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Abstract
The study of new interactions between parasitoids and its host is important
because of its economic and ecological implications. According to the ecological fitting
theory, phylogenetic relationships, ecological and physiological equivalence are the key
factors that determine the possibility of new associations. The aim of this study was to
investigate the possibility of new associations involving the phylogeneticaly related Old
World parasitoid Hyposoter didymator Thunberg and the New World Campoletis
sonorensis Cameron (Ichneumonidae: Campopleginae) and their respective host form the
Old-(Spodoptera littoralis Hubner, Chreixodeixis chalcites Esper, Lacanobia oleracea
L.) and New World (Heliothis virescens Fabricius). We determined the quality of the
interaction by studying some life history traits, such as, survival, growth trajectories,
development time and adult size. We recorded that the two parasitoids could develop in
all hosts species, with the exception of C. sonorensis which couldn’t develop in L.
oleracea. The main differences were found in development time and survival. The
survival was better in the exotic than in the natural host species for both parasitoid
species. The two parasitoids disrupt host growth in a similar way, stopping the growth at
a size suitable for the development of the parasitoid larva (the larva has to eat the host
completely before it can pupate). The final size of the host depends only on the attacking
parasitoid species. The development time was better (faster) in the novel host than in the
old one. The size of the adult wasp only depended on parasitoid species and their sex but
not on host species.
We can conclude that phylogenetic related parasitoids can develop in
phylogenetic related hosts, establishing new associations even when there is no
coevolutionary history between them. This can be used as a method to look for new
natural enemies for biological control. However, based on the same mechanism of
parasitoids that are introduced in a new range may also attack non-target organism with
bad consequences for the ecosystem.
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1. Introduction
The increase in global trade and travelling has, as consequence, increased the
introduction of exotic species of plants and animals into new areas. This has caused
disruption of natural ecosystem by e.g. the displacement of native species (Harvey et al.,
2010b). Furthermore, some invasive herbivores can cause considerable damage to crops
when introduced into new areas. One example of this is the effect that the South
American tomato leaf miner Tuta absoluta (Meyrick) is having in Mediterranean cultures
of tomato in the last years (Desneux et al., 2010). Because of the ecological and
economic consequences that new species can have in new habitats, it is important to
understand the interaction of species with the new environment (Harvey et al., 2010b).
Ecologists and evolutionary biologists try to understand how associations are
formed between species (Agosta, 2006), in order to explain the assemblage of an
ecosystem. In this study, we will focus on host-parasitoid interactions. Coevolution is the
theory used to explain changes in the interaction between two species and is based on a
long-term association. For example, the host of a parasitoid will develop strategies to
defend itself against the parasitoid, and the parasitoid will develop strategies to overcome
these defenses. With time, the parasitoid will have evolved the best genotype for that host
(Agosta and Klemens, 2008; Harvey et al., 2010a; Wiedenmann and Smith Jr, 1997).
However, there are some associations, such as novel associations that are the results of
the success of an exotic species in a new habitat, that can’t be explained based on longterm co-evolution. These novel associations are described as ecological fitting (Harvey et
al., 2010a). Coevolution and ecological fitting are also important for the selection of
natural enemies in biological control programs. For example, in classical biological
control, researcher are looking for coevolved natural enemies, or for natural enemies that
will establish a new association with the pest (Alleyne and Wiedenmann, 2001b; Harvey
et al., 2010a; Wiedenmann and Smith Jr, 1997)
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1.1 Ecological fitting
Ecological fitting is defined as <<The process whereby organisms colonize and
persist in novel environments, use novel resources, and/or form novel associations with
other species as a result of the suites of traits that they carry at the time they encounter the
novel condition>> (Agosta, 2006). For a parasitoid, this theory assumes that the
parasitoid is able to achieve realized fitness, because it carries some traits that allow this,
however, these traits have evolved somewhere else, in association with other hosts
(Agosta et al., 2010).
Agosta (2008, 2010) proposed three different mechanisms to explain ecological
fitting. The first mechanism is exaptation, which assumes that some existing trait can be
co-opted for a new function obtaining a realized fitness in a new environment. For
example, feathers and wings that didn’t have a function in dinosaurs but afterwards
evolved to allow birds to fly (Agosta and Klemens, 2008). This is linked to phenotypic
plasticity, which allows organism flexibility in the use of novel resources without the
necessity of mutations resulting in fitness benefits in an environment different from the
one it evolved in. The second mechanism is the correlated evolution of traits of which
some provide pre-adaptations to new conditions. The third mechanism is conservation of
some genetic information within a phylogeny, which is called phylogenetic conservatism.
The idea is that an ancestor of the parasitoid encountered in the past an ancestor of the
new host and traits important for this interaction in the past have been retained in the
phylogeny. Because these traits have been conserved, the parasitoid can develop in a new
host with similar resources as the ancestor. Basically, the host has become a package of
resources guarded by some defenses and the parasitoid attacks these resources instead of
a species (Agosta, 2006).
These three mechanisms indicate that a species can survive outside the range of
conditions it has evolved in. Based on this idea, Agosta (2008) developed the term
‘sloppy fitness space’, which is defined as the range of environments in which the species
can have realized fitness, not only the ones it has evolved in (operational environment),
but also the ones outside the natural range (potential fitness). This area is determined by
the operational variables, which for a parasitoid, include for example all intrinsic and
extrinsic components defining a host as a resource in which the parasitoid can develop,
2

i.e. the host size, the host defense system (like immune system or secondary metabolites)
the host instar, the metabolic quality (Godfray, 1994). The combination of these
operational variables in which the parasitoid is developing at present is called the
operational environment.
A parasitoid can ecologically ‘fit’ in a new host in two ways:
•

Resource tracking is the case in which, due to phylogenetic conservation, the new
host has the same operational environment as the old host. In this case, even
though there is no co-evolution with the new host, the parasitoid can develop in it
as if it were not a new host. Basically, the resources are the same in the novel and
the ancestral host.

•

Ecological fitting itself which means that the new host is different in some
characteristics compared to the old host, but important characteristic are still
inside the sloppy fitness space and thus the parasitoid will be able to develop in it.

To summarize, a new association is likely to occur when: 1) there is a phylogenetic
relation between the new host and the old one, or 2) the new species is inside the
parasitoid’s sloppy fitness space. In other words, the old host has an ecology and
physiology equivalent to the new host, whose limits will be defined by the sloppy fitness
area (Agosta and Klemens, 2008; Wiedenmann and Smith Jr, 1997). It is thus, important
to study the ecological and physiological traits that define the sloppy fitness space.

