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Abstract Closely related species in nature often show

similarities in suites of direct and indirect traits that reveal

aspects of their phylogenetic history. Here we tested how

common descent affects trait evolution in several closely

related parasitoid species in the genera Cotesia and Mi-

croplitis (Hymenoptera: Braconidae: Microgastrinae) by

comparing development, resource use and allocation into

reproduction and maintenance. Parasitoids in these genera

exhibit traits, like haemolymph feeding as larvae and

external pupation that are rare in most parasitoid lineages.

The growth of parasitized hosts was reduced by 90 %

compared with healthy hosts, and maximum host size

depended to a large extent on adult parasitoid size.

Development time was longer in the more generalist par-

asitoids than in the specialists. Adult body mass was sex-

ually dimorphic in all Cotesia species, with females being

larger, but not in Microplitis spp. In contrast, in one of the

Microplitis species males were found to be the larger sex.

Egg load dynamics during the first 6 days after emergence

were highly variable but egg number was typically higher

in Cotesia spp. compared to Microplitis spp. Longevity in

the various species was only greater in female than in male

wasps in two Microplitis sp. There was a clear inverse

relationship between resource use and allocation, e.g.

maximum egg load and longevity, in these parasitoids. Our

results reveal that adaptation to constraints imposed by host

quality and availability has resulted in trait convergence

and divergence at the species, genus and subfamily level.

Keywords Cotesia � Development � Egg load �
Microplitis � Phylogeny � Reproduction

Introduction

The evolutionary history that species share can play an

important role in shaping trait evolution. A classic, but

much debated example comes from Ehrlich and Raven’s

study on co-evolution between host plants and herbivores.

One key message they conveyed was that closer taxonomic

groups of butterflies tended to feed on more closely related

plant species (Ehrlich and Raven 1964; Janz 2011); hence

when habitat is a common denominator, traits vary less,

species tend to be more alike and phylogenetic congruence

is reflected by the species assemblages associated with one

another in a community. Recent studies highlight the

importance of phylogenetic diversity for promoting trait

divergence and diversity in co-dependent or evolved spe-

cies, also at higher trophic levels (Dinnage et al. 2012).

However, trait diversification may be limited by phyloge-

netic constraints on certain evolutionary trajectories. For

instance, Kellermann et al. (2012) found that phylogenetic

inertia rather than directional selection pressures leads to

interspecific similarities in upper thermal resistance levels
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in Drosophila. Similarly, phylogenetic divergence in host

species can lead to trait diversification in co-evolved

partners, but trait evolution might still be limited by phy-

logenetic effects.

Life history traits are elemental for optimizing fitness. In

any organism, these traits include growth, development,

body mass, maintenance and reproduction, as well as

defence, morphology, and behaviour. Indirectly related to

traits such as body size are other parameters including

vigor and lifespan. In organisms with discrete develop-

mental stages, like holometabolous insects that go through

complete metamorphosis, a large proportion of metabolic

resources are accrued during immature development and

are thereafter allocated to different (and perhaps conflict-

ing) functions such as reproduction and maintenance. The

use of capital resources obtained during the larval stages

may be partially offset by income resources that are

obtained by the adult stage, although the extent to which

this is true depends critically on a range of ecophysiolog-

ical factors. The expression of life-history strategies in any

organism often represents a series of trade-offs between

different fitness functions. These in turn are determined to

a large extent by a range of biotic and abiotic forces

(Stearns 1992). Parasitoids comprise a highly diverse group

of insects that occur within several insect orders, but which

are by far the most species-rich in Hymenoptera. They are

insects whose larvae feed on, or inside the bodies of other

insects, whereas the adults are free living (Godfray 1994).

The development of a parasitoid is usually dependent on a

limited amount of resources contained within a single host

that is often not much larger than the adult parasitoid itself

(Harvey 2005; Pennacchio and Strand 2006). In contrast,

most other insect consumers—including herbivores and

predators—are much less constrained by the amount of

resources necessary to achieve optimal growth and sur-

vival. In effect, these insects may need to ingest food that is

ultimately many times their own body mass in order to

successfully complete development to the adult stage.

Parasitoids, on the other hand, are under extremely strong

selection for optimal resource utilization and allocation to

potentially competing fitness functions such as reproduc-

tion and survival (Slansky 1986; Ellers and van Alphen

1997; Jervis et al. 2008).

