with TFA to stop

the reaction. Peptide sequencing was carried out using a Hewlet Packard

G1 0004 Protein Sequencer.

2.10. Cloning of the p85-coding DNA

A degenerate primer HaAngr26F (GACGARCCNTTYGGNTTC) was designed

from peptide No. 26 and used in conjunction with oligo-dT primers to amplify

coding DNA sequences from RNA prepared from fat body of Bt-induced

H el i cove rpa a rm i ge ra I arvae.

A 4OO bp cDNA fragment was obtained from the first RT-PCR, which had

sequence homologieslo Hetiothis hexamerins (NCBI, blast search). Since 5'-

RACEs only yielded short fragments, we used degenerate RT-PCR from the

highly conserved regions of the hexamerin DNA sequence (located in the

regions of the hemocyanin-M domain and the N-terminus), which gave a full-

length cDNA fragment of 2442 bp and an ORF coding for 706 amino acids. All

three sequenced peptides were contained in the protein; numbers 14 and 26

were in the C-terminus, whereas number 37 was near the N-terminus.

2.'11. Genetic crosses

Crossing resistant and susceptible individuals will produce two different

outcomes depending on the mode of transmission of the phenotypic trait. lf

resistance is caused by a recessive mutation expressed in developing

offspring, F1 neonates will be susceptible. Transmission by a maternal effect

is expected to produce resistant offspring from resistant females, while those

from resistant males will be susceptible. The two scenarios are depicted
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below to demonstrate the phenotypic differences of the two possible

outcomes. ln a putative sex-linked transmission the incidences of resistance

in F1 offspring (in bold) are expected in opposite crosses and restricted to

females, since females are hemizygous in lepidopteran species.

lf resistance is due to a recessive trait, resistance is only detected if the gene

is sex-linked (female offspring in cross shown on the right):

XtYr x X"X"y X"Yr x X'Xtv

F1: XX'n¡; X"Yr F1: X"X'¡¡; X'Yp

lf resistance is based on maternal transmission, all offspring of resistant

females (cross shown on the left) will be resistant. Similar outcomes are

expected whether transmission occurs by maternal inheritance (e g.

mitochondrial gene mutation) or maternal imprinting.

R(XY)F x S(XX)u S(XY)F x R(XX)u

F1: R(XX)r; R(xY)y F1: S(XX)¡; S(XY)v

Four crosses were performed, susceptible X susceptible (SxS), resistant X

resistant (RxR), susceptible female X resistant male (SxR) and resistant

female X susceptible male (RxS). For each of the crosses, similar weight,

temperature-adjusted four-day-old larvae from 20 pairs of adults were

exposed to a spore/Cry1Ac preparation of HD73 incorporated into the H.

armigera diet, at a concentration of 1pg/ml as determined by in-gel

comparison with BSA standard solution. Numbers of larvae used were: SxS

n=144, RxR n=144, SxR n=192, RxS n=120. Mortality was recorded daily for

seven days, at which point all susceptible insects had died. The data were

analysed by Cox's proportional hazard model (Cox, 1970), using Efron's

(Efron, 1977) partial likelihood method. To determine the differences between

the sexes, the SxS cross was treated as the baseline l¡azard and the resistant

males and resistant females as separate covariates, assumed to be acting

multiplicatively. To determine the differences between the crosses, the SxS

cross was treated as the baseline hazard and the other three crosses as

separate covariates.
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3. Results

3.1. Melanization in the hemolymph and gut lumen

To examine a possible association between Bt-resistance and an elevated

immune status in the resistant strain, we measured the melanization reaction

in cell-free hemolymph (plasma) as a first approximation of an induction of the

humoral immune system (Shelby et al., 2000; Soderhall and Cerenius, 1998).

W'ren plasma of larvae from the resistant strain was analysed, a strong

melanization reaction was observed within one hour whereas no significant

melanization was observed in plasma from susceptible larvae (Fig. 1a). When

gut extracts from resistant and susceptible larvae were examined in the

presence of DOPA, higher melanization rates were observed in the gut

extracts from resistant compared to susceptible larvae (Fig. 1b). Further, in

gut wholemount preparations from resistant strains, the peritrophic membrane

and the gut content were frequently darker, and in Some extreme cases

showed large black patches of melanization products, whereas the

susceptible gut was always transparent and white (Fig. 2).

3.2. p85 is immune-induced

To examine whether immune-induction cauSeS visible changes in the

hemolymph, we compared the protein patterns of plasma from resistant and

susceptible larvae. ln general, for resistant larvae most of the major plasma

proteins were significantly reduced in amounts relative to the susceptible

larvae, even when plasma was collected on ice and dissolved in anti-

coagulant buffer (not shown). Together with the observed differences in

melanization reactions (Fig. 1a, Fig. 2), this suggested an increased

coagulation reaction in the plasma of resistant larvae.

ln plasma from non-induced susceptible larvae, several minor proteins in the

range of 85-90 kDa that bind to Bt-toxin (not shown) and GalNAc-binding

lectins were observed (Fig. 3). One of them has antigenic similarity to

apolipophorin I (G. Ma, unpubl. data), and could be a proteolytic digestion

product of intact lipophorin. Following induction by various elicitors, including

sub-lethal doses of Bt-formulation, plasma from both strains displayed a

dramatic increase in the level of an 85 kDa protein (Fig. 3).
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3.3. Cloning of p85 coding DNA

Since the p85 binds to Cry1Ac on Western blots (G. Ma, unpubl. data) and

under native conditions (see below), we identified the protein by micro-

sequencing. ln-gel protein digestion and separation of peptides on an HPLC

column produced several peptides. The following peptide sequences were

determined: Peak number 14 (elution time 34.2 min) was L/H A/T EIP EIH

IEVPH, peak number 26 (elution time 44.0 min) was LTDEPEGFPVNRPL,

and peak number 37 (elution time 53.5 min)was NIEHYXXVVAVTY.

Cloning of the corresponding coding DNA (see Material and Methods)

revealed a deduced protein of 706 amino acids with conserved hemocyanin M

and C domains (Fig. 4). The first 19 amino acids were identified as a signal

peptide with a signal peptide cleavage site at position 18(S) and 19(D), which

predicts an extracellular location with several N-glycosylation sites and one

possible O-glycosylation site.

3.4. Hexamerin interacts with toxin under native conditions

Since hexamerin binds to GalNAc-specific lectins (Fig. 3) and Cry1Ac on

Western blots (G. Ma, unpubl. results), we examined whether this binding is

also observed with native proteins. Plasma from induced larvae was mixed

with activated Cry1Ac and separated into precipitating aggregates and soluble

supernatant. When pellets were suspended and treated in various loading

buffers at different temperatures, no soluble protein was recovered (not

shown). We therefore analysed the supernatant for the reduction of proteins

that may have interacted with CrylAc to form an insoluble aggregate. Wren

protein extracts of plasma supernatants were analysed on SDS-PAGE, a

concentration and time-specific reduction of hexamerin was observed in

CrylAclreated plasma, while the other major proteins, including

prophenoloxidase, apolipophorin ll and arylphorin were unaffected (Fig. 5).

