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Abstract
The ecological and evolutionary aspects of resource use in phytophagous insects
have been well studied over the years, yet relatively few studies have investigated host-use
variation displayed by parasitoid insects. This study combined a range of quantitative and
molecular genetic techniques in association with behavioral and life-history bioassays to
investigate host-range divergence in Diaeretiella rapae

(MTntosh) (Braconidae:

Hymenoptera) a generalist parasitoid of aphid insects.
Using quantitative genetic techniques, characters associated with the parasitoid's
primary host, Brevicoryne brassicae (L.) were found to be unlinked to utilization of noncrucifer hosts. Characters of oviposition preference were subsequently investigated in
simple Petri dish bioassays to identify the relative importance of different environmental
cues utilized during the host selection process on which evolutionary mechanisms m a y act.
The experimental evidence presented supports the view that both physical and chemical
factors play an important role in the oviposition behavior of D. rapae, turning on a
behavioral sequence of events that can lead to oviposition.
Sympatric speciation through host-adapted divergence has been proposed as a
significant evolutionary mechanism amongst the Aphidiinae. The relationship between
oviposition preference and larval performance w h e n emerging from different host species
w a s subsequently evaluated, and the weak link between adult oviposition preference and
larval performance found suggests that host specialization in D. rapae is unlikely without
prolonged periods of reproductive isolation.
T w o D. rapae populations that have historically differed in the hosts available to
them in the field were then examined to test the hypothesis that geographically isolated
individuals restricted to crucifer and generalist aphid hosts will perform poorly on cereal
aphid species. O f the life history and behavioral traits measured, parasitoid populations
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display most variability in oviposition preference and the ability to recognize particular
aphid species as potential hosts.
These results provide an insight to the nature of host specialization in D. rapae
having important implications for current methods proposed to control exotic pest aphid
species. It has been reported previously that during the release program for Diuraphis
noxia (Mordvilko) control in the United States, indigenous North American populations of
D. rapae did not have a significant impact on pest levels and parasitism only increased after
the introduction of European strains. T h e evidence presented indicates that Australian
populations of D. rapae are also clearly differentiated from European lineages.
Although geographic isolation and a reduced host range could act to influence
divergence of D. rapae populations, in a recently colonized population, the observed
patterns of host utilization m a y not necessarily reflect adaptation to the availability of hosts.
Genetic differentiation and population structure over a broad geographical scale were
investigated with microsatellite D N A , along with the search for evidence of a closely
related source population from which Australian individuals were derived using variation
in intron loci from nuclear genes. It w a s concluded that the generalist genotype identified
in Australia might be the result of the type and number of founding individuals from which
the population w a s established.
This evidence suggests that the generalist aphidiid, D. rapae, maintains a broad
host-range, and over small spatial scales increased specialization is typically inhibited due
to the genetic and non-genetic attributes of host utilization. It was concluded that this
species appears to exist as a single megapopulation within a given geographic area,
attacking different hosts in an opportunistic matter and does not form discrete populations
adapted to alternative species. However, it must be stressed that w h e n introduced to a n e w
environment, founder effects and genetic drift influence diversity and the acceptance of
different aphid species.
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Chapter 1. Introduction.
7.7. Overview
The ecological and evolutionary aspects of resource use in phytophagous insects
have been well studied over the years, yet relatively few studies have investigated host-use
variation displayed by parasitoid insects. Parasitoid insects display m a n y of the characters
associated with host specialization in herbivores, and further evaluation of these traits m a y
offer an opportunity to reassess genetic divergence and specialization in insect populations.
The purpose of the present study was to investigate host-range divergence in populations of
the polyphagous aphidiid wasp, Diaeretiella rapae (M'Intosh), in order to contribute to the
knowledge of evolution in generalist parasitoids. Research in this area can be used to help
determine the significance of host specialization in this group, which in turn has important
implications for current methods proposed to the control aphids by employing natural
enemies.
F e w questions in evolutionary ecology have received more attention than w h y
organisms specialize in resource use (e.g. Ehrlich & Raven, 1964; Fox & Morrow, 1981;
Futuyma &