Many parasitoids attack early instar hosts that are a

fraction of the size of the female at oviposition, and which

therefore need to feed and grow considerably in order to

attain the minimal nutritional requirements of the parasit-

oid progeny (Harvey 2005). Termed ‘koinobionts’ (Askew

and Shaw 1986), these parasitoids develop in hosts that

represent dynamic resources where the host may differ in

mass by many factors between oviposition and host death

(Sequeira and Mackauer 1992; Mackauer and Sequeira

1993; Harvey et al. 1994). One of the most important

constraints on koinobiont development is how the imma-

ture stages respond to differences in host quality. Based on

such factors as host size or stage at oviposition, diet, the

presence of competing organisms, and abiotic conditions,

the nutritional status (and subsequent growth rate) of the

host might be affected (Harvey 2005), which in turn could

affect parasitoid fitness in terms of survival, size and

development time. Body size is considered to be a major

component of fitness because it is often positively corre-

lated with demographic traits such as egg production,

longevity, and dispersal as well as competition for access

to mates and hosts. On the other hand, selection for rapid

development time may be intense early in the season, when

populations (and competition for host access) are increas-

ing, or else when there is an increased risk or precocious

mortality from predators, pathogens or inclement weather

conditions in slow-growing hosts (Benrey and Denno

1997).

However, adaptive radiation in parasitoids to host-rela-

ted constraints is not solely based on biological or eco-

logical characteristics of the host. Instead, constraints

imposed by phylogenetic history can also play a significant

role in determining the extent to which parasitoid clades

can respond to host-related constraints. McKitrick (1993)

defined a phylogenetic constraint as ‘‘any result or com-

ponent of the phylogenetic history of a lineage that pre-

vents an anticipated course of evolution in that lineage’’. In

other words, based on a purely evolutionary trajectory, we

might expect a certain species or species-group of para-

sitoids to exhibit certain traits or suites of traits in response

to various aspects of the biology and ecology of their

host(s). On the other hand, in the absence of these traits, we

may be able to assume that phylogenetic history has ‘held

back’ the parasitoid from fully adapting to these charac-

teristics of the host. In spite of this, most comparative

studies exploring ecological and physiological traits in

parasitoids have not considered the importance of phylo-

genetic constraints from the perspective of the parasitoid.

For instance, Price (1972, 1973) compared morphological

and reproductive traits in several parasitoid species

attacking different stages of the same host species. He

found that parasitoid guilds exhibited trait values in egg

size, production and wing structure that closely reflected

host abundance (recently challenged by Jervis et al. 2012).

Harvey and Strand (2002) examined development patterns

in a number of koinobiont parasitoids attacking lepi-

dopteran hosts and found that trade-offs between adult size

and development time were closely tailored with the

feeding profile (exposed or concealed) of host caterpillars.

However, these studies did not evaluate relatedness of the

parasitoids and thus ignored the role of phylogeny in

moulding this suite of traits. Studies by Blackburn (1991a,

b) and Mayhew and Blackburn (1999) compared a range of
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life-history related traits in parasitoids, such as body size

and longevity, but these comparisons encompassed a very

wide breadth of taxa from distantly related clades. They

found, perhaps unsurprisingly, that at such a broad taxo-

nomic perspective most relationships were either weak or

absent altogether.

Behaviour, morphology, reproduction and ontogeny are

well described in many parasitoids, but at the same time

only few studies have examined suites of traits amongst

closely related species within the context of host use and

resource allocation. Here, we compare life-history traits in

parasitoid species with a recent evolutionary history, but

that develop on phylogenetically distinct hosts. We are

specifically interested in trade-offs between life history

traits in relation to parasitoid phylogeny. To achieve this

goal, we compared host utilization, regulation, develop-

ment, longevity and egg production in seven closely related

koinobiont endoparasitoids of lepidopteran larvae (Shaw

and Huddleston 1991; Murphy et al. 2008). These seven

species belong to two recently diverged genera (but see

Quicke et al. 2004), Cotesia and Microplitis, and are

classified in the same family and subfamily (Braconidae:

Microgastrinae).