Since hexamerin binds to the hexameric GalNAc-specific lectin from Helix

pomatia (HPL) (Fig. 3), we explored whether this and other lectins induce

aggregate formation as well. W'ren plasma from induced larvae was mixed

with Cry1Ac and lectins, only GalNAc-specific lectins (tetrameric Vicia vilosa

(VVL) and hexameric HPL) caused aggregate formation, whereas the Gal-

specific peanut agglutinin (PNA) had no etfect (Fig. 6). Moreover, the

ll



Gal/GalNAc-specific winged bean lectin (WBL), which is probably monomeric

under the pH-conditions used, also showed no aggregation (Fig. 6). ln this

experiment mature Cry1Ac reacted like an oligomeric GalNAc-specific lectin.

3.5. Hexamerin is found in the gut

To test whether hexamerin is found in the gut we inspected gut protein

extracts on Western blots using antibodies against recombinant hexamerin. A

protein band corresponding to hexamerin in size was stained with the

antibodies in extracts from susceptible and resistant larvae (Fig. 7). While

extracts from susceptible larvae showed a single band, those from resistant

larvae showed multiple bands, which could be due to protein degradation or

protein modification. Further experiments are required to determine the cause

of protein heterogeneity in the extracts from resistant larvae.

3.6. Mature Bt-toxin forms tetrameric complexes in vitro

Since these experiments indicated that oligomeric but not monomeric lectins

cause aggregation of plasma proteins, we examined whether Bt-toxin existed in

an oligomeric form outside lipid membrane-bilayers. Wren Cry1Ac crystal was

processed for different time periods in the presence of gut juice extracts, high

molecular weight complexes were observed at intermediate times. Wlen

digestion continued for longer time periods, a 60 kDa protein appeared in

addition to the putative mature 69 kDa protein (Fig. 8a). Under conditions

where mixtures of the two proteins co-existed, the high molecular weight

complex was separated into several narrow bands above 250 kDa (Fig. 8a,

arrows). The relative distribution of these high molecular weight complexes

correlated with the relative amounts of the 60 and 69 kDa proteins, which is

consistent with the formation of hetero-tetramers of 60 and 69 kDa proteins.

Both the complexes and the 60 and 69 kDa proteins stained with anti-toxin

antibodies (Fig. 8b). The tetrameric complexes were stable in SDS at 65'C

but reverted to low molecular weight monomers at 100"C (Fig. 8b). A similar

complex was observed when the 130 kDa toxin precursor was incubated with

trypsin in a lipid-free buffer (not shown).
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This suggests that CrylActoxin exists as a tetrameric complex with GalNAc-

specific lectin properties, which can interact with soluble glycoproteins to form

detergent-insol uble aggregates.

3.7. Mode of inheritance of Bt-tolerance

To investigate a possible maternal effect, we performed two crosses, one

where females from the resistant population were individually crossed with

susceptible males (RxS), and a reciprocal cross, where susceptible females

were crossed with resistant males (SxR). One possible mode of transmission

could be the incorporation of maternal immune-components into the egg,

acting as immune-elicitors during embryogenesis and priming the neonates to

acquire an elevated immune-status. lf this assumption is correct, genetic

crosses between resistant and susceptible insects should be non-reciprocal;

females from resistant populations mated with susceptible males will produce

immune-induced offspring, whereas resistant males and susceptible females

will produce susceptible offspring. ln contrast, if resistance were based on an

embryonic phenotype caused exclusively by zygotic gene expression,

resistance in F1 offspring would only be expected if the resistance gene locus

were linked to a sex chromosome, or was semi-dominant (see Material and

Methods).

Analysis by Cox's proportional hazard model showed that the hazard ratio

was significantly lower for the RxS larvae compared to the SxR larvae (Table

1A), and correspondingly the contribution of the resistant female was greater

than the resistant male (Table 1B). These results are consistent with a

maternal etfect resulting in the transmission of an elevated immune status

from the female to her offspring. The fact that the risk ratio for RxR was lower

than for RxS and that the risk ratio for SxS was higher than SxR indicates an

early zygotic contribution to the phenotype in addition to a maternal effect.

4. Discussion

A number of observations suggest that the observed Bt-resistance in a H.

armigera strain is based on an elevated immune status. First, both gut

extracts and plasma from the resistant strain displayed a higher melanization

rate compared to the susceptible strain. Second, an inducible immune protein
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in the hemolymph plasma was identified as hexamerin, which acts as a

storage protein and pro-coagulant (Scherfer et al., 2004). The protein is also

found in the gut and may be modified in the resistant strain. The protein

bound to Cry1Ac and GalNAc-specific lectins to form an insoluble aggregate.

Third, reciprocal crosses of resistant and susceptible insects revealed the

transmission of the tolerance from one generation to the next by a maternal

effect. As discussed for E. kuehniel/a, the most straightforward explanation for

the observations is the incorporation of an immune-elicitor into the oocyte by

an immune-induced female (Rahman et al., 2004). The elicitor can interact

with embryonic tissues to induce the immune system of the neonate. By the

time the neonate starts feeding, the insect is already induced thus increasing

the chances of surviving the toxin. ln turn, older larvae that are able to survive

the initial exposure to Bt long enough on little or no food for immune induction

to occur may continue to feed on contaminated food. This can explain the

puzzling observation that susceptibility to Bt-toxin decreases in later stages of

larval development.

That resistance is acquired in the embryo by an immune induction is a strong

indication that the mutation in the resistant strain is not directly involved in

altering the receptor-coding region. Although we cannot rule out a semi-

dominant effect of a receptor mutation, from the hazard ratio data (Table 1b)

its contribution to the overall tolerance would be relatively small. This was

corroborated by the inspection of several aminopeptidase N genes from the

resistant strain, which did not reveal any mutational changes that could be

responsible for the observed tolerance (C. Angelucci and R. Akhurst, unpubl.

data). ln addition, the observation that hexamerin was inducible in both

susceptible and resistant strains suggests that gene expression is not affected

in the resistant strain and that the induction of the hexamerin gene is

necessary but not sufficient to confer resistance. lt is therefore likely that

immune-specific effects, such as post-translational modifications and/or

tissue-specific protein translocations, are involved in resistance in this system.

The binding of GalNAc-specific oligomeric lectins to induced hexamerin

suggests that glycosylation may be a prerequisite for the observed

aggregation reaction. Although there are other mechanisms (Banks et al.,

2001), crystal toxins may use GalNAc to bind to aminopeptidase receptors at
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the brush border membrane (Burton et al., 1999; Derbyshire et al., 2001). This

opens up a number of scenarios for toxin interactions in the gut lumen.