1.2 Parasitoid ecology
.

To find the traits that define the sloppy fitness space of a species, it is necessary to

understand the steps for successful development of parasitoid offspring in a new host.
First the parasitoid female has to be able to find the host species in the new environment.
Then the parasitoid has to identify it as a host and make the decision of oviposit on or in
it. Oviposition decisions depend on factors such as size, age, and quality of the host
(Harvey, 2005). After oviposition, the offspring have to develop and survive, overcoming
the defenses (immune system, toxic chemicals) of the host, and they have to be able to
feed on the host resources. Finally it has to emerge from the host or consume it
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completely in order to pupate (Agosta et al., 2010; Godfray, 1994). In this study, we will
focus on the second part of parasitism, i.e. development from egg to pupa.
The traits that will determine the success of the parasitoids in this period will
depend on the development strategy of the parasitoid larvae. For example, 1) is the
parasitoid developing inside (endoparasitoid) or outside (ectoparasitoid) the host and 2)
is host growth terminated after parasitism (idiobiont) or it the host allowed to continue
feeding and growing (koinobiont) after oviposition. In this study we will focus on
endoparasitic koinobionts. (Godfray, 1994; Harvey, 2005; Pennacchio and Strand, 2006).
In kionobionts, the parasitoid will establish a really close relation with the host. The first
thing that the parasitoid larvae have to do in order to survive is to overcome the immune
defenses of the host (Godfray, 1994; Pennacchio and Strand, 2006). Although the host
keeps growing with the parasitoid larva inside, sometimes, depending of the requirements
of the parasitoid larva(e) it is necessary that the development of the host is regulated.
(Godfray, 1994; Harvey, 2005; Mironidis and Savopoulou-Soultani, 2009; Reudler
Talsma et al., 2007). The ability to overcome the immune response of the host and to
regulate its development seems to be the main factor that determine the sloppy fitness
space of an endoparasitoid.
1.2.1 Immune response
The immune response to parasitism in the case of kionobiont endoparasitoids,
involves encapsulation of the egg(s) (Godfray, 1994). Encapsulation is a process by
which hemocytes, immune cells that are in the host’s hemolymph, form a multilayer
cellular envelop around the parasitoid egg. This defense mechanism involves three
processes (Strand and Pech, 1995). First the egg(s) has to be recognized as a non-self
particle. Second, the hemocytes have to adhere to the surface of the parasitoid egg,
followed by the production of recruitment signals that make more hemocytes to arrive
and increase the layers of cells of the capsule. Finally the hemocytes end up killing the
parasitoid by asphyxiation, melanization, or the production of toxic compounds such as
quinones (Alleyne and Wiedenmann, 2001b; Schmidt et al., 2001; Strand and Pech,
1995). There are different kinds of hemocytes; in the case of Noctuidae the most common
hemocytes are plasmocytes, but in some cases granulocytes are involved (Strand, 2008).
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Parasitoids have developed different ways of avoiding the host immune system
either passively or actively. The passive mechanisms include the development of the
parasitoid in areas where the hemolymph can’t access it, or the possession of a protective
cote that makes the parasitoid egg unrecognizable for the host. There are even some
parasitoids that avoid asphyxiation by developing some structures. The active
mechanisms involve basically the disruption of the immune system by the introduction of
some factor at oviposition (Godfray, 1994; Schmidt et al., 2001; Strand and Pech, 1995).
One of the most interesting and most studied active immune evasion mechanism is the
association between Ichneumonid wasps and polidnavirus, called ichnovirus.
Polydnaviruses have a life cycle that is adjusted to that of the parasitoid, and it has
been proven that this virus can prevent encapsulation (Kadash et al., 2003). An
ovipositing female wasp produces a lot of glycoproteins in the calix fluid together with
the virus particles, which are both injected with the egg into the host. The glycoproteins
interact with the hemocytes, which as a result are inactivated. At the same time, the virus
infects host tissues, expressing virus-encoded proteins. These proteins affect
development, immunity and behavior of the host (Glatz et al., 2004; Pennacchio and
Strand, 2006; Schmidt et al., 2001). During the rest of the development, the strategy
depends on the parasitoid species. In the interaction between the parasitoid Campoletis
sonorensis Cameron and its host Heliothis virescens Fabricius, which is studied here, the
virus-like particles suppress the action of the hemocytes during the rest of the immature
parasitoid development in the host. Other species like Cotesia sp. or Venturia sp. will
survive by producing some protecting cover (Schmidt et al., 2001). The association of the
wasp and the ichnovirus is so close that the virus DNA will be integrated into the
parasitoid larvae chromosomes (Glatz et al., 2004).
The ability of the virus associated with the parasitoid to suppress the immune
system of a new host will determine the possibility of the establishment of a novel
association (Alleyne and Wiedenmann, 2001a). The phylogenetic proximity between the
virus of native and the novel parasitoid will determine the possibility of a successful new
host-parasitoid interaction (Kroemer and Webb, 2004; Schmidt et al., 2001)
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1.2.2 Development regulation.
In addition to the virus, venom and some proteins, which are injected into the host
by the parasitoid female at oviposition, may cause a change in the development of the
host (Asgari and Rivers, 2011; Glatz et al., 2004; Schmidt et al., 2001). In most of the
cases these changes involve disruption of the host endocrine system, which result in
imbalanced levels of ecdycsteroid and juvenile hormone. These changes will affect the
development time of the host, the size of the host and even the capacity to moult (Asgari
and Rivers, 2011; Pennacchio and Strand, 2006). But, what is the significance of
development regulation in kionobiont endoparasitic life history?
For kionobionts, the host is a dynamic resource that varies in size between
oviposition and host death. This contrasts with idiobionts where the host is a stable
resource and growth is stopped following oviposition (Harvey, 2005). Developing in a
dynamic resource, the parasitoid can choose between adjusting its development to that of
the host or regulate the development of the host (Godfray, 1994; Mironidis and
Savopoulou-Soultani, 2009). For kionobionts, in contrast with idiobionts, the final size of
the host before it is killed is more important than the size at oviposition (Reudler Talsma
et al., 2007). If the host is too small when killed, there may be not enough resources for
proper development of the parasitoid larvae, but if is the host is too big, the defenses may
kill the larvae, or there will be too much resources for the parasitoid. All parasitoids need
dry conditions for pupation. This is especially important for tissue feeders in contrast to
hemolymph feeders. The first one has to eat all host tissues before it can pupate, while the
second one will perforate the host cuticle and egress from the host when larval
development has been completed (Harvey, 2005; Reudler Talsma et al., 2007) Thus,
tissue feeders will need a precise final host size, otherwise they will not be able to pupate
and they will not be able to survive.

1.2.3. Life history traits
One of the challenges in evolutionary ecology is to determine what traits are
relevant in determining parasitism success. In general the success of a parasitoid is
associated with fitness of the female, which is determined by the time it takes her to
mate, the time to find and parasitize a host, the quality of the host, the number and sex of
6

the eggs she lays and the ability of the offspring to survive (Godfray, 1994; Harvey,
2005). Adult body size is considered an important factor determining fitness potential of
a parasitoid, as it will affect mating capacity, dispersal efficiency, longevity, and lifetime
reproductive success (Godfray, 1994; Harvey, 2005).
Many studies have shown a positive correlation between adult body size and, host
size at parasitism and between adult body size and host quality. However, as it was stated
in the previous section, in kionobionts endoparasitoids the final size of the host is more
important than the size of the host at parasitism (Harvey, 2005; Reudler Talsma et al.,
2007). The size of the host at parasitism together with its growth rate will determine the
quality of the host and the development time of the parasitoid. For example, when a
parasitoid female oviposits in an early stage of a slow-growing host, the time until the
host reaches the proper size for completion of development of the parasitoid larvae is
longer than when the female oviposits in a larger stage or a fast-growing host (Harvey,
2005; Reudler Talsma et al., 2007).
However, there can be a trade-off between development time and adult size; the
parasitoid can choose between develop faster or with bigger adult size (Harvey, 2005;
Mironidis and Savopoulou-Soultani, 2009). Having a shorter development time can be
advantageous to a parasitoid. For example, faster development will reduce the risk of
mortality due to predation or hyperparasitism (Harvey, 2005) and early emergence in
spring will avoid competition with other parasitoids (Godfray, 1994). Harvey and Strand
(2002) showed that parasitoid species that attack more exposed host tend to have a
shorter development time than parasitoid species that attack concealed hosts.