The seven species of parasitoids studies here exhibit

similarities in morphological traits (Fig. 1) as well as in

reproductive traits such as ovarian structure and egg shape

(Fig. 2). In particular, the parasitoids all possess short

ovipositors, adapted to stinging exposed feeding lepi-

dopteran hosts, and the dominant abdominal pigments are

orange in colour. The oviducts are well developed and are

capable of storing fairly large numbers of small, ellipsoid

microtype (or ‘hydropic’) eggs that expand greatly during

embryogenesis in host tissues (Flanders 1950; Jervis and

Kidd 1986). All of these parasitoids also enjoy symbiotic

associations with polydnaviruses (Whitfield 1997) that are

species-specific and function by abrogating the host’s

immune system and/or by regulating host growth and

development in accordance with the nutritional require-

ments of the parasitoid offspring. Host range in Microplitis

species appears to be largely confined to caterpillars of

moths in the family Noctuidae, whereas Cotesia species

attack caterpillars of many different lepidopteran families.

Fig. 1 a–e Different species of

Cotesia and Microplitis

compared in this study. a C.

rubecula; b C. vestalis; c C.

marginiventris; d M. mediator;

e M. demolitor; f M. rufiventris.

Note the similarity of

morphological traits and in the

general appearance of the

parasitoids
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By comparing different biological traits amongst a range

of closely related species, we determine which adaptive

syndromes are significantly retained and which may have

been lost at the species level due to constraints imposed by

eco-physiological characteristics of the host species. We

further determine whether the various traits examined are

retained at the level of genus or sub-family, reflecting

phylogenetic conservation or convergence.

Methods and Materials

Insects

In total four Microplitis species and three Cotesia species

were reared on six different hosts (see Table 1). Phyloge-

netic relationships of parasitoids in the Braconidae,

including the Microgastrinae, are described in Murphy

et al. (2008). Individuals of different Microplitis and Co-

tesia species (and their hosts) were obtained from cultures

maintained at the following institutions: Microplitis medi-

ator Haliday (and Mamestra brassicae L. Lepidoptera:

Noctuidae), Cotesia rubecula Marshall (and Pieris rapae

L. Lepidoptera: Pieridae) and Cotesia vestalis Haliday (and

Plutella xylostella L. Lepidoptera: Plutellidae) were

obtained from cultures maintained for several years at

Wageningen University, The Netherlands; cultures of Mi-

croplitis rufiventris Kok and Cotesia marginiventris Cres-

son (and their shared host Spodoptera littoralis Boisduval

Lepidoptera: Noctuidae) were obtained from Neuchâtel

University, Switzerland; the culture of M. demolitor was

obtained from University of Georgia, USA (and its natural

host, Helicoverpa armigera Hübner (Lepidoptera: Noctui-

dae), from the Max Planck Institute, Jena, Germany); the

culture of the Japanese (Asian) Microplitis sp.(under tax-

onomic revision) (and its host, Mythimna separata Walker

(Lepidoptera: Noctuidae), from Nagoya University, Japan.

All parasitoids were kept as adults in groups of 20–30 in

large Petri dishes (18 cm dia.) and were constantly sup-

plied with honey and water.

Cotesia rubecula and C. vestalis are highly specialized

in nature on P. rapae and P. xylostella respectively; their

hosts in turn are specialist feeders on plants in the Cap-

parales that includes important agricultural crops such as

mustards and cabbages. The remaining parasitoids are all

specialized on hosts in the Noctuidae (the precise host

range of each parasitoid is, however, unknown), whereas

their noctuid hosts are broadly polyphagous generalists.

The noctuid hosts (M. brassicae, S. littoralis, H. armi-

gera and M. separata) were reared in group of *30 cat-

erpillars in plastic boxes (18 9 10 9 10 cm) on an

artificial diet as described in Shorey and Hale (1965). Late

during the final instar, vermiculite was added along with

diet, serving as a substrate for pupation. Upon emergence,

adult moths were placed in groups of 15–20 (equal num-

bers of males and females) into plastic beakers (12 cm dia)

containing 10 % sugar solution absorbed into cotton wool

as a source of energy for the moths. For oviposition, white

Fig. 2 a–d Magnified view of

the ovaries of two Cotesia and

Microplitis species. a C.

rubecula; b C. vestalis; c M.

mediator; d M. demolitor. Note

the similarity in the size of the

oviducts and in the general

shape (ellipsoid) of the eggs
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blotting paper was placed around the inside of the beakers

as well as the lid that was secured with a rubber band.

Pieris rapae and P. xylostella hosts were reared on

Brussels sprout (Brassica oleracea var. gemmifera cv.