Hexamerin, like other immune proteins, may be secreted into the gut lumen in

a GalNAc-glycosylated form that interacts with the mature toxin to form

insoluble aggregates. ln addition, since the mature toxin was shown to be

oligomeric, a requirement for the formation of aggregates, this suggests that

the active form of the toxin is oligomeric. Finally, if GalNAc-specific

glycosylation is modified as a result of immune induction, the target proteins

may not be restricted to pro-coagulants but include other proteins, such as

aminopeptidases, which are know to have GalNAc-specific O-glycosylation

(Burton et al., 1999).

Post-translational modifications of receptors and pro-coagulants may be

compatible with previously reported observations (Akhurst et al., 2003; Liao et

al.,2OO2), including changes in receptor-binding of the toxin in the absence of

any overt mutations in candidate aminopeptidase N genes, and possible

interactions with pro-coagulants reported in this paper. Such pleiotropic

etfects are consistent with a model of resistance or tolerance to the toxin

based on inducible gene functions that perform post-translational modification

of multiple proteins, rather than rare mutations in the receptor gene.

The nature of the elicitor function in the ovary that leads to maternal

transmission of the immune status is not known. lt may involve either an

unknown ovarian molecule that is modified by the immune induction, or

hemolymph proteins that are incorporated into the ooplasm as storage

proteins. Being an egg storage protein (Terwilliger, 1999) that is transported

from the hemolymph into the ooplasm during vitellogenesis (Burmester et al.,

1998), a modified form of hexamerin is a potential candidate. Howeverfurther

experiments are needed to identify the elicitor and its role in the transmission

of tolerance to the toxin.

Whatever the molecular basis, the similarities in the findings for E. kuehniella

(Rahman et al., 2004) and H. armigera (this report), where Bt-tolerance is

associated with an elevated immune response and can be transmitted to

offspring by a maternal effect suggest that the capacity for species to develop

Bt-tolerance through immune-related processes could be common. These

observations may have significant implications in the field. Although the
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observed levels of immune-related tolerance are low compared to those

associated with receptor mutations, if low-level tolerance is due to favourable

combinations of pre-existing alleles rather than rare mutations then it may

play an important role as a first step to the development of high-level

resistance. The transmission of immune status and tolerance to the next

generation by a maternal effect may act to reduce the loss in genetic variation

othenruise associated with selection, facilitating the emergence of more highly

Bt-tolerant insects that in turn may survive in sufficient numbers under

continued selection pressure to develop mutations that genetically fix the

elevated immune status or alter receptor function (Morin et al., 2003).
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Tables:

Table 1. Nazard ratios from a 7-day Bt-bioassay, determined by Cox's

regression using Efron's (1977) partial likelihood method, with the SxS cross

treated as the baseline hazard (i.e. hazard ratio of 1). A) analysed for the

crosses of resistant and susceptible H. armigera strains. B) analysed for male

and female of the resistant H. armigera strain.

Table 1A

Table 1B

<0.0001
0.442 -
0.6940.554SxR

<0 00010.134 - 0.250.183RxS

<0.0001
0.026 -
0.0670.041RxR

P95% Cl
Hazard
Ratio

Cross
(Female x

Male)

<0.00010.101 - 0.1700.1 31Female
<0.00010.368 - O.5770.472Male

P95% Ct
Hazard
RatioSex
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Figure legends:

Fig. 1 Typical melanization reactions measured as the relative absorbance at

490 nm over 30 min. A) Cell-free hemolymph (plasma) from groups of five 3'd

instar resistant and susceptible caterpillars diluted in PBS-solution. Note the

slight reduction in relative absorbance observed in plasma from the resistant

strain after 10 mins due to coagulation reactions. B) Gut protein extracts from

resistant and susceptible caterpillars diluted in PBS-solution containing

100mM DOPA.

Fig. 2 Blackening of the peritrophic membrane and gut of resistant larvae.

The grey appearance of the surface of epithelial cells in resistant larvae may

be the result of melanization by hemolymph-derived phenoloxidase of

components attached to the basement membrane. ln addition black spots and

dot-like structures were visible in the gut lumen and at the peritrophic

membrane from resistant caterpillars only. Gut epithelial cells were not visibly

different.

Fig. 3 SDS polyacrylamide gels of cell-free hemolymph (plasma) from

induced (l) and non-induced (C) larvae. A) Gel stained with Coomassie blue.

A protein band at 85 kDa is visible in plasma from induced laryae, in addition

to a band at around 160-180 kDa that is not always visible and may constitute

a dimer. B) Western blot incubated with peroxidase-conjugated GalNAc-

specific HPL and anti-arylphorin antibodies visualised with peroxidase-

conjugated secondary antibodies. The protein band labelled by anti-arylphorin

antibodies is comprised of three proteins with similar sized apolipophorin ll

and prophenoloxidase proteins in addition to arylphorin.

Fig. 4 Hexamerin sequence and comparison. A) Domain structure of

hexamerin from H. armigera. B) Sequence comparison of hemocyanin C

domain of hexamerin. Similar results were obtained with hemocyanin M

domain (not shown).
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Fig. 5 Toxin forms insoluble aggregates with hemolymph protein. SDS

polyacrylamide gel, stained with Coomassie blue, of cell-free hemolymph

(plasma) from induced larvae incubated with proteolytically activated Cry 1Ac

for various time periods. Since the toxin formed insoluble aggregates, the

plasma supernatant was analysed for the absence of proteins. ln this

experiment 2pg of activated Cry1Ac was incubated with plasma for 10, 20 and

30 min at RT, then centrifuged for lmin at 12000rpm. PBS treated plasma is

shown as a negative control. Note that the triple protein band al75 kDa is

unchanged, whereas the amount of p85 is reduced. There is also a slight

reduction in the band at around 160-180 kDa, which could be a dimer of p85.

The identity of the band(s) around 64 kDa is not known.

Fig. 6 Toxin and lectins interact with hemolymph hexaerin. SDS-PAGE- (12%

gel) stained with Coomassie blue of ca. 5pg aliquots of cell-free hemolymph

(plasma) from induced larvae incubated with various lectins and with Cry1Ac,

showing enhanced aggregation and precipitation of hemolymph components,

including p85, after incubation of plasma with oligomeric GalNAc-specific

lectins and Cry1Ac. WL=Vicia vilosa, a tetrameric GalNAc-specific lectin;

Cry1Ac (gut juice-activated Bt-toxin); p¡fl=peanut agglutinin, a tetrameric

Gal/GalNAc-specific lectin; HPL=H. pomatia, a hexameric GalNAc-specific

lectin; WBl=winged bean lectin Psophocarpus tetragonolobus, a monomeric

GalNAc-specific lectin; C=PBS control. Addition of gut-juice extracts at a

concentration equivalent to those used in toxin activation did not have an

effect and proteins were similar to the PBS control (not shown). ln this

preparation little or no 160-180 kDa protein was detected.