Moreno, 1988; Jaenike, 1990; Via, 1990; Bernays &

Chapman, 1994;

Thompson, 1994; Kelley & Farrell, 1998; Via, 2001), and the concept that specialization
leads to an evolutionary dead end has been a central idea of evolutionary biology. Indeed,
it has been suggested that specialists become irreversibly constrained on a particular
resource to the exclusion of others (Futuyma & Moreno, 1988; Via, 1990), which results in
a greater likelihood of extinction (Hansen, 1980; Koch, 1980). Even so, only a few studies
have tried to address whether specialization is often actually an evolutionary dead end. O f
those studies that do, the results have often been mixed, such that the patterns of speciation
are unclear (Moran, 1988; Thompson et al, 1997; Kelley & Farrell, 1998).
Genetic divergence and specialization have long been linked in discussions of
speciation; however, an important component for understanding their relationship concerns
h o w 'specialization' is defined. Throughout these chapters, I use 'specialization' to mean a
limit to the number of species with which another interacts, and that 'host specialization' is
a description of the number of different species used to sustain growth and reproduction
(Thompson, 1994). Terms such as 'specialist' and 'generalist' are often difficult to define
because they depend on context.

For example, in a phytophagous specialist where

individuals only use one host plant each, a species utilizing several plant species could be

1

considered a generalist (Janz et al, 2001). However, in groups where specialization is less
extreme, a species that is constrained to one host family can be considered a specialist and
this is the approach I shall take here.
This chapter considers the w a y in which specialization has historically been
perceived and discusses our modern understanding of the processes involved. Particular
attention is paid to herbivorous insects, providing a background and rational for the trends
of host specialization in insects. The purpose of this chapter is to provide the general
theoretical background of research in this area of evolution, so the specific aims of the
thesis will not be outlined here. In the following chapter, the parasitoid study system is
introduced in more detail, including a description of those traits that m a k e this group of
insects unique. Ultimately a hypothesis and aims for the thesis are proposed, and the
practical implications for research in this area explained.

7.2. Specialization & The Modern Synthesis
It is c o m m o n knowledge that the thrust of evolution itself is based on the presence
of genetic variation within organisms. Darwin's Origin (1859) highlighted this variation
indirectly to show the non-constancy of species and to show the significance of c o m m o n
descent through closely related individuals.

Patterns of branching and evidence of

increased specialization over macroevolutionary time have subsequently provided strong
evidence for the importance of genetic variation (Ronquist & Nylin, 1990), yet the
evolutionary consequences of specialization at the species level remains a point of some
contention.
The concept that specialization leads to an evolutionary dead end has been a central
idea of evolutionary biology.

A s long ago as 1896, Cope developed an argument

concerning evolutionary patterns of specialization over geological time. O n the basis of
morphological characters the 'Law of the Unspecialized' states that n e w evolutionary
groups arise from relatively unspecialized species, because specialized species are
generally incapable of adapting to n e w conditions (Cope, 1896). Cope's proposed theory
had a short half-life as a result of the rise of Mendelism soon afterwards, because his ideas
were 'neo-Lamarckian' rather than 'Darwinian' (Thompson, 1994).
However, linking specialization to morphology appeared repeatedly over the next
half century and was routinely intertwined with ideas concerning evolutionary progress
(Huxley, 1942; Schmalhausen, [1942] 1986). It w a s not until the late 1940s during the so2

called 'modern synthesis' that the w a y in which species were characterized as either
'generalist' or 'specialist' began to be questioned, including the idea that specialization was
a dead end (e.g. Huxley, 1942). M a n y authors agreed that although specialization does
sometimes leads to extinction, it is also responsible for m a n y of the most important
advances in evolution (Mayr, [1942] 1999; Dobzhansky, [1941] 1997).
The evolutionary synthesis of this period did more for the study of evolutionary
processes within species than for the study of evolving interactions among species.
Arguably one of the most important recent approaches to advancing the study of
specialization has been investigation into the evolutionary 'arms race' between animals and
plants. Studies have focused a great deal on the problem of h o w the evolution of defense
and counter defense produces patterns of specialization (Thompson, 1994). Studies like
Ehrlich & Raven's (1964) on the coevolution of butterflies show strong phylogenetic
constraints, whilst antagonistic traits can shape revolutionary processes. Today there is a
continuation of this theme through a diversity of approaches in the search for coevolution
of numerous life forms and h o w different forms of specialization are involved in speciation.