Cyrus) plants. Adult butterflies and moths were allowed to

oviposit directly onto plants in rearing cages and their

caterpillars developed on these plants. Each species was

reared in a separate cage and newly formed pupae were

kept in new cages until adult eclosion. The newly emerged

butterflies/moths were allowed to mate and oviposit

directly onto fresh plants. Until pupation, new plants were

provided as necessary.

For parasitoid cultures, the method for all noctuid hosts

and their parasitoids was the same: *30 second instar

(hereafter L2) caterpillars were placed into Petri dishes

with 5-10 day old mated parasitoids along with small

amounts of honey, water, and artificial diet. Female wasps

parasitized the caterpillars directly, and after 24 h the

caterpillars were removed from these dishes and placed in

other dishes with diet until parasitoid cocoons were

formed. The method was similar for P. rapae and Pl. xy-

lostella, except that the wasps were allowed to parasitize

their hosts directly on the food plants, also for 24 h. Here,

*20 female wasps were added to each cage. Parasitoid

cocoons were later collected.

All insects were maintained in a climate room at

25� ± 2 �C with a 16:8 h light:dark regime.

Measuring Direct and Indirect Traits in Parasitoids

The different traits that were measured are described in

Fig. 3. Mated adult female parasitoids *5 d-old were

taken from the cultures in groups of 20–30 and individually

placed in glass vials (6 9 2 cm). Females were allowed to

individually parasitize L2 instars of their respective hosts,

which were presented to them on the end of a moistened

brush. Parasitized hosts were then either reared in groups of

10 in Petri dishes (noctuid hosts) or were placed in groups

of 10 caterpillars on B. oleracea plants in zipped nylon

cages (30 9 60 9 30 cm) containing 3–4 plants per cage.

At egression from the host, parasitoid cocoons were pooled

in large Petri dishes (18 cm dia.) until adult eclosion. Adult

parasitoid fresh mass was determined by weighing the

wasp on a Mettler Microbalance (accuracy ± 1 lg).

Development time was determined as the number of days

between oviposition (stinging) and adult wasp emergence.

To measure host growth rates, 10–12 larvae of 5 of the

host-parasitoid combinations (see Table 1) were reared as

described above, and their growth monitored both in par-

asitized and unparasitized individuals. When the caterpil-

lars reached their maximum size (i.e. 24 h before either

parasitoid egression or pupation) they were weighed on a

microbalance.

To determine longevity, wasps were parasitized and

allowed to develop as described above. At eclosion

wasps were sexed and maintained individually in 9.5-cm

Petri dishes (n = 10 per sex per species for C. mar-

giniventris and M. rufiventris, n = 20 per sex for all

other species) with 5 small droplets of honey and a ball

of moist cotton wool. Mortality was recorded daily and

honey and cotton wool refreshed every other day until all

wasps had died.

Egg load counts were made by carefully dissecting

unmated adult female wasps at two day intervals over the

course of 6 days post-eclosion (beginning at the day of

eclosion, ‘day 0’). Wasps were placed on glass slides in

drops of water and the ovaries were carefully teased from

the wasps by pulling the end of the abdomen distally using

a pair of rigid forceps and a dissecting needle. Only mature

ovulated eggs were counted.

Statistical Analyses

ANOVAs were conducted with species as main factor to

analyse the data on maximum larval masses of parasitized

and healthy hosts. To investigate the effect of genus on the

various life history variables (mass, development time, and

adult longevity) of the parasitoids, a mixed model approach

Table 1 A brief description of the herbivore host and parasitoid species used in this study with notes on families and geographical origins

Herbivore (host) species Family Parasitoid species Native ranges

Mythimna separata Noctuidae Microplitis sp. Eastern Asia

Mamestra brassicae Noctuidae Microplitis mediator Eurasia

Spodoptera littoralis Noctuidae Microplitis rufiventris Africa/S. Europe

Helicoverpa armigera Noctuidae Microplitis demolitor Australia/Africa

S. littoralis Noctuidae Cotesia marginiventris (parasitoid: N. America)

Pieris rapae Pieridae Cotesia rubecula Eurasia

Plutella xylostella Plutellidae Cotesia vestalis S. Europe, Africa

All of the noctuid herbivores are generalist herbivores, where P. rapae and P. xylostella are specialists of plants in the Capparales. All of the

parasitoids have small realized host niches and are largely specialists on one or only a few host species in nature
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was used with genus and sex as fixed factors and species as

a random factor. Estimation of effects in the model was

based on restricted likelihood maximisation (REML). In a

second analysis we compared these variables at the species

level using a general linear model ANOVA. Post-hoc Tu-

key–Kramer multiple comparisons were conducted when

the ANOVAs were significant. Mass, development time

and longevity of the parasitoids were log-transformed to

meet assumptions of normality and homoscedasticity.