Fig. 7 Hexamerin is found in the gut. Midgut tissue and content from resistant
(lSOC4 ) and susceptible (ANGR) 5'n instar larvae respectively were
separated and Western blots analysed using antibodies against recombinant
hexamerin domain C as a probe. .

Fig. 8 Mature toxin forms a stable tetramer in vitro. SDS-PAGE (7 .5% gels) of

activated Cry1Ac toxin following incubation of protoxin with gut juice extracts

for different time periods and extraction at either 65 or 100"C. Protoxin was

purified from B. thuringiensis subsp. kurstaki HD-73 and solubilized in a
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solution containing 30 mM NazCO¡ and 1o/o mercaptoethanol at pH 9.6.

Western blots were incubated with Cry1Ac-specific antibodies and then

visualised with peroxidase-conjugated secondary antibodies. A) Protoxin and

gut juice-extract from the lepidopteran species Pieris rapae were incubated for

30 min (1), 111 (2),2h (3) and five hours (4) and extracted at 65"C in SDS-

containing buffer. The mature toxin (69 kDa) is the predominant band initially

(large arrow), but is replaced by a 60 kDa overdigested protein (large

arrowhead). Both proteins appear to form hetero-oligomeric complexes, which

form a cluster of narrow bands above the 250 kDa marker band (small

arrows). The relative amounts and distribution of these narrow bands are

correlated with the relative composition of the 60 and 69 kDa bands. B) Gut

juice-activated toxin after incubation of one hour (1) and five hours (2), marker

(M), gut juice activated toxin (as in 1) extracted at 100"C. Note extraction at

100'C in SDS-containing butfers eliminated the bands above 250 kDa.

Cry1Ac-specific antibodies were visualised with peroxidase-conjugated

secondary antibodies.
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Fig. 5

Fig.6
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Appendix 1E.

Lectin-induced hemocyte inactivation in insects

Glatz R, Roberts HLS, Li D, Sarian M, Theopold UH, Asgari S, Schmidt O

(2004) Journal of lnsect Physiology 50:995-963
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Abstract

Most multimeric lectins are adhesion molecules, promoting attachment and spreading on surlace glycodeterminants' In addition,

some lectins have counter-adhesion properties, detaching already spread cel1s which then acquire round or spindle-formed cell

shapes. Since lectin-mediated adhesion and detachment is observed in haemocyte-like Drosophila cells, which have haemomucin as

the major lectin-binding glycoprotein, the two opposite cell behaviours may be the result of lectin-mediated receptor learrangements

on the cell surface. To investigate oligomeric lectins as a possibte extracellular driving force affecting ce11 shape changes, we

examined lectin-mediated reactions in lepidopteran haemocytes after cytochalasin D-treatment and observed that while cell-

spreading was dependent on F-actin, lectin-uptake was less dependent on F-actin. We propose a model of cell shape changes

involving a dynamic balance between adhesion and uptake reactions'

@ 2004 Elsevier Ltd. AU rights reserved.

Keywords; Lectin; Adhesion; Counter-adhesion; Endocytosis; Actin-cytoskeleton; Cytochalasin D; Glycodeterminants

1. Introduction

Soluble counter-adhesiou molecules, such as throm-
bospondins (Chen ct al.. 2000), SPARC, (Yan and Sage.

1999) and tenascin (Miclrvood and Schrvarzbar,rer. 2002),

destabilize cell-matrix contacts by inhibiting focal
contact formation and assembly and prevent cell

adhesion to glass or fibronectin substrates. Conversely,

immobilised counter-adhesion molecules promote adhe-

sion and spreading (Bornstein. 200 1) in ways that are

different from local contacts (Aclams, 1995). Although
the mode of action of vertebrate counter-adhesion
molecules and similar molecules in insects (Aclams et

¿r1.. 2003) is not known, the assumption is that
immobilized and soluble counter-adhesion molecules

*Corresponding author. Tel : +618-8303-7252; fax: +618-8303-

7109.

E- mail addre s s : otto.schmidt@adelaide.edu.au (O Schmidt).

0022-1910/S- see front natter @ 2004 Elsevier Ltd. All rights reserved

doi: 10. l0l 6/j jinsphys.2004.07.009

interact with diflerent receptots invoking distinct
signalling pathways (Chanclrasektrrau ct al.. 2000),

depending on the exposure of cells to the immobilized
or soluble form (Adarns. 1995; (joicocchea et al., 2002).

We and others have noticed that some oligomeric

lectirs act as adhesion molecules by promoting spread-

ing on an artificial surface, but on different substrate

conditions act as counter-adhesion molecules by detach-

ing already spread cells. For example, the pioneering

work of the Rizki's demonstrated that lectins cause

spreading of Drosophila cells on a glass surface and

cause cell fusion of neighbouring cells (Iìizki ct al.,

1975). Similaiy Drosophila haemocyte-like cells (and

other primary cells as well) will spread more extensively

when plated on immobilised lectins (Iìogers et al.. 2003).

Flowever, under some couditions spread cells that are

exposed to soluble lectins detach and round up.

Again this was first detected in fat body cells,

where detachment from tissue-contacts and associated
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rearrangements of actin-cytoskeleton was observed after
lectin applications (Iìizki and Iìizki. 1983). Similar to
oligomeric lectins, the hexameric apolipophorin III
shows increased phagocytosis when immobilised onto
particles and detachment of spread hemocytes when
applied in soluble form (Whitten et al.. 2004).

Recently, we observed another lectin-mediated re-

sporlse it Drosophila haemocyte-like cells, with mbn-2

cells (displaying GalNAc- and Gal-containing haemo-
mr.rcius (Theopold et al., 1996. 2001) responding to the
presellce of two soluble oligomeric lectins, the GalNAc-
specific Helix pomatia lectin (HPL) and the Gal-specific
lectin from Arachß hypogaea (peanut agglutinin, PNA),
by undergoing lectin-indr.rced uptake reactions (U.
Theopold, unpublished results). These reactions are

different from actin-dependent constitutive macropiuo-
cytosis (.lohannes ancl Larlazc, 2002). While constitutive
macropinocytosis is dependent olt actin-mediated
membrane ruffling (Anton ct al.. 2003), creating
receptor-depleted vesicles (Sivansorr ancl Watts, 1995),

lectin-mediated uptake reactions appear to be actin-
independent and occur after receptor-clustering, result-
ing in vesicles that are receptor-rich. On the assumption
that haemomucin is the only glycoprotein receptor on
tlre surface ol Drosophila cells (Thcopolcl et a1..2001),
receptor-lectin interactions leading to adhesion must be

dilferent from those leading to lectin uptake.
A similar conundrum exists in polarised cells, where

impairment of actin-containing microfilaments by cyto-
chalasin D, a fungal actin-capping protein (Cooper,
1987), selectively inhibits the capacity of cells to
endocytose membrane-bound and fluid-phase markers
applied to the apical surface, without affecting endocy-
tosis from the basolateral snrface (Gottlieb ct al., 1993).