To sum up, the ability of a koinobiont endoparasitoid to develop in a host will
depend on the ability to overcome the immune system and to regulate host development.
An important trait that indicates successful suppression of the immune response of the
host is survival. Comparison of growth trajectories of healthy and parasitized hosts will
show to what extent the parasitoid is regulating host growth. The final size of the hostparasitoid complex and the size of the adult parasitoid emerging from it may help to
evaluate the quality of the host.
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1.3 The study system
The aim of this thesis is to study the possibility of associations between
kionobionts endoparasitoids and novel host species using ecological fitting as the
underlying mechanism. More specifically, we study associations between ichneumonid
parasitoid species and noctuid host species. We choose one association in the New
world, i.e. between the parasitoid Campoletus sonorensis Cameron and its host Heliothis
virescens Fabricius, and one in the Old world, i.e. between the parasitoid Hypososter
didymator Thunberg and two of its host Spodoptera littoralis Hubner and Chrysodeixis
chalcites Esper. In addition, we form new associations between new and old world
species. In the following section, these species and their phylogenetic relationship will be
explained.
1.3.1 The parasitoids
In this study we used two parasitoid species, Campoletis sonorensis and
Hyposoter didymator. They are both solitary koinobiont non-paralyzing endoparasitoids
of caterpillars in the Noctuidae family. They locate the host larvae with the antennae and
rapidly oviposit in them. They are tissues feeders, leaving only the skin of the caterpillar.
The parasitoid larva spins a silken cocoon in which it pupates (Harvey and Strand, 2002;
Mironidis and Savopoulou-Soultani, 2009; Morales et al., 2007; Reudler Talsma et al.,
2007; Vinson, 1972)
Phylogenetically they belong to the family Ichneumonidae and the subfamily
Campopleginae. As is shown in Figure 1, the two species are in two different branches of
the Campopleginae phylogenetic tree, however, they are quite close if we compare with
the whole Ichneumonid family (Quicke et al., 2009). Both species have associations with
members of the family of ichnoviruses, in H. didymator HdIV and in C. sonorenisis Cs
IV which have a similar genetic structure (Kroemer and Webb, 2004).
Hyposoter didymator is from the Paleartic realm. This parasitoid species is an
important biological control agent of greenhouse pests in the whole Mediterranean
region. It has been found in Spain (Morales et al., 2007), Italy (Garzia and Siscaro, 2003),
but also in the Near East, central Asia, and north Africa. It has also been introduced in
Australia (Mironidis and Savopoulou-Soultani, 2009). It is commercially used for control
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of S. littoralis and C. chalcites, but it has been reported to develop in other host species
like H. virescens (Garzia and Siscaro, 2003; Morales et al., 2007). Host-development
disruption by this parasitoid species has been studied in S. littoralis (Morales et al., 2007)
and Helicoverpa armigera (Mironidis and Savopoulou-Soultani, 2009).

Figure 1 Phylogenetic tree of the family Ichneumonidae and the subfamily Campopleginae
obtained from Quicke, Laurenne et al.( 2009).
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Campoletis sonorensis is originally from the new world. It is found from Canada
to Mexico (Jourdie et al., 2010). It has been reported to parasitize up to 20 lepidopteran
species, such as Spodoptera frugiperda and Heliothis virescens (Hu and Vinson, 2000;
Jourdie et al., 2010; Vinson, 1972). Development regulation of H. virescens by C.
sonorensis has been studied by (Hu and Vinson, 2000; Vinson, 1972).
1.3.2 Herbivorous host
All the host species are Lepidoptera in the family Noctuidea. We used three
species from the Mediterranean region (old world species) and one from the New world.
The cotton armyworm Spodoptera littoralis Hubner, the tomato looper or Turkey
moth Chrysodeixis chalcites Esper. and the tomato moth Lacanobia oleracea L. (before
known as Mamestra oleracea L.) are originally from southern Europe and northern
Africa. They are important pest in greenhouses in the Mediterranean region, attacking
crops like tomato, lettuce and cabbage (Garzia and Siscaro, 2003; Morales et al., 2007;
Reudler Talsma et al., 2007).
S. littoralis belongs to the subfamily Amphipyrinae, the larvae accomplish five
larval stages until pupation which occurs in the soil (Morales et al., 2007)
C. chalcites belongs to the subfamily Plusiinae. The larva normally completes six
instars before pupation. Itspins a silken cocoon on the underside of the leaf in which it
pupates (Reudler Talsma et al., 2007).
L. oleracea belongs to the subfamily Hadeninae. It has five larval instars before it
pupates in the soil. It has not been reported to be parasitized neither by H. didymator nor
by C. sonorensis, but it is attacked by other Ichneumonid larval endoparasitoids such as
Amblyteles armatorius (Förster) and Pimpla instigator F. (Devevak et al., 2010).
The tobacco budworm, H. virescens is a new world species, and can be found on
the whole American continent. It causes damage mainly to tobacco and cotton plants. It
belong to the Heliothiinae family and the larvae develop during 5 to 7 instars before
going into the soil for pupation (Hu and Vinson, 2000; Vinson, 1972).
There is a big controversy about the phylogeny of the families and subfamilies of
the Noctuoidea superfamily. The older phylogenies are based only on morphological
characteristics (Lafontaine and Fibiger, 2006), while the more recent ones are based on
molecular characteristics. In Figure 2 a recent molecular phylogeny is presented (Zahiri
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et al., 2011). Based on figure 3, it appears that Hadeninae and Heliothinae are more
closely related to each other than to the Amphipyrinae, whereas the Plusiinae is the most
distantly related subfamiliy (Lafontaine and Fibiger, 2006; Zahiri et al., 2011)

Figure 2 Phylogenetic tree of Noctuidae subfamilies according to molecular tools proposed by Zahiri,
Kitching et al. 2011.
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2. Research aims and hypothesis.
The aim of the thesis is to study the possibility of novel associations between
phylogenetically related new world and old world Ichneumonidae and Noctuidae. We
will determine the quality of established and novel host-parasitoid interactions by
studying some life history traits like, survival, development time and adult size. We will
use ecological fitting theory of resource tracking and sloppy fitness space to explain the
novel interactions.
The research questions are:
1.

Is H. didymator able to develop in natural hosts of C. sonorensis and vice versa?
Hypothesis: As it has been shown, the two parasitoid species, as well as all the
host species are phylogenetic closely related. The hosts have a similar immune
system and the two parasitoids have a similar ichnovirus. Therefore, we expect
that both parasitoids will successfully develop in all hosts species.