Similarly, we investigated differences in genus- and spe-

cies-specific relationships between female age and egg

loads using a mixed model for the effects at the genus and a

GLM at the species level. All analyses were performed in

the statistical package SAS version 9.2.

Results

Maximum larval masses in the various host species dif-

fered significantly (Welch’s ANOVA F4,19.8 = 822.0,

P \ 0.001). The two largest host species were S. littoralis

and M. brassicae, followed by H. armigera and P. rapae,

whereas Pl. xylostella was by far the smallest species. The

latter attained only about 1 % of the mass of S. littoralis

(Fig. 4a). M. separata was not weighed, but grows

approximately as large as M. brassicae. Parasitized cater-

pillars grew to only a fraction of the mass of healthy cat-

erpillars (Fig. 4a). Moreover, although there were

significant differences in the maximum mass of the dif-

ferent hosts when parasitized by their parasitoids (Welch’s

ANOVA F5,21.6 = 375.0, P \ 0.001), the magnitude of

these differences was much less than those exhibited by

healthy hosts (Fig. 4b). In four of associations tested the

maximum size of the host-parasitoid complex was quite

similar. C. marginiventris arrested growth when the hosts

were smaller (Fig. 4b). C. vestalis allowed parasitized

hosts to grow as large as healthy hosts (Fig. 4a, b). How-

ever, these hosts grow only a fraction of the size of the

other lepidopteran caterpillars studied here.

Egg-to-adult development time in the parasitoids dif-

fered significantly amongst the various species (GLM:

F6,1055 = 316, P \ 0.001), but not between the two genera

(REML: F1,5 = 0.77, P = 0.42). At the species level, the

interaction with offspring sex was also significant

(F6, 1055 = 4.09, P \ 0.001). All of the wasps were prot-

androus, with males developing faster than females

(Fig. 5a). The specialized parasitoids of the specialist-

feeding herbivores typically developed more rapidly than

the parasitoids developing on the generalist herbivores

(Fig. 5a). Interestingly, development time was longest in

the two species (C. marginiventris and M. rufiventris) that

shared the same host species (S. littoralis).

Adult body mass also varied significantly amongst the

parasitoid species (GLM: F6, 1055 = 1134, P \ 0.001) but

not between the two genera (REML: F1,5 = 1.17,

P = 0.33). However, the interaction between mass and sex

was highly significant at both the genus (REML:

F1,5 = 22.2, P = 0.005) and the species level (GLM:

F6, 1055 = 4.09, P \ 0.001). Importantly, sexual-size

dimorphism in which females were larger was highly

pronounced in all three Cotesia species, but not in any of

the Microplitis species (Fig. 5b). In fact, in this genus there

was actually a tendency for males to be larger, and this was

significant in M. mediator (Fig. 5b).

As was found for development time and adult mass,

longevity of the wasps only depended on the species

Direct life-history traits
Development: 
(1) Egg-to-adult development time (days)
(2) Adult body mass (wet weight in mg) 

Reproduction
(1) Maximum egg loads
(2) Egg load dynamics over first 6 days of adult female life

Indirect life-history traits
Host regulation
(1) Maximum larval masses of parasitized and healthy hosts (wet weight in mg)

Lifespan
(1) Longevity in male and female wasps (days from eclosion to death)

*Note: All hosts and parasitoids were fed ad libitum (artifical diet or 
plant materials for herbivores, honey for parasitoids) during
development or adult life.

Fig. 3 Diagram showing the

various direct and indirect life-

history traits that were measured

in the seven species of

parasitoids in the genera Cotesia

and Microplitis
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(GLM: F6, 222 = 19.4, P \ 0.001), and not on the genus

(REML: F1,5 = 0.27, P = 0.63). Longevity varied con-

siderably among the species in both genera. Moreover, the

effect of parasitoid sex on longevity depended on the

species (species-sex interaction GLM: F6, 222 = 4.04,

P \ 0.001) and appeared more pronounced in Microplitis

than in Cotesia species, however this was not statistically

significant (REML: F1,5.1 = 3.23, P = 0.13, Fig. 5c);

female Microplitis species tended to live longer than male

conspecifics. Moreover, the three longest lived species

were among the smallest in terms of adult body mass in the

study (C. marginiventris, M. mediator and Microplitis sp.).