The ar.rthors concluded that 'the ankyrin-mediated
iinkage of some basolateral membrane proteins to the
underlying cytoskeleton, which is triggered by the
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establishment of cell-rcell contacts, appeats to prevetlt

the endocytosis of those proteins and thus contribute to
their metabolic stabilisation'. Since then numerous
examples have been found in polarised epithelial cells,

in motile cells and during cell-spreading, where the role
of actin-cytoskeleton appears to be counter-iutuitive
(Wooclring ct al., 2003). For example, c-Abl seems to

have a negative role in cell migration but positively

contributes to filopodia formation, membrane ruffling
and ner.trite extension (Woodliug cl" a1.. 2003). Likewise,

the Ena/YASP proteins decrease cell motility yet

positively regulate actin polymerisation (Klatrse et a1.-

2002). This suggests that actin may have fttnctional roles

ir cell shape changes other than acting as a motor
proteiu.

The observation that lectins mediate cellular uptake
reactions and cause adhesion by irteracting with
glycoprotein receptors implies that lectins act like

cor.rnter-adhesion molecules. To examine whether these

seemingly opposite reactiotts are the result of a dynamic
balance of interactious, involviug lectin-mediated re-

ceptor-internalisation and actin-mediated receptor-sta-
bilisation on the cell snrface, we analysed the effect of
lectins on actin-cytoskeleton in live haemocytes.

2. Material and methods

2.1. Insects

We used lepidopteran haemocytes, which readily
spread on glass surfaces and remain viable in insect

ringer for up to two days without visible damage. They
contain two major cell types: plasmatocytes, which
splead quickly on artificial surfaces acquiring a fried egg

shape, and grattulocytes, which remain round-shaped
but release filopodia (see [ìig. 1). Most experiments were

Fig. L Lectin-mediated clustering in insect haernocytes from 11. armigera. (A) Live haemocytes from 1L annigera larvae were spread on a glass

surface and incubated witli a buffer solution containing FlTC-conjugated GalNAc-specrfrc H. pomatia lectin (HPL) and inspected under indirect

FlTC-eliciting UVJight. Clustering of fluorescence stain was visible in plasmatocytes (P) and granulocytes (G) after a lew minutes (arrows), long

before detachment is observed (several hours). After a few hours the fluorescence was visible inside large endosomal vesicles (see below) next to non-

stained rnacropinocytosis vesicles (arrowheads), which formed before spreading, possibly by membrane 'ruffling' as part of a constitutive

macropinocytosis (Joharines ¡nd Lamaze, 2002). (B) Corresponding phase contrast plcture.
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repeated in more than one lepidopteran species to
indicate that the outcomes are not species-specific. Here
we show the results from three species, Helicouerpa

armigera, Pieris rapae and Galleritt mellonella.
H. armigera larvae were teared on artificial diet

(Akhurst et al.. 2003) under an Ll4:D10 light-dark
regime. P. rapae larvae were kept on fresh cabbage leafs
on a dayliglrt/night cycle. G. mellonella larvae were kept
on artificial diet in the dark.

2.2. Haemocyte prepctrations

Fourth instar larvae were bled into nott-supplemented
Grace's iusect medium (GIM) saturated with phe-

nylthiourea (PTU), via removal of a proleg, and the
lraemolymph centrifuged af 2300 x g for 5 min at RT.
Supernatant (cell-free haemolymph) was removed and
the cellular pellet resuspended in GIM. 40 pl of
haemocyte resuspension was added to slide wells and

the cells allowed to spread for 15 or 30min.
For lectin-treatment in suspension, haemocytes were

diluted in buffer with and without lectin in Eppendorf
tubes completely filled with buffer in the absence of air
bubbles and kept in suspension with light rotations.
Bufler soh.rtions included GIM or phosphate-buffered
saline (PBS) solutions (138mM NaCl, 2.7mM KCl,
l.41mll{ KH2PO4,7.3mM Na2HPOa, pH 7.6), which
gave similar results for treatments of up to 12 h duration
at room temperature.

2.3. Haemocyte spreading

Haemocytes spread on artif,cial surfaces by attaching
to exttacellular-matrix-like protein secretions (Fogerty
ct al., 199-l; GLrllber:g et al.. 1994), which are stored in
vesicles and discharged in the course of haemocyte
preparations or during the process of settling on the
surface. Haemocytes attached more readily to artificial
surfaces that were pre-treated with cell-free haemo-
lymph (plasma). When plasma-treated snrfaces wete

incubated with lectin and washed repeatedly, haemo-
cytes formed large extensions, similar lo Drosophila
haemocyte-like cells spreading on immobilised lectin
(Iìogers et al., 2003). Preliminary experimeuts suggested

to us that immobilised lectins cause spreading, whereas
soluble lectins cause detachment. Given that haemocytes
release lectin-binding sr.tbstrates, lectin-treatment of
spread haemocytes constitutes a mixture of the two
opposite reactions. To observe detachment of spread
haemocytes in the presence of soluble lectin, haemocytes
were carefuiiy washed to remove plasma without
cansing haemocyte aggtegation. Attachment aud
spreading was perforned in multitest glass slides (8

wells, ICN Biomediacals) and monitored under an
inverted microscope. Since the time required for
attachment and spreading of haemocytes varied between

individual larvae from 1 to 5 h, haemocytes from three

to five 4th instar larvae were isolated in a single batch
and all treatments (lectin, cytD, lectin * cytD, and

control) were performed with aliquots from the same

batch in at least five independeut experiments. Because

granulocytes show spreading by extending filopodia
(Fig. l), which are sometimes difficult to detect in live

cells, only plasmatocytes were monitored for spreading

and detachment.

2.4. Haemocyle staining

Spread haemocytes were treated with FITC- or
TRlTC-conjugated lectins (GalNAc-specific hexameric

Helix pomatia lectin (HPL, Sigma) at a concentration of
3 ng/pl at room temperature ir darkness. After applica-
tion of the lectin to live haemocytes, the lectin buffer

was replaced with PBS containing 4o/o paralotmalde-
hyde and after 15min washed three times in PBS. For
inspection of live haemocytes and internalisation of
fluorescent dye, haemocytes were incubated in trypan
blue (2mg/ml GIM and filtered) to quench auy surface

fluorescence staining before inspection under indirect
UV-light on an inverted or confocal microscope.

For inspectiou of actin-cytoskeletou, haemocytes

were incubated in 4o/o patafonnaldehyde a:nd 0.5o/o

Tween 20 for l5min and washed three times before

adding FlTC-conjugated phalloidin (Sigma) for 30 min
in darkness. After washing haemocytes three times in
PBS, haemocytes were inspected r.tnder inditect UV-
light.