7.3. Herbivorous Insects
The current understanding of m a n y evolutionary processes is based on the host
associations of insects, and there is extensive information available on phytophagous
species because of their impact on agricultural sustainability. A strong predominance of
host specialist species has been observed in phytophagous insects. Janzen (1988) for
example, estimated that 5 0 % of the caterpillars in Costa Rica use only one or a few related
host plants, and 9 0 % of tropical butterfly species from the study of Scott (1986) use only
plants from one family.

Moreover, there is growing evidence to suggest that m a n y

polyphagous species are actually a collection of populations locally adapted to single
resources (Fox & Morrow, 1981; Thompson, 1988a, b; Thompson & Pellmyr, 1991; Singer
et al, 1992), so the current assessment of the number of phytophagous insect species is
likely to be an underestimate, perhaps a considerable one.
Phylogenetic inference of phytophagous species reveals strong taxonomic
conservation in host-plant utilization, where insects tend to be associated with the same
species (Ehrlich & Raven, 1964; Mitter et al, 1991; Fielder, 1996; Janz & Nylin, 1997;
Janz et al, 2001). It has been demonstrated that constraints on genetic variation in host use
m a k e transfer to plants that have been used by lineages in the past more likely than to
3

unrelated novel species (Futuyma et al, 1993, 1994, 1995). Phylogenetic congruence is
rarely found in insect-plant associations and cospeciation of associated lineages is not
likely to explain a predominance of host specificity in herbivores (Funk et al, 1995; Janz et
al, 2001).
A n evolutionary response towards host conservation is expected if there are limits
on genetic variation in insect populations (Holt & Hochberg, 1997). M a n y characters m a y
not be as genetically variable as once thought and evidence from cladistic analysis suggests
that characters among taxa differ in their variability (Mousseau & Roff, 1987; Bradshaw,
1991). Indeed, divergence in some species is almost entirely restricted to observed genetic
variation within a species (Alberch, 1983; Bradshaw, 1991).

Similarly, limits on the

expression of genetic variation will infer evolutionary constraint given that threshold
characters m a y present phenotypic uniformity despite underlying genetic variation
(Scharloo, 1987; Falconer & Mackay, 1996).
Even in the presence of suitable genetic variation, constraints on host-use evolution
m a y arise from negative correlations in fitness (Via & Lande, 1985; Futuyma & Moreno,
1988).

Under this hypothesis, specialization evolves as a consequence of tradeoffs in

performance on different hosts and, optimization for the use of one species limits
performance on others (Futuyma & Moreno, 1988; S i m m s & Rausher, 1989; Via, 1990;
Joshi & Thompson, 1995). However, a search for the existence of performance tradeoffs in
herbivorous insects has had disparate results, with few studies from m a n y unequivocally
showing genetic correlation in performance on different hosts to be negative (Via, 1991;
Filchak et al, 2000; Via, 2001).
Although most studies indicate that performance on different hosts is positively
correlated or uncorrelated (Rausher, 1984; Via, 1984ab; Jaenke, 1989; Fox, 1993; Fox &
Caldwell, 1994; Fox et al, 199A), genetic correlations in resource use that arise between
localized patches are thought to reinforce barriers to dispersal (Via, 1990). Indeed, there
m a y be m a n y costs to broadening a species host range (Kraaijeveld & van Alphen, 1994;
Fellows et al, 1999; Kraaijeveld et al, 2001). Evidence from macroevolutionary trends of
phytophagous insects argue that species can be constrained to use hosts of related taxa
rather than shift to unrelated novel hosts (Futuyma et al, 1993, 1994, 1995; Funk et al,
1995; Janz etal, 2001).
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1.4. Host Shifts
Host-plant conservation without congruent cospeciation is difficult to account for.
But phylogenetic patterns can appear conservative when there are a large number of
evolutionary host shifts in an insect group, because most shifts occur between the same sets
of host plants (Farrell & Mitter, 1990; Funk et al, 1995; Janz et al, 2001). With the
apparent dominance of host specialization in insects and the role genetic variation plays in
host conservation, an ability forfrequenthost shifts in m a n y specialist herbivores has been
questioned (Futuyma & Moreno, 1988; Moran, 1988; Kelley & Farrell, 1998).