1.1 Are H. didymator and C. sonorensis able to develop in L. oleracea a novel host for
both parasitoid species?
Hypothesis: L. oleracea is phylogenetically close to H. virescens (Figure 2) and
both herbivore species have ecological similarities; they are both pest of tomato
plants (Devevak et al., 2010).

It is because of this it we expect that both

parasitoid species will develop on it.
1.2 Which interaction, old or novel, will result in higher survival?
Hypothesis: According to the coevolution theory, the native host is likely to be
better for the survival of the parasitoid than the novel association.

2.

Do the two parasitoid species regulate host development? Does each parasitoid species
regulate growth of the native and the new host in the same way?
Hypothesis: both C. sonorensis and H. didymator regulate host development,
stopping the growth at a certain size and killing the host in time for parasitoid
pupation (Morales et al., 2007; Vinson, 1972). We hypothesize that hostregulation will be similar in natural and novel hosts.
13

3.

Are phylogenetic or ecological similarities more important for the novel associations?
Hypothesis: According to literature both have been mentioned separately to be
important in novel interaction, but they are not mutually exclusive. However, if
two species are closely related but have a different ecology or physiology, they
probably will not be able to use the same host species. As we have included
closely and less closely-related host species, we will be able to investigate which
is more important ecological or physiological similarities. As hypothesis we
would say that close ecology and physiology are more important, for instance to
have a similar defense system.
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3. Material and Methods
3.1 Insect cultures
Cultures of H. virescens were established from eggs coming from the Max Planck
Institute, Jena, Germany. S. littoralis, C. chalcites, and L. oleracea were obtained from
cultures maintained at the Netherlands Institute of Ecology (NIOO), Wageningen, The
Netherlands. At hatching, egg sheets of the four species were placed in plastic containers
(15 by 10 by 10 cm) with artificial diet at 25 ºC and L:D 16:8. The artificial diet used is
special for Noctuid moths (See annex I). Species were held in separate boxes. When
caterpillars were in the final instar, some vermiculite was added to the boxes as sites for
pupation, imitating the soil conditions in which they pupate normally. The pupae where
left in the cage until adult emergence. The adults were placed in plastic cylinder cages
with water and honey under room temperature conditions to allow them to mate. These
cages were lined with filter paper and some folded tissue was put inside the cage for the
females to lay their eggs on.
Cocoons of the parasitoid C. sonorensis were supplied by the Faculty of
Biology, of the Université de Neuchatel, Neuchatel, Switzerland. Cocoons of the
parasitoid H. didymator were supplied by the INRA- CNRS, Université de Montpellier,
Montpellier, France. The adults that emerged from these cocoons were placed in insect
cages with meshed windows (30x30x30 cm; Mega view sciences Co.,Ltd, Taiwan) and
were provided with honey and water. Parasitoid species were held in separate cages. The
insect cages were kept at 16 ºC and L:D 16:8 For the rearing we used the wasps from the
two species emerging from S. littoralis, C. chalcites, H. virescens and L. oleracea.

3.2 Experimental protocol
To allow the H. didymator parasitoids to mate, the insect cages containing
females and males of were exposed to natural light conditions, near a window, at room
temperature. This was done approximately 5 days after the emergence of the adult wasps.
Around 20 females were taken from the cages and placed into vials, with a drop of honey.
15

For each the four host species, larvae in the second instar, S. littoralis (n=140), C.
chalcites (n=80), H. virescens (n=59) and L. oleracea (n=50) were presented individually
to a single randomly chosen female wasp allowing the wasp to parasitize a host only
once. The parasitized caterpillars were placed in Petri dishes (8-cm diameter) with
artificial diet, with 10 caterpillar in each Petri dish. Dishes were maintained at 25 ºC and
L:D 16:8. During development of the caterpillars, those caterpillars that were clearly not
parasitized, because they grew much larger than the parasitized ones, were removed to
avoid cannibalism. When the larvae of the parasitoid emerged from the caterpillar, the
artificial diet was removed and some cotton was placed to prevent excessive humidity
that may affect the survival of the pupae. When the adult wasps emerged they were added
to the culture.
The same protocol was used for the experiment with C. sonorensis, but with
different numbers of host caterpillar: we parasitized 130, 70, 80 and 50 caterpillars of S.
littoralis, C. chalcites, H. virescens and L. oleracea, respectively.
To compare the development of parasitized caterpillars with that of healthy
unparasitized hosts, 50 first-instar unparasitized caterpillars of S. littoralis, 50 of C.
chalcites, 40 of H. viresncens , and 20 of L. oleracea were placed in groups of 10 in Petri
dishes with artificial diet. When the caterpillars were in the last instar they were
transferred to a plastic container (15 by 10 by 10 cm) with artificial diet and vermiculite
as a site for pupation.

3.3. Measurement of development and survival.
To compare parasitism success of the two parasitoids in the various host species
and to determine the effect that the two parasitoids have on the development of their
respective host species, different parameters were measured including larval and pupal
survival, development time and adult size and sex. We also established growth
trajectories of the various host species when parasitized or not.

Survival. Survival was calculated as the percentage of adults that emerged out of the
total number of parasitized caterpillars. The unparasitized caterpillars that were removed
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from the Petri dishes were considered as non-surviving wasps. In unparasitized hosts, the
survival was the percentage of the initial number of larvae that pupated.

Host growth trajectories. Ten parasitized caterpillars from every parasitoid-host
combination, excluding L. oleracea, were weighed every day on a microbalance (Mettler
Toledo, Columbus, OH) from the day the hosts were parasitized until the day the
parasitoid larvae emerged from the hosts. The 10 caterpillars were chosen randomly from
the different Petri dishes of each treatment. To determine growth regulation by the
parasitoid, growth trajectories of parasitized caterpillars were compared to those of
healthy unparasitized caterpillars. Healthy caterpillars (n=10 per species?) were weighed
on the microbalance every second day from egg hatching to pupation.

Development time. We determined development time as the number of days between
parasitism and emergence of the wasp larvae for pupation (=pupal development time) and
as the number of days between parasitism and emergence of the adult wasp (=adult
development time).

Adult size and sex. The mass of each emerging adult wasps was measured on a
microbalance. Wasps were anesthetized with CO2. The sex of the parasitoid was recorded
at emergence.

3.4 Data analysis.
The analysis of the survival of the different host species and the parasitoids was
done by a Chi-Square test of Independence. First, we compared survival to pupation of
the healthy unparasitized caterpillars in the four host species. Then, we compared the
number of emerged parasitoids with the number of hosts that did not produce a parasitoid
in all combinations of host and parasitoid species.Thus, we made multiple comparisons of
the different hosts parasitized by every wasp so Bonferrori correction was applied to
correct for Type I errors.
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Cox’s proportional Hazard model was used to compare the development times in
the different parasitoid-host interactions. It is a stochastic model and is formulated in
terms of a hazard rate. The hazard rate is the probability per unit time (days) that an event
will occur, in our case the probability of pupation or adult emergence. The model
assumes a baseline hazard, in our case this will be developing in S. littoralis, which
means that development times of the various host-parasitoid combinations were
compared to that of H. didymator developing in S. litoralis, if not indicated otherwise.
The observed hazard rate is the product of the baseline multiplied by some covariate. The
covariates analyzed here were host species, parasitoid species, parasitoid sex and
parasitoid size. The model analysis estimates the coefficient ß, which denotes the relative
strength of the effect of each covariate, i.e. exp(β) = 1, there is no effect of the covariate,
and exp(β) < 1 (> 1), the covariate decreases (increases) the hazard rate, the probability of
adult emergence per day (Gols et al., 2005). The analysis was carried out by the software
package SPSS version 18. First, we carried out an analysis of sex, size, host and
parasitoid in development time with S. littoralis as reference. Second, we compared the
development time of the two parasitoids on every host. Third, we analyzed the
development time of parasitoid in the different host species. The Kaplan-Meyer method
was used to compare the hazard rates.