2.5. Cytochalasin D treaîmenl of spread cells

Cytochalasin D (Sigma) was dissolved in 100%

ethanol and diluted in GIM to a final concentration of
50 pg/ml, a concentration that kills less than 10% of G.

mellonella plasmatocytes whilst completely inhibiting
phagocytosis in treated cells (Vilcinskas ct al.. 1991b).

Ethanol concentration (in GIM) was kept below 0.5%
(v/v) a concentration that does not inhibit plasmatocyte-
mediated phagocytosis (Vilcinskas et itl., l99la). Cell

responses were dependent on cytochalasin D coucentra-
tions and the dulation of treatments. For example, pre-

treated haemocytes were precluded from attachment
and spreading while already spread cells required
treatment for up to an hour to detach (Vilcinskas et

al., 1997a; our own obs). Likewise, phagocytosis is

inhibited on spread cells at lower cytochalasin D
concentration and before any signs of detachment from
the glass surface can be detected (Asgari eL ú.. 1997).

Cytochalasin D concentrations were titrated to yield

detachment of more than 90%o of spread haemocytes

from the glass surface within au hour.
Spread haemocytes were treated with 40 pl cytocha-

lasin D in GIM, or GIM only, for up to 2 h at RT in
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darkness. Cells were then washed three times exchanging
GIM. FlTc-labelled lectin (2ngl¡tl) was then added to
cells lor 30 min in darklress and washed thlee times by
exclranging GIM. Cells were then fixed fot 20mi¡ ín 4o/o

paraformaldehyde (in GIM) before exchangiug medium
three times. The same amoì.tnt of trypan blue (0.2mg/ml
in GIM and filtered) was added to each well for 20 min
at RT before exchanging GIM three times. Ten perceut
glycerol was applied to the slide and a cover slip placecl

over the wells. Cells could then be visualised under IJV
light.
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pinocytosis reactious are dependent otl actin-mediated

membrane rr.rffling, this raises the question of whether

lectin-induced uptake reactions are also dependent of
actin.

3.2. Uptake of HPL can occur in the presence of
cytochalasin D

3. Results

It is well klrown that cell adhesion and spreading

reqr.rires an intact actin-cytoskeleton (Rogers et al.,

2003), with inactivation of F-actin cansiug detachment

of cells or inactivatiou of haemocytes (Asgali ct aL ,

1997). It also has been lecogttised fol some time that
actin-cytoskeleton plays a role in phagocytosis (Helanl-
jaris et al , 197ó), but the exact tlatt'tre of that role is not
clear. When spread haemocytes were treated with
cytochalasin D, cells detached from the glass sttrface

and acqnired spindle-shapes (I''ig. 3, cytD). At the

concentratiou usecl in this expel'iment, cytochalasin D
treatment cansed more than 80% ol plasmatocytes to

detach within 30-60 min.
Similar to haemocyte-like cells, lepidopteran haemo-

cytes that were treated with the oligomeric lectin HPL
also detached and rounded-up, although less quickly
and with fewer haemocytes acquiring spindle-form cell

shapes compared to the cytochalasin D-treated cells

(Irig. 3, HPL). The f,rst signs of detachment altel lectin-

treatment were detected between 4 and 6h (l;ig. 2) and

more than 80% of plasmatocytes were detached after

l2h, at which time less than l0'/" of non-treated cells

had detached. This suggested to us that HPL interferes

with cellular attachmeuts to external bindirg sites

resulting in the detachment of haemocytes. Given that
HPL can clnster leceptors and mediate uptake reactiotls,

a possible explanation is that receptors at local adhesion

points are internalised by HPL despite cytoplasmic

stabilisation through attachments to actiu cables that
fom stress f,bres at focal adhesion points. This implies

that oligomeric lectin cau poteutially rearrauge recep-

3.1. HPL can mediate clustering crnd uptake reactions

To exclude species-specific aud cell-type-specific
lectin-effects, such as those observed with plasmato-
cyte-specific spreacling factols (Stlancl ct al., 2000), we

studied piasmatocytes and granttlocytes from different
lepidopteran species, and coufirmed that lectin-effects
were detected ir all cell-types, including granulocytes
and plasmatocytes. For example, when spread haemo-
cytes and haemocyte-like cells were treated with
flnorescence-labelled HPL, the f,rst visible changes ou
the cell snrface were small patches of labelling indicating
clustering of receptors. These clusters \ùere observed

acljacent to large trauslncent vesicles (Irig. 1), which wele
already present at the time of spreading, created
pr:esumably by constitutive macropiuocytosis (Johannes

¿rrrcl Lam¿rzc. 2002). After prolonged incr.rbation with
soluble HPL, lectins were iuternalised in vesicles at the
sites of lectin clnster:ing. After 4-6 h lectin-treated
lraemocytes ftom G mellonella (l:ig. 2) and P. rapae
(not shown) showed a marked iltcrease in the uumber of
transhrcent vesicles compared to non-treated haemo-

cytes. Tìris indicates that lectin-mediated uptake reac-
tions probably represent'induced' macropinocytosis
(.f ohanre s rncl LzLn-ritze , 2002). Since constittttive macro-

\
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Fig. 2 HPl-irrduced uptake reactions ir¡ G ntellonella haemocytes. Lectin-treated haernocytes (HPL) showed urore translucent vesicles (arrows)

4 6h after the start ofthe treatnìerìt than ¡o¡-treated haernocytes (Control). This coincided with the frrst signs ofdetachurent (see Fig 3). Note that

G. ntellonella lraenocytes showed fewervesicles at the start oltreatmeut than H. annigerr? haelDocytes (Fi-e t).
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Fig.3. MorphologyandcytoskeletonchangesofhaemocytesftomP.rapae.Haemocyteswereallowedtospreadonaglasssurfaceandsubsequently
rreared with Bulfer only (Control), cytochalasin D (cyt D), H. po,natia lectin (TRlTC-conjugated HPL, see Fig 4) and cyt D and HPL combined

(cytD + HPL). After treatment cells were quenched and frxed in the presence of non-ionic detergent and stained with FlTc-conjugated phalloidin

and inspected under indirect FlTC-eliciting UV-light using confocal microscopy. Note the formation of stress ûbres in spread cells, which were

absent in treated cells. Both cytochalasin D and HPl-treated cells retreated lrom their attachment sites and formed round or spindle-fomred shapes.

Whe¡eas cytochalasin D-treated cells accumulated actin at the petiphery, HPl-tre¿ted cells showed irregular staining which was absent from cell

extensions. Note that the combined treatment resembled cytochalasin D-treatment in cell morphology, which is in agreernent with observations from

separate treatnìents, where cytochalsin D-treatment revealed detachment effects after 30 60min long before HPl-effects were first visible afler 4 6h

(see llig 3).

tors on the cell surface and in the process destabilise
their attachmellts to the actin-cytoskeleton.