Egg loads in the different parasitoids increased from

eclosion to their maximum at approximately 4–6 days of

age (Fig 6). There was a significant interaction between

egg loads and parasitoid age at the species (GLM:

F6, 161 = 15.5, P \ 0.001), but also at the genus level

(REML: F3, 11.9 = 3.99, P = 0.035). There was a tendency

for species of Microplitis to mature eggs more slowly and

to reach the maximum egg load at an earlier age. As a

result, Microplitis species have smaller maximum egg

loads than species of Cotesia (Fig. 6). Maximum egg load

in the Japanese Microplitis sp. was only about 15–20 % of

that observed in C. rubecula. Note also that wasps with the

lowest egg loads also tended to live the longest.

Discussion

This study reports that the different species of parasitoids

in the genera Cotesia and Microplitis exhibited some trait

convergence, whereas other traits were either genus- or

species-specific. Host growth manipulation showed a

strong degree of convergence in all associations, with the

growth and development of hosts being greatly reduced

compared with healthy (=unparasitized) hosts. However, at

the same time each parasitoid species regulated host

growth in accordance with the nutritional requirements of

their own progeny. The exception was the C. vestalis–P.

xylostella association; unlike all of the host species studied

here, P. xylostella is in the micro-Lepidoptera and thus is

only marginally larger than the adult parasitoid. All other

host species are macro-Lepidoptera whose healthy larvae

grow many times larger than their respective parasitoids.
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Fig. 4 a Maximum fresh larval

masses (mg) of healthy

(unparasitized) hosts (closed

bars) and the mass of the

parasitized host-parasitoid

complex (open bars). The two

open bars next to S. littoralis

are the maximum larval masses

of Microplitis rufiventis (left

bar) and C. marginiventris

(right bar); for M. brassicae the

parasitoid is M. mediator; for H.

armigera the parasitoid is M.

demolitor and for P. rapae the

parasitoid is C. rubecula.

b Maximum fresh larval masses

(mg) of the parasitized

caterpillars alone. Line bars

represent standared error of the

mean. Bars with different letters

are significantly different

(Tukey’s tests, P \ 0.05). Initial

sample sizes = 10 for all bars

except for P. rapae and M.

brassicae controls for which

n = 12
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Importantly, the maximum mass of the different host-par-

asitoid complexes reflected parasitoid adult mass more than

the growth potential of the host species parasitized. For

instance, although fully-grown healthy larvae of P. rapae

are considerably smaller than larvae of the noctuids that

served as hosts for C. marginiventris and all four

Microplitis sp., they attained a relatively larger terminal

mass when parasitized by the largest parasitoid studied

here, C. rubecula.

Host regulation and parasitoid resource utilization

strategies have become ‘finely-tuned’ over evolutionary

time in order to optimize fitness-related traits such as

development time, body mass and survival (Godfray 1994;

Harvey and Strand 2002; Brodeur and Boivin 2004; Pen-

nacchio and Strand 2006). Moreover, ‘option sets’ for

parasitoid decision-making processes during larval devel-

opment are probably rather limited. Therefore, deviation

for a narrow range of developmental responses would

invariably have strong fitness-related costs, particularly on

survival. Hosts must not be allowed to grow too large or

too small. Consequently, most solitary endoparasitoids of

macro-Lepidoptera have probably been selected to regulate

host growth in accordance with their own nutritional

requirements, irrespective of their phylogeny (Harvey

2005). Given that many of these parasitoids are of

approximately the same size at eclosion, this has probably

led to broad convergence in regulatory strategies amongst

many endoparasitoid species with different degrees of

relatedness (Vinson and Iwantsch 1980). However, for C.

vestalis that attacks tiny micro-lepidopteran hosts, like Pl.

xylostella, this pattern is clearly absent, for the simple

reason that caterpillars must grow to nearly their full size to

satisfy the minimal nutritional requirements of the

parasitoid.