The final host sizes (size of the host just before the parasitoid larva egresses from
it) and the masses of newly emerged adult parasitoid were ln(x) transformed to avoid
heterogeneity of variance before they were submitted to the analysis. We calculated the
average of the final host and adult parasitoid masses. A two way ANOVA was performed
to determine the effect of host species, parasitoid species, and parasitoid sex, on adult
parasitoid weight. When there was a significant effect of any of the factors, post-hoc
contrast were calculated using Tukey’s honestly significant difference (HSD). The
analysis was carried out by the software package STATISTICA 7 (Stadtsoft 2004. USA).
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4. Results
4.1 Survival of the herbivores and the wasps developing in these
herbivorous hosts.
The survival rates from egg to pupation of the unparasitized caterpillars varied
around 80% and 60% (Fig. 4) The percentage survival of S. littoralis was significantly
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Figure 3: Survival of unparasitized caterpillars of the four species,
S. littoralis (SL), C. chalcites (CC), H. virescens (HV) and L. percentages of S. littoralis
oleracea (LO), expressed as the % of caterpillars that pupated out
the initial number of L2 caterpillars. Bars with different letters are and L. oleracea (Figure
significantly different , P values in Annex.
33, see annex II).
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Figure 4 Survival of parasitoids developing in different host species, S. littoralis (SL), C.
chalcites (CC), H. virescens (HV) and L. oleracea (LO), expressed as the % of emerged adults
out of the total hosts that were initially parasitized. The interactions of H. didymator with HV
and LO, and the interactions of C. sonorensis with SL and CC, are new associations while the
others are already established host-parasitoid interactions. Bars with different letters are
significantly different, comparing parasitoid species separately, P values in Annex.
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For the parasitoids, a higher survival rate was observed in the novel host than in
the natural host interactions (Figure 4). For H. didymator, the highest survival is observed
in H. virescens (75%) which is significantly higher (X2: 7.139

P: 0.008) than the

survival from its natural host S. littoralis (54.3 %). For C. sonorensis the same pattern
was observed: the highest survival rate was observed in the new host C. chalcites (83%),
and the lowest in the natural occurring host, H. virescens (65%). C. sonorensis didn´t
manage to develop in L. oleracea. All the X2 and P values can be found in the annex II.

4.2 Host regulation
4.2.1 Growth trajectories
The parasitoid larvae reduced the growth rate in each of host-parasitoid
interactions (Figure 5). In general, the parasitized caterpillars grew at the same rate as the
unparasitized caterpillars until the 7th day in case of S. littoralis and C. chalcites, and
until the 6th day in the case of H. virescens. Following this period, the parasitized
caterpillars started to grow much slower compared to the unparasitized ones. Moreover,
the development time until pupation was also reduced in parasitized caterpillars, but this
will be discussed in more detail below.
It can be clearly seen that size and development patterns differ in the three host
species. They all grew until a certain maximum weight and then they lost some weight
before they pupated (Figure 5). S. littoralis is the largest species, with a maximum larval
weight of 600 mg on average, while C. chalcites and H. virescens had a maximum
average weight of 286 mg and 280 mg, respectively (Figure 5). A similar pattern was
found for the pupal sizes; pupae of S. littoralis (mean pupal weight of 292 mg), were
significantly heavier (F3,123: 36,9 df: 3 P<0.001) than the pupae of C. chalcites (247 mg)
and H. virescens (197 mg). The pupal weight of L. oleracea was similar to S. littoralis
with 278 mg.
In Figure 6 the growth curves are given of the parasitized caterpillars only. The
three host species parasitized by the two parasitoids have similar growth curves, however,
it can be clearly seen that the hosts parasitized by C. sonorensis are smaller than those
parasitized by H. didymator. Similar to the pattern observed in unparastized caterpillars,
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there is a decrease in size of the host caterpillar when the parasitoid larvae are close to
emergence.
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Figure 5: Growth curves of the three host species when healthy (not parasitized) or when
parasitized by C. Sonorensis or H. didymator. The graph shows the weights from egg hatching to
the appearance of the first cocoons of the wasps in case of the parasitized ones, or pupae in the
case of unparasitized hosts. The bars indicate the standard error of the mean weights (n=10).
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Figure 6: Growth curves of the three caterpillars species (see legend) when parasitized by the
two parasitoid species H. didymator (H.d) and C. sonorensis (C.s.). The bars indicate the
standard errors of the mean.

4.2.2 Final size of the host
As was said in the introduction, the final size of the host is important in
koinobiont parasitoids. In Error! Reference source not found.7 the final size of the
parasitized hosts is shown. There is a strong effect of parasitoid species on the final size
of the host (F1,54: 103,13 P<0.001), with the caterpillars parasitized by C. sonorensis
being smaller than those parasitized by H. didymator.
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c

Figure 7: Final host weight, just before emergence of the parasitoid larvae for S. littoralis (SL),
C. chalcites (CC) and H. virescens (HV) parastized H. didymator and C. sonorensis, respectively.
The bars represent the standard error of the mean and differing letters indicate significant
differences between bars (P < 0.001).
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There is no difference in final host size among the three hosts species when parasitized
by C. sonorensis (average host size 21.76 mg). However, in H. didymator a significant
host species effect was observed (F2,54: 8,73 P<0.001) with S. littoralis being
significantly heavier than H. virescens.

4.2.3 Development time
As it was mentioned before, the different host species have different growth
patterns, not only with respect to final size, but also with respect to development time.
When unparasitized, S. littoralis developed significantly (P<0.001) faster (average
development time from hatching to pupation 15.9 days) than the other three herbivore
species (Figure 8). L. oleracea and C. chalcites developed slower (average development
time was 20.9 days for both specie, whereas. the development time of H. virescens was
intermediate (17.8 days). However, statistically, there were no significant differences in
development times among the last three host species (for statistics see annex IIIA).

Figure 8: Cumulative hazard of pupation for the four host species S. littoralis (SL), C. chalcites
(CC), H. virescens (HV) and L. oleracea (LO) when not parasitized.
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The development time of the parasitized caterpillars was divided in two phases, 1) the
time from parasitism until egression of the larva (=larval development time), 2) from
parasitism to adult emergence (=adult development time) (Figure 9). However, as there
were only small differences (See annex III B) in development patterns in the first phase,
we will only discuss the results for development time from parasitism to adult emergence.
No significant differences in development time were observed between the sexes
(P=0.61) nor between the parasitoid species (P=0.09) (see annex III C). Host species had
a significant effect (P: 0.001), as well as the interaction between host and parasitoid
species (P< 0.001). When we compared the effect of host species separately for the two
parasitoids, H. didymator, developed significantly faster in H. viresecens (exp(beta)=
2.099, P<0.001 ) and C. chalcites (exp(beta)= 1.290, P=0.04) and slower in L. oleracea
(exp(beta)= 0.376, P<0.001) than the reference species S. littoralis
C. sonorensis developed significantly slower in H. virescens (exp(beta)= 0.393,
P<0.001) than in the reference species S. litoralis. The development time was similar for
wasps developing in C. chalcites and S. littoralis ((exp(beta)= 1.056, P=0.75).