To examine whether lectin-uptake can occur indepen-
dently of F-actin, cytochalasin D-treated haemocytes
were incubated with TRlTC-conjugated HPL and
irspected under a confocal microscope after quenching
of the extracellular fluoresc€nt dye by the addition of
trypan blue. Inspection of median optical cellular
sections showed irregular shaped endosomal vesicles

mostly in the cortical region of the cell (Fig. 3,

cyt+HPL; Fig. 4, arrows). Although the emerging
endosomal vesicles remained at the cell periphery and
were not transported to the cell interior, a process that
may depend on actin-cables (Sltupliakov et a1.. 2002),
the actual formation of lectin-induced vesicles appears
to be independent of F-actin.

Consistent with the suggestion that receptors can be

internalised by lectins in the absence of intact cytoske-
leton, when haemocytes that had been surface stained
with HPL were treated with cytochalasin D the surface
staining disappeared (see below). This raises the ques-

tion of whether receptors on the cell surface require
cytoplasmic stabilisation to prevent internalisation. In
this context molecules acting like counter-adhesion

Fig. 4. HPl-internalisation in the presence of cytochalasin D.
Haernocytes from P. rapøe shown in Fig. 5 were examined in

TRITC-eliciting indirect UV-light with TRITC-Iabelled HPL-uptake
in the presence of cytochalasin D. Left is the phase contrast. The right
picture shows haemocytes, where the optical section was adjusted

through the centre of the cells, which showed small stained vesicles

predominantly at the cortex, suggesting that HPl-mediated vesicle

formation occurs in the presence of cytochalasin D, but that vesicles

are not transported away from the cell cortex.
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molecules, such as HPL, may force receptor-clustering
and uptake reactions by overcoming actin-anchorage of
surface receptors. Thus, excess HPL may destabilise the
actin-cytoskeleton by overcoming receptor-stabilisation.

3,3. HPL can oDercome F-actin anchorage of receptors

To examine the presence of cell surface receptors
during lectin-mediated uptake and detachment, we

treated live haemocytes with TRlTC-conjugated HPL
to monitor the uptake and detachment reactions. After
haemocytes had detached, cells were fixed with paraf-
ormaldehyde and surface-stained with FlTC-conjugated

Fig. 5. Lectin-staining on the haemocyte surface of HPLtreated cells.

TRlTC-conjugated HPL was applied to spread P. rapae haemocytes.
After detachment, which occurred l2h after lectin-treatment, haemo-

cytes were incubated with paraformaldehyde and stained with FITC-
conjugated HPL to visualise residual lectin-binding to receptors on the

cell surface. The picture shows a small haemocyte aggregate at the time

of HPl-application, where one or t\tro cells were surrounded by other
haemocytes. HPLupøke (TRITC) was visible in the surrounding
haemocytes, which had spindle-formed cell-shapes, whereas haemo-
cytes inside the aggregate were labelled on the surface (arrow) and

showed attachment to underlying glass surface and spreading. HPL-
surface staining (FITC) was reduced in cells at the periphery due to
receptor-internalisation, but was someìvhat higher inside the aggregate

in cells that were surrounded by other cells at the time of treatment.
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HPL. In these cells, there was a marked reduction in
FlTC-staining compared to non-treated spread cells.

Only haemocytes that were surrounded by other

haemocytes inside cellular aggregates were surface-

stained (Fig. 5, FITC), with some of the FITC co-

localising with TRlTC-staining (Fig. 5, TRITC). This is
consistent with the idea that HPL is able to induce

uptake reactions by clustering glycoprotein receptors on

the cell surface, and subsequently remove receptors from
the cell surface by receptor internalisation. Since

haemocytes inside cellular aggregates adhere to each

other and retain receptors on the cell surface, this
process appears to be delayed in those haemocytes that
were surrounded by other haemocytes. The observatious
that internalised receptors were not recycled to the cell

surface, or replenished by newly synthesised membrane
vesicles, suggest that membrane transport within HPL-
treated cells is impaired. Although HPl-treated cells

showed a small amount of vesicle movement to the cell

interior (Fig. 5), it was apparent that TRITC-stained
vesicles remained mostly at the cell periphery and that
lectin-binding receptors were eventually removed from
the cell surface.

3.4. HPL can induce actin-depolymerisation

Since vesicle movement is impaired in HPl-treated
cells (Fig. 5), we asked whether HPl-treatment can

disrupt receptor-anchorage during uptake reactions and
in the process destabilise the actin-cytoskeleton. We

therefore exposed suspended G. mellonella haemocytes

to HPL and compared attachment and spreading to
suspended haemocytes in the absence of lectin. To
minimise haemocyte aggrcgation, haemocytes were

diluted into large volumes of buffer and kept in
suspension by gentle rotation. Nonetheless, most cells

formed aggregates in the presence of lectin and cells

surrounded by other cells wele able to retain receptors

on the cell surface (see also Fig. 5). Only a small fraction
of individual haemocytes were found in each prepara-

tion, which remained round with little contact to the

surface. These cells showed partial actin-cytoskeleton
breakdown with characteristic actin-aggregations
around the nucleus (Fig. 6), which were not visible in
the absence of lectin. This suggests that lectin-mediated
uptake reactions in suspended haemocytes removed
lectin-binding receptors from the surlace and caused

partial actin-depolymerisation. Similar to small cell

aggregates found in spread cells (Fig. 5), aggregates

formed during lectin incubation retaiued lectin-binding
receptors on cells that were surrounded by other cells

and were able to spread after making contact with the

glass surface. In contrast, those cells on the periphery of
aggregates appeared to have less cell-surface receptors

and as a consequence were precluded from spreading.
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Fþ. 6. F-actin and spreading after lectin treatment of haemocytes in suspension. G. mellonellahaemocytes were suspended in large volumes of PBS/

PTU or HPl-containing PBS/PTU, kept in suspension and individual haemocytes allowed to attach on a glass surface. Haemocytes were flxed and

actin-cytoskeleton visualised with FlTC-conjugated phalloidin. (A) Haemocytes from haemolymph isolated in PBS/PTU. Note the evenly spread

actin-cytoskeleton with a gap of staining over the nucleus. (B) Haemocytes from lectin-treated haemolymph. Note the reduced spreading and the

dotted phalloidin-staining over the cytoplasm and around the nucleus.