In contrast with host growth manipulation, traits asso-

ciated with the adult parasitoid diverged amongst the spe-

cies studied here. When developing in hosts of the same

instar, sexual size dimorphism, in which emerging female

wasps were larger than males, was pronounced in all 3

Cotesia species but completely absent in Microplitis. An

exception is M. mediator, in which we found that the larger

wasps were males (see also Harvey and Strand 2003). In

most parasitoids thus far studied, sexual-size dimorphism,

Fig. 5 Developmental parameters and longevity of the different

Cotesia and Microplitis species a Egg-to-adult development time;

b Adult body mass in mg; c Longevity (in days) of male and female

adult parasitoids. Line bars represent standard error of the mean. Bars

with different letters are significantly different (Tukey–Kramer tests,

P \ 0.05). Sample sizes for body mass and development time: C.

marginiventris (females/males), 85/235; C. rubecula, 45/76; C.

vestalis, 92/66; M. sp., 27/112, M. mediator, 58/68, M. rufiventris,

44/100, and M. demolitor, 42/19. Sample sizes for longevity were

n = 10 per sex for C. marginiventris and M. rufiventris and n = 20

for the other species
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Fig. 6 Egg load dynamics of the different parasitoids over the course

of 6 days post eclosion counted at 2-day intervals (for Microplitis sp.

only day 6 data are available). Sample size = 10 for each data point
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if any, generally favors females over males, although in

some ichneumonid clades, the reverse is found (Hurlbutt

1987; King 1989; Mackauer 1996). The benefits of large

size are generally assumed to be translated in reproductive

characters of parasitoids and other insects, such as lon-

gevity and fecundity (Charnov 1982). In many animals,

including parasitoids, it has often been assumed that eggs

are more costly to produce than sperm and consequently

that fitness returns for large females in terms of egg pro-

duction are correspondingly much higher than in large

males in terms of sperm production (Charnov 1982: Jervis

et al. 2008). However, such claims have recently been

challenged by Boivin (2012), who found that male sperm

production is highly limited in some parasitoid species.

Furthermore, adult size may affect other demographic traits

with clear fitness related implications for males, such as

dispersal capability and in competitive interactions for

mating opportunities. Indeed, studies with a variety of

vertebrate and invertebrate taxa have found that, where

competition for access to females is strong, an increase in

male size is favored (Ghiselin 1974). Unfortunately, no

studies thus far have examined this area in the parasitic

Hymenoptera, and, therefore, the factors responsible for the

production of larger males in some species are not well

understood.

Development times varied amongst the parasitoid spe-

cies, but were generally shorter in C. rubecula and C.

vestalis, that are both attack specialist-feeding herbivores,

than in the other parasitoids. In koinobiont endoparasitoids,

there is often a very strong physiological integration

between the host and the developing parasitoid larvae

(Lawrence 1990), such that parasitoid growth is strongly

tailored to host species- and stage-specific changes in the

host’s endocrine milieu (Pennacchio and Strand 2006).

Specialist herbivores are better adapted to plant-related

traits such as secondary chemistry, and may even require

plant allelochemicals to be present as cues for oviposition

or as feeding stimulants (Schoonhoven et al. 2005).

Moreover, specialist herbivores have evolved a range of

finely-tuned mechanisms to deal with even high concen-

trations of plant secondary metabolites, adaptations which

are often lacking in generalists (Awmack and Leather

2002; Schoonhoven et al. 2005). A consequence is that

generalist herbivores—and perhaps their parasitoids—are

less able to deal with high levels of plant secondary

metabolites and must trade-off the ecological benefits of a

broad diet against the physiological and developmental

costs of dealing with plant toxins. As a result, the devel-

opment of their endoparasitoids will also be closely linked

by the physiological constraints in their hosts.

All of the parasitoid species studied here are synovi-

genic, meaning that females continue to mature eggs after

adult eclosion (Flanders 1950; Jervis and Kidd 1986). In all

species studied here, the egg loads increased after eclosion,

although more in some species than in others. Egg pro-

duction dynamics and maximum egg loads of the parasit-

oids differed to some extent between Cotesia and

Microplitis species, as well as between the two more spe-

cialized Cotesia species and the others. In particular, initial

and maximum egg loads were much lower in M. mediator

and Microplitis sp., with adult females storing less than

half of the ripe eggs in their oviducts than all of the other

parasitoid species. On the other hand, maximum egg loads

in C. rubecula were largest amongst the species tested. A

suite of ecophysiological factors are considered to play an

important role in the dynamics of egg production by par-

asitoids (Flanders 1950; Ellers et al. 2000; Jervis et al.

2001, 2008; Riddick 2006; Richard and Casas 2009, 2012).