We also compared development of the two parasitoids in each host species
separately (Figure 10, annex IIIC) The difference in development time was only
significant when the parasitoids developed in H. virescens (P< 0.001) with H. didymator
adults emerging 2 days than its co-evolved parasitoid C. sonorensis. To see all the
statistic values check the annex.
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Figure 9 Larval and adult development time of H. didymator and C.sonorensis developing in different host species: S. littoralis (SL), C.
chalcites (CC) and H. virescens (HV). The bars represent the standard error.
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Figure 10 Cumulative hazard of adult emergence. The graphs represent the hazard of C. sonorensis (C.s.) and H. didymator (H.d.) in the three different
hosts, S. littoralis (A), C. chalcites (B) and H. virescens (C). Statistics see annex.
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4.3 Adult size
Host species didn’t affect the size of the adult wasp, neither in H. didymator
(F6,201:2,44 P= 0.065; Figure 11 ) nor in C. sonorensis (F2,194: 1,251 P= 0.29; Figure 12).
There was only a significant difference in size when the sexes were compared (H.
didymator F1,201: 3,95 P= 0.048; C. sonorensis and F1,194:18,66 P=0.001). In both
parasitoid species, the females were heavier than the males. H. didymator wasps are
heavier than C. sonorensis.
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Figure 11: Weight of the adults of H. didymator emerging from S. littoralis (SL), C. chalcites
(CC), H. virescens (HV) and L. oleracea (LO) separated by sexes. The bars show the standard
error of the mean.
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Figure 12: Weight of the adults of C. sonorensis emerging from S. littoralis (SL), C. chalcites
(CC), H. virescens (HV) and L. oleracea (LO) separated by sexes. The bars show the standard
error of the mean.
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5. Discussion
5.1 Is H. didymator able to develop in natural hosts of C. sonorensis and
vice versa?
We proved that under laboratory conditions, H. didymator and C. sonorensis can
develop on each other’s hosts. Development in L. oleracea is different and will be
discussed later.
Not only could the parasitoids develop in hosts they never had encountered in
nature, they appeared to do better developing in novel hosts than in the host species they
coevolved with. Survival tended to be lower in the natural host-parasitoid interactions,
even when the survival of healthy caterpillars was taking into account. This result can be
explained by both coevolution and ecological fitting.
In the introduction, we showed the close phylogenetic relationship between the
two parasitoid species and among the four host species. According to the ecological
fitting theory (Agosta and Klemens, 2008), when a parasitoid encounters a host that is
inside its sloppy fitness area, it can develop in it even if it has not coevolved with it. Due
to the close phylogenetic relationship, the physiology of S. littoralis, C. chalcites and H.
virescens is similar enough to meet the necessary requirement for development of the two
parasitoid species, which in turn are also closely related. Furthermore, the caterpillars
have a similar defense system, i.e. encapsulation of the egg by granulocites, a type of
hemocytes (Strand, 2008). Moreover, both parasitoid species overcome host defences
through the association with a polidnavirus, in these species called ichnovirus, which
have a similar genetic structure (Kroemer and Webb, 2004). These similarities may
explain why these related parasitoids can develop in each other’s host, even when there is
no coevolutionary history
Coevolution can also explain why a parasitoid species may develop better in a
new host; as the parasitoid is ‘new’ for the host, the defense mechanism of the host will
be better adapted to native than to exotic parasitoid species. However, as it was said in
the introduction, there are other factors apart from suppression of host defences that
determine the quality of the host for parasitoid development (Godfray, 1994; Harvey,
2005).
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5.2 Does each parasitoid species regulate growth of the native and the
new host in the same way?
As it was hypothesized, both parasitoids species regulated host growth as has been
reported for other parasitoid-host interactions (Mironidis and Savopoulou-Soultani, 2009;
Morales et al., 2007; Vinson, 1972). Stopping host growth after completion of larval
development of the parasitoid is essential for survival of solitary, tissue feeding
koinobiont endoparasitoids (Harvey, 2005; Harvey and Strand, 2002). The success of
host growth regulation is demonstrated most clearly in S. littoralis. Healthy caterpillars of this
species were the heaviest and developed fastest compared to the other three host species.
However, when parasitized there were only small differences in final size among the four host
species and there were marginal difference in development time.

These results suggest that final host size depends only on parasitoid species, and
it is linked to the final size of the adult wasp. H. didymator adults are bigger than C.
sonorensis adults. This explains the difference in host-growth regulation: hosts that were
parasitized by C. sonorensis grew less heavy than the ones parasitized by H. didymator,
irrespective of host species. There were only small differences in final host sizes when
different host species were parasitized by the same parasitoid. Therefore,

we can

conclude that all host species were regulated in the same way with subtle difference
between parasitoid species.
We expected that the growth rate of unparasitized hosts would determine the
development time of the parasitoid. However, there was no such relationship.
Surprisingly, parasitoids developed faster in the new host species than in the host species
that they attack in their natural environment. In the novel interactions with S. littoralis
and H. virescens, the parasitoids developed faster than in the natural occurring ones. The
most extreme results were recorded in H. virescens hosts, were the difference between the
development time of H. didymator and C. sonorensis is 2 days. This shows again the
success on growth regulation.
Reduced development time can be advantageous, for example, when there is a big
risk of predation (Godfray, 1994; Harvey, 2005; Harvey and Strand, 2002; Reudler
Talsma et al., 2007). It will also allow a species to have more generations in a season,
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which is important when a parasitoid is used as a biological control agent. As for
survival, we can conclude that parasitoids developed better in the new host species.
There were sex and parasitoid related differences in adult size; males tend to be
smaller and C. sonorensis wasp are smaller than H. didymator ones. But there was no
effect of host species on adult parasitoid size. Godfray (1994) stated that the size of the
host will determine size of the adult parasitoid:,the bigger the host, the bigger the adult
wasp. That is especially true for idiobionts, which kill or paralyze the host when
parasitism occurs. However, in our case as the parasitoid regulated host development, the
final host size is similar for all the hosts, and as the parasitoid eat the whole host, the
wasp has the same quantity of sources in every host, (Harvey and Strand, 2002; Hu and
Vinson, 2000; Reudler Talsma et al., 2007), thus it make sense that all adult wasps from
the same parasitoid species had the same size.
Some studies have attempted to correlate development time and adult
parasitoid size, the longer the development time, the larger the wasp (Harvey, 2005;
Harvey and Strand, 2002). In this study, we did not find such a correlation, It was even
surprising to find that the smaller species C. sonorensis had the same or even longer
development time than the bigger species H. didymator. We found that initial host sizes
(all species were parasitized at the same developmental stage), final host sizes and adult
wasp sizes were are all the same. What