4. Discussion

Our observations suggest that oligomeric lectins
mediate uptake reactions on the cell surface by
rearranging glycoprotein receptors and in the process

destabilising actin-cytoskeleton. Since immobilised lec-
tins also mediate spreading, and soluble lectins cause

detachment, it is possible that the functional role of
lectins is not limited to signal-transduction. Instead, our
observations imply that some of the driving forces
involved in these processes are lectin-mediated and may
occur upstream of signalling events (Schmiclt and
Theopolcl, in press). Firstly, HPL can cluster glycopro-
tein receptors on the cell surface (trig. l). This is

remiliscent of receptor-specific antibodies that are able
to cluster and internalise receptors on the cell surface
(Bunrrell et al., 2002; Grorv et al,. 1999; Issalias et al.,
2002). Secondly, HPL is able to mediate uptake
reactions (Figs. 2 arlcl 4), which are different from
constitutive macropinocytosis (Johannes and Lamaz.e.

2002). Lectins or other oligomeric adhesion molecules
have also been implicated in uptake reactions during
lectinophagocytosis (Ofek et al., 1995) and receptor-
internalisation reactions (Cochran et ai., 2001; Corrrvay
et al., 1994; MLrro ct al., 2003), but the exact role of actin
in these processes is not known. Since cytochalasin D
treatment interleres with lectin-mediated vesicle-forma-
tion to a much lesser extent than with adhesion (Fig. 6)

and phagocytosis (Viloìnsk¿rs et al., 1997a, b), we suspect
that lectin-mediated uptake reactions involve laterul
receptor cross-linking (Muro et al.. 2003), whereas
adhesion and phagocytosis reactions require actin-
mediated receptor-stabilisation to allow contact to
external binding sites. Thirdly, HPl-mediated uptake
reactions affect F-actin (Fig. 6), possibly as a

consequence ol lecti[-mediated memblane curvature
(Bettache et a1.. 2003) and associated receptor rearran-
gements. As a result of the breakdoÌvn of F-actin, vesicle

transport and membrane-recycling on the cell surface

may becomé interrupted (Shr.rpliakov et al., 2002).

Taken together, these observations suggest that oligo-
meric lectins may be involved in extracellular receptor
rearrangements that drive uptake reactions.

That raises the question, what is the functiou of F-
actin in these processes? Given that F-actin appears to
be less important for lectin-mediated vesicle formation
than for adhesion and phagocytosis, one of the

possibilities is that adhesive processes require receptor-
stabilisation to occur. If receptors and oligomeric
adhesion molecules are engaged in both adhesion and

uptake reactions, the latter are probably favoured, given

that membrane-receptors are ah:eady arranged in a two-
dimensional membrane, whereas attachments to exter-

nal binding sites involve interactions in three dimen-
sions. In the presence ofcell-derived or externally added

oligomeric adhesion molecules, membrane-attached
glycoproteins are therefore more likely to cluster aud

become internalised than to attach to external binding
sites (Fig. 7). In this context it is possible that one of the

functional roles of receptor-anchorage to the actin-
cytoskeleton is to enhance adhesion over uptake
reactions by preventing or delaying receptor-clustering
and uptake reactions. Conversely, the observed desta-

bilisation of actin-cytoskeleton by some lectins may be a

consequence of lectin-receptor complexes that can

create the configurational energy'to overcome recep-

tor-anchorage thereby dislocating existing connections
to the actin-cytoskeleton. This is compal"ible with
the notion that regulation of actin-cytoskeleton is

important in mediating cell shape changes (Adtrms,
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adhesion and
phagocytosis

actin

Fig 7 Depiction of a dynanic equilibriun of lectin interactions on

the cell surface. Glycoprotein receptors can either make contacts to
external binding sites (adhesion or phagocytosis), or cause lateral
cross-linking on the cell surface leading to receptor-internalisation
(uptake reactions). Since some lectins with counter-adhesion properties

internalise receptors frorn the cell surface and in the process

depolymerise actin-cytoskeleton, lectin-mediated uptake will even-

tually cause depletion of cell surface receptors (immune suppression),
as recycling of membrane-vesicles to the periphery requires actin-
frbres. Conversely, strengthening of F-actin or other cytoplasmic
protein scalfolds that stabilise cell surface receptors will shift the

balance towards adhesive processes, such as spreading and phagocy-

tosrs.

1995; Etieme-M¿urneville ancl Hall, 2002; Rogers et al.,
2003), but implies a role of actin-cytoskeleton in
stabilising receptots agairst lectin-mediated internalisa-
tion rather than being a motor protein.

Since some cell surface receptors are able to interact
both by cross-linking with lateral receptors and by
linking with extracellular binding sites, the two reactions
form a dynamic equilibrir.rm. When receptor orientation
on the cell membrane is stabilised, attachments to
extracellular sites is more likely, while free lateral
movements of receptors favour receptor cross-linking
and interualisation. Stabilisation of receptor orientation
can be achieved by receptor attachment to the intracel-
lular actin cytoskeleton and by receptor-substrate
linkages. Destabilisation occurs when receptor ancho-
rage to the actin cytoskeleton is disrupted. In addition to
the action of molecules such as cytocalasin D, oligo-
meric adhesion molecules with strong cross-linking
abilities may be able to dislocates receptor-anchorage
leading to receptor-internalisation and detachment from
substrate, a feature of counter-adhesion molecules
(Bolnstein. 2001) and immune suppressors (Asgali
ct al.,1997).

Likewise, the observation that spread cells lose
phagocytic ability in the presence of low concentrations
of cytochalasin D (Vilcinskas et aL, 1997) before
detaching (Lrig. 5) is in agreement with this model, given

that receptor-stabilisation at focal adhesion points
is enhanced by receptor linkages to exterual binding
sites in addition to cytoplasmic actin-cytoskeleton
anchorage.

This model also predicts the behaviour of polarised

cells, where impairment of actin-containing microfila-
ments by cytochalasin D selectively inhibits the capacity
of cells to endocytose membrane-bound and fluid-phase
markers applied to the apical surface, without aflecting
endocytosis from the basolateral surface (Gottlieb et al..

1993). Following impairment of F-actin, receptor
orientation on the apical surface is destabilised and
receptors are internalised by lateral cross-linking. Since

receptor-recycling on the cell surface requires intact
actin frbres (Shuplizrkov et al., 2002), the outcome is

receptor depletion and loss of endocytotic ability. In
contrast, actin fibres are retaired on the basolateral
surlace by receptor-substrate linkages and the cells

endocytotic potential is maintained.
In summary, we propose adhesion and uptake

reactions are pafi of a dynamic balance of interactions,
where one of the roles of actin-cytoskeleton is to
stabilise receptors on the cell surface to prevent

clustering and internalisation in the presence of oligo-
meric lectins. In addition, linkages to exterual binding
sites protect receptors from internalisation unless

molecules with counter-adhesion propetties can over-

come the cytoplasmic receptor-anchorage and interua-
lise receptors. In this model, the direct consequences of
actin-cytoskeleton breakdowll are receptor-internalisa-
tion and lack of membrane recycling at the adhesion

site, causing detachment ol spread cells from the

substrate and cell-contraction into round or spindle-
shaped cells.
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