Host abundance is an important factor, with parasitoids

attacking numerous, early stages of hosts (e.g. eggs, young

larvae) expected to invest in the production of larger

numbers of smaller eggs than parasitoids attacking more

scarce later stages (e.g. older larvae and pupae [Price 1972;

Pexton and Mayhew 2004; Jervis et al. 2008]).

Adult parasitoid longevity also varied significantly

across the different species, with a clear tendency of an

inverse relationship between this parameter and egg pro-

duction. Female wasps in two of the four Microplitis spe-

cies lived significantly longer than males, whereas in all

three Cotesia species the difference in longevity was not

significant. Our data suggests that there are possible trade-

offs between investment in somatic and maintenance tis-

sue, even amongst closely related koinobiont endoparasi-

toids, and further supports the argument that host ecology

can drive micro-evolutionary changes in important life-

history traits, even amongst very closely related species.

The inability of Blackburn (1991a, b) and Mayhew and

Blackburn (1999) to find many life-history correlations in

parasitoids such as between size and longevity and repro-

duction at a large phylogenetic scale is, therefore, hardly

surprising. Parasitoids are an immensely diverse and

complex group of organisms, and as we have shown, many

of these correlations do not even exist amongst species,

such as those in the higher Microgastrinae, that share a

common recent phylogenetic history.

The factors influencing the evolution of resource allo-

cation to reproduction and maintenance in parasitoids has

attracted considerable attention over the years (Rosenheim

1996; Ellers and van Alphen 1997; Sevenster et al. 1998;

Rivero and Casas 1999; Ellers et al. 2000; Ellers and Jervis

2003; Desouhant et al. 2005; Pelosse et al. 2007, 2011; Le

Lann et al. 2012; reviewed by Jervis et al. 2001, 2008,

2012). One of the most important factors that influence the

evolution of trade-offs between maintenance and repro-

duction in parasitoids is host availability, particularly if this

parameter is predictable in certain environments (Price
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1972; Ellers et al. 2000; Jervis et al. 2008). We do not

know how abundant or aggregated the various hosts are in

nature, but this factor should be investigated to determine if

this may play an important role in selecting for differences

in maintenance and egg production in the different para-

sitoids studied here. Clearly our results show that these

traits are not tightly conserved at the phylogenetic level,

and that species- and habitat-related constraints have led to

divergence in some of these traits even among species in

the same genus. In this study we have identified important

variation in life-history traits amongst closely related spe-

cies in two genera of the higher Microgastrinae. One area

that we have not explored, but would be profoundly

interesting, is to measure genetic variation in these traits

amongst different populations of each species in different

habitats across their ranges. It has been well established for

many years that organisms (plants and animals) exhibit

genetic variation in the expression of various traits that

enable them to become locally adapted to their environ-

ment (Kawecki and Ebert 2004). Given that the abundance

of hosts may vary spatially and temporally, it is certainly

likely that reproductive traits in parasitoids could vary

intra-specifically in response to long-term selection, pro-

vided conditions remain predictable over time. A recent

study by Vuarin et al. (2012) found that local populations

of the koinobiont parasitoid Leptopilina heterotoma

exposed to similar conditions exhibited differences in

reproductive and somatic traits. They argued that these

differences in traits in the parasitoid may be responses to

local selective pressures, such as microclimate, microhab-

itats, or intensity of competition. Interestingly, they did not

find significant differences in these traits from populations

in contrasting environments. It is clear that much more

research needs to be done in this area in order to determine

the extent of intra-specific trait-mediated variation in

response to divergent selection pressures in parasitoids.

The late pioneering parasitoid biologist George Salt once

famously wrote, that, ‘‘…far from being a purely passive

victim, obliterated without a trace, the host is often able to

impress it’s mark, and a very clear mark, upon the insect

parasitoid that destroys it’’ (Bateson 2003). In comparing

various life history, development and reproductive traits

amongst closely related parasitoid species in two ‘sister’

genera, we can verify Salt’s observation. Our findings sug-

gest that phylogeny plays an important role in the conser-

vation of certain traits in parasitoids, but that evolutionary

processes generated from the local environment ‘fine-tune’

these traits even further down to the species level. Therefore,

although broad phylogenetic comparisons are of some utility

in establishing and better understanding some evolutionary

relationships at the broader taxonomic level, more studies

should aim to explore life-histories amongst closely related

species, or even within species. Intra- and interspecific

competition can drive speciation in parasitoids (Hood et al.

2012). Therefore, adaptive syndromes may emerge at much

smaller scales and in more ecologically refined settings than

was previously thought.
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