then determined the differences in the

development time? The natural growth rate of the unparasitized host does not provide
the answer because then the slowest development time would be observed when
developing in C. chalcites.
As the host development was regulated without problems, we think that there are
some nutritional or metabolic factors that will make the parasitoid to need more time to
develop in some host species. This can be explained by the composition of the host, the
ability of the parasitoid to change the host feeding rate or because of possessing some
secondary or antifeedant metabolites (Godfray, 1994). Alternatively, based coevolution
theory, the host will have some metabolites as defence against parasitism, that can be
overcome by the new parasitoid.
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Lacanobia oleracea, a special case
The interaction with L. oleracea is discussed separately because it is considered
an outlier, as is not reported to be parasitized naturally by neither parasitoid species
(Devevak et al., 2010). The species has a pupal size similar to S. littoralis, a development
time similar to C. chalcites and the lowest survival. Only H. didymator managed to
develop in it. The survival to adulthood was similar as was found for parasitized H.
virescens and, surprisingly, it was higher in parasitized than in non-parasitized hosts.
However, the development time of H. didymator was longest in this host species; both the
larval and adult development times were 2.5 days longer than they were in H. virescens
hosts.
L. oleracae shares the environment with the natural hosts of H. didymator,
although it is not a natural host, we showed that the parasitoid can develop in it. Thus,
some other aspects of their ecologies may be too different for C. sonorensis and L.
oleracea to interact in nature.

5.3 Are phylogenetic or ecological similarities more important for the
novel associations?
We have demonstrated that two related parasitoid species from different
geographical areas can develop in the natural host species of each other. Moreover, in
some of the parasitoid-host interactions, the parasitoid performed better in the novel than
in the natural host. The question is how, in evolutionary terms, we can explain this
phenomenon.
In Table 1 we listed some of the reported host species of the two parasitoids. Some
originate from the same area as the parasitoid, but others originate from different
geographical regions. For example, S. frugiperda has been reported as a host of both
parasitoid species, while originating from America. However, most of the host species
belong to the family Noctuidae or closely related subfamilies. According to Agosta
(2006, 2008, and 2010) and his ecological fitting theory, parasitoids look for a resource to
develop in, rather than for a species, in that sense a host is a package of resources guarded
by some defenses. Thus when the parasitoid encounters a novel host, which resources are
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inside the sloppy fitness space of the parasitoid, it will be able to develop in it. A step
further is the case of host species from different areas but with similar resources (similar
in nutrient composition with similar defense strategies . . .) that are more closely related
taxonomically. This situation is described as resource tracking, and means that the new
host have similar resources and similar defenses system, thus represent the same
operational environment as their natural hosts.

Our results confirm this hypothesis.

The two parasitoids H. didymator and C. sonorensis are closely related and have
associations with very similar viruses to overcome host defenses and they also regulate
host growth similarly. In addition, their hosts are also closely related. We demonstrated
that phylogeneticaly closely related parasitoids, irrespective of their geographical origin,
can develop in hosts with which they didn’t co-evolve. We can refer to this phenomenon
with a new term: phylogenetic compatibility.
This may also be interpreted in another way. For a new interaction to
establish, a parasitoid may not only look for hosts closely related to its natural host, it
also may look for natural hosts of a closely related parasitoid.. One example is shown in
the present study. H. virescens has developed a strategy of encapsulation to defend itself
against parasitism by C. sonorensis. The parasitoid has a symbiosis with a polidnavirus to
overcome this defense. Similarly, H. didymator has an association with a similar
ichnovirus which allows the parastiod to develop in European Noctuidae. Similarity
between the polyndnaviruses of the two parasitoid species, may explain why C.
sonorensis can successfully suppress the immune defenses of H. virescens, In summary
we can conclude that this is an example of parallel coevolution of host-parasitoid
interactions in both the New and the Old World, which allow host-parasioid interactions
between species originating from different geographical regions. However, more studies
have to be done to be able to confirm this theory.
In addition to phylogenetic relationship, the ecology of the host and the parasitoid
are also important, as they determine to what extent the host and the parasitoid interact in
nature (Wiedenmann and Smith Jr, 1997). Most of the host species of H. didymator and
C. sonorensis feed on solanaceous plant species (Table 1), which can be important for the
parasitoid to find the host.
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Table 1 Some reported hosts of H. didymator and C. sonorensis from different geographical
areas. Some of these interactions are based on laboratory studies or are the results of men
introductions for biological control purposes.

C.
sonorensis

H. didymator

Parasitoid Host
Spodoptera littoralis
Helicoverpa armigera

Origin
Europe
EuropeAsia

Plant
Tomato-cotton
Tomato-cotton

Spodoptera exigua

Asia

Chrysodeixis chalcites

Europe

Tomato- cotton
tobacco
Tomato

Spodoptera frugiperda

America

Heliothis virescens

America

Spodoptera litura

Tobacco cotton

Heliothis virescens
Pseudoplusioa includens

Indoaustralia
America
America

Spodoptera frugiperda

America

Corn-cottontobacco

Corn-cottontobacco
Tobacco- cotton

Tobacco- cotton
Soybean

Reference
(Morales et al., 2007)
(Mironidis and
Savopoulou-Soultani,
2009)
(Reudler Talsma et al.,
2007)
(Reudler Talsma et al.,
2007)
(Galibert et al., 2006)
(Tillman and Powell,
1992)
(Kumar and Ballal, 1992)
(Vinson, 1972)
(Harvey and Strand,
2002)
(Jourdie et al., 2010)

5.4 Implications.
The study of novel associations has ecological and economic implications.
Economical implication involve exploration of new host-parasitoid interactions, as an
alternative technique to find natural enemies for biological control purposes, in contrast
to the classical approach, which looks for coevolved natural enemies in the area of origin
(Alleyne and Wiedenmann, 2001b; Wiedenmann and Smith Jr, 1997). There are a lot of
examples of successful introduction of newly-associated parasitoids to control pests. For
instance, Microplitis demolitor, a Braconid parasitoid from Australia, was introduced into
the United States to control American pests like Heliothis zea and H. virescens (Kadash
et al., 2003; Shepard et al., 1983). But also new associations can be used to control exotic
pests, like the introduction in New Zealand of Microplitis croceipes originating from
America to control Helicoverpa armigera a Lepidopteran pest with Eurasian origin
(Cameron et al., 2006).
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However, the introduction of exotic species in an environment can have negative
effect on an ecosystem (Harvey et al., 2010b). One of the criticisms against biological
control is the effect that it may have on non-target organisms (Wiedenmann and Smith Jr,
1997). According to the results of this study, the parasitoids can establish new
associations with hosts with which there is no co-evolutionary history, but this can
happen not only with host species that we want to control, our pest, but also with other
non-target native species. We have to be really careful when introducing a new species in
a new environment, as we can damage the ecosystem. Examples of this are the effect of
introduced parasitoids for biological control purposes in Hawaii also attacking native
butterflies, putting at risk some endemic butterfly populations (Kaufman and Wright,
2010).

5.5 Future perspectives
The future perspectives of this study are to extend the number of study species, to
confirm the hypothesis of phylogenetic compatibility, and continue the study of parallel
systems in the Old and New World.
In order to check the variables that define the sloppy fitness, immunologic tests
should be performed, checking the encapsulation ability of some of the species. Also
extrinsic traits like host finding and host identification, should be tested to determine
whether the interactions shown here would be able to occur on the field.
As it was stated by Harvey et al (2010a), it is necessary to study the effect of
plants secondary metabolites on parasitoid performance. It would be interesting to study
the effect that tomato plants have on the development of Campoletis sonorensis and also
the effect that tobacco has on the development of Hypososter didymator. Both plant
species are known to produce high amounts of toxic compounds. To sum up, it would be
interesting to make the cross experiment including the first three tropic levels, studying
the effect of plants from the New World on parasitoids of the Old World developing in an
Old world herbivore.
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6. Conclusion
We showed that the Old-world parasitoid H. didymator can develop in H.
virescens the natural host of a new world wasp species C. sonorensis. Vice versa,C.
sonorensis can develop in S. littoralis and C. chalcites, which are natural hosts of the
New-world parasitoid. Comparison oflife history traits, such assurvival and development
time, revealed that both parasitoid species developed better in the new association than in
the natural one.
An interaction between parasitoids and hosts species that have notco-evolved can
be successful when there is a phylogenetic relation between the hosts and the parasitoids
involved. When a parasitoid can develop in a new host that is parasitized by a
phylogenetic related parasitoid in nature, this interaction can be explaine by resource
tracking. This interaction is possible, because the mechanism of immune suppression and
development regulation is similar in both parasitoids and is effective in closely related
host species
Ecological fitting based on phylogenetic relationship between hosts and
parasitoids can explain new associations between non-coevolved parasitoid-host
interactions. This can be a good tool to look for new natural enemies.
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Annexes

Annex I: Artificial diet
Diet Spodoptera/Mamestra
For 1 liter water:
28 g agar
160 g corn flour
50 g yeist
50 g wheit germ
2 g sorbic acid
1.6 g nipagine (methylhydroxybenzoaat)
8 g ascorbic acid (vitamin C)
0.125 g streptomycin
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Annex II: Survival statistical analysis
UNPARASITIZED HOST

X2 VALUE
SL
CC
HV
LO

*
0.401
0.109
0.008
SL

0.706
*
0.419
0.052
CC

2.569
0.654
*
0.232
HV

7.000
3.760
1.429
*
LO

P VALUE

SL-LO
CC-LO
SL-HV
HV-LO

BON FERRONI
Pi
Associated
0.008
0.009
0.052
0.010
0.109
0.013
0.232
0.017

SL-CC
CC-HV

0.401
0.419

0.025
0.050

HYPOSOTER DIDYMATOR
BON FERRONI

X2 VALUE
SL
CC
HV
LO

*
0.083
0.008
0.029
SL

3.005
*
0.291
0.492
CC

7.139
1.116
*
0.762
HV

4.777
0.471
0.092
*
LO

P VALUE

SL-HV
SL-LO
SL-CC
CC-HV
CC-LO

Pi
0.008
0.029
0.083
0.291
0.492

Associated
0.009
0.010
0.013
0.017
0.025

HV-LO

0.762

0.050

CAMPOLETIS SONORENSIS

X2 VALUE
SL
CC
HV

*
0.036
0.525
SL

4.391
*
0.014
CC

0.405
6.088
*
HV

CC-HV
SL-CC
SL-HV

BON FERRONI
Pi
Associated
0.014
0.017
0.036
0.025
0.525
0.050

P VALUE
Legend:
SL: Spodoptera littoralis
CC: Chrysodeixis chalcites
HV: Heliothis virescens
LO: Lacanobia oleracea
C.s.: Campoletis sonorensis
H.d.: Hyposoter didymator
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Annex III: Development time
III A) Control
Variables in the Equation
B
SizeT

SE

-1,127

Wald

,512

Species

P

df

Exp(B)

4,852

1

,028

68,293

3

,000

,324

SL / CC

-2,675

,337

63,149

1

,000

,069

SL / HV

-1,737

,339

26,298

1

,000

,176

SL / LO

-2,481

,396

39,187

1

,000

,084

CC / LO

,194

,350

,306

1

,580

1,213

CC / HV

,938

,312

9,041

1

,003

2,556

LO / HV

,745

,403

3,410

1

,065

2,106

P

Exp(B)

III B) From parasitism to larvae emergence
Variables in the Equation
B
Pasitoid

SE
,298

Wald

,151

Host (SL reference)

df

3,887

1

,049

14,344

2

,001

1,347

CC

,130

,171

,579

1

,447

1,139

HV

,706

,189

13,955

1

,000

2,025

32,670

2

,000

HostSL*Pasitoid

Parasitoid effect per host
S. littoralis
H.d. / C.s.

C. chalcites
Hd / Cs

B

SE
,325

B

Wald

,152

SE
,266

,190

4,594

Wald
1,952

P

df
1

Exp(B)
,032

P

df
1

1,384

Exp(B)
,162

1,305
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H. virescens
H.d ./ C.s.

B

SE

-1,775

Wald

,302

P

df

34,493

1

Exp(B)

,000

,169

Host effect per parasitoid
Variables in the Equation

H. didymator
SL as reference

B

SE

Wald

Host

df

Sig.

18,196

3

,000

Exp(B)

CC

,158

,171

,850

1

,356

1,171

HV

,004

,209

,000

1

,984

1,004

LO

-,801

,224

12,797

1

,000

,449

Variables in the Equation (cox regression)

C. sonorensis
SL as reference.

B

SE

Wald

Host

df

Sig.

Exp(B)

25,742

2

,000

CC

,158

,170

,864

1

,353

1,172

HV

-,831

,189

19,232

1

,000

,436

III C) From parasitism to adult emergence
Variables in the Equation
B
Parasitoid

SE
,465

,284

Host (SL reference)

Wald

df

Sig.

2,672

1

,102

18,771

2

,000

Exp(B)
1,592

C.c.

,372

,187

3,937

1

,047

1,450

H.v.

,830

,192

18,661

1

,000

2,294

Size

,143

,084

2,902

1

,088

1,154

Sex

-,066

,129

,264

1

,608

,936

39,927

2

,000

Host*Parasitoid
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Parasitoid effect per host
Variables in the Equation

S. littoralis

B

H.d. / C.s.

C. chalcites
Hd / Cs

H. virescens
H.d ./ C.s.

SE
,086

B

Wald

,156

SE

-,187

B

,192

1

df

Exp(B)

,581

1,090

Sig.

,951

Wald

,257

Sig.

,304

Wald

SE

-1,885

df

1

df

Exp(B)

,330

,829

Sig.

53,690

1

Exp(B)

,000

,152

Host effect per parasitoid
H. didymator
SL as reference

B

SE

Host

Wald

df

Sig.

Exp(B)

48,412

3

,000

CC

,255

,122

4,337

1

,037

1,290

HV

,742

,138

29,011

1

,000

2,099

LO

-,977

,157

38,547

1

,000

,376

df

Sig.

C. sonorensis
SL as reference.

B

SE

Host

Wald
29,997

2

,000

Exp(B)

CC

,055

,171

,102

1

,749

1,056

HV

-,934

,187

24,965

1

,000

,393
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