The

significance of host-use patterns in the evolution of specialization has subsequently
received increased attention, with growing evidence to suggest that m a n y polyphagous
herbivores are actually specialists at the population level (Fox &

Morrow, 1981;

Thompson, 1988; Thompson & Pellmyr, 1991; Singer et al, 1992; Bowers & Williams,
1995).
Host-use patterns in an insect are typically set by the ecological and biological
constraints of a species. In an environment where conditions are geographically variable, it
is likely that the resources utilized will deviate in accordance with these elements (Fox &
Morrow, 1981).

Host-use divergence in polyphagous insect populations is therefore

predicted 1), by ecological barriers that prevent individuals from attacking potential hosts
because of the immediate availability of resources and/or 2), through genetic differences,
not only, in the addition/deletion of species to the fundamental host-range, but also in h o w
insects rank potential hosts (Futuyma & Moreno, 1988). Host-use patterns can then vary
simply because of environmental heterogeneity, given that a natural enemy m a y not
necessarily have access to all of the species it attacks due to the availability of hosts. A s a
result, it is valuable to distinguish the use of hosts as resources within a particular
environment, the realized host-range, from the distinct genetic properties of an insect and
divergence of its fundamental host-range (Jaenike, 1990).
In phytophagous insects, the evolution of plant-insect associations has been guided
to a large extent by the chemical defenses of plants (Smiley, 1978; Jaenike, 1990; Dobler et
al, 1996; Wahlberg, 2001). Differential performance of insect genotypes on alternative
host species shows that plant species often represent distinct selective environments for
insects (Via, 1984a, Singer et al, 1988; Fox, 1993). Certainly, there are numerous studies
which demonstrate the phenotypic divergence of phytophagous insect populations on
alternative plants (Fox & Morrow, 1981; Futuyma & Peterson, 1985; Thompson
5
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Pellmyr, 1991; Feder et al, 1994), and a genetic basis for these differences has often been
established (Rausher, 1984; Via, 1984a,b; 1991; Carroll et al, 1997). The response of a
polyphagous insect will then be based on the different selective pressures experienced
between hosts, with patterns of genetic variation in resource use having an important
impact on the evolutionary dynamics of a given species (Via, 1991).
Although there is some empirical evidence supporting the idea that in a few insect
groups host specialization is a derived condition from generalists (Kelley & Farrell, 1998),
this is not the case in others (Futuyma et al, 1995), and undoubtedly host shifts in both
generalist and specialist insects can occur to some degree. Examples of extreme host shifts
in phytophagous insects have arisen in the most polyphagous sections of insect tribes (Janz
et al, 2001). Polyphagous herbivores are k n o w n to m a k e more oviposition mistakes than
specialist species (Janz & Nylin, 1997; Bernays & Funk, 1999; Nylin et al, 2000), a
situation that could enable radical shifts to novel host species (Ehrlich & Raven, 1964;
Larsson & E k b o m , 1995). The question then is whether evolutionary host shifts are more
often derived from generalists, consistent with the notion that specialists frequently go
extinct.
In the next Chapter, the potential for investigating evolutionary host shifts further
using polyphagous parasitoid insects is discussed. A group of parasitoid species often
reported to have broad host and geographic ranges is examined, and the importance of their
behavior to host utilization described. B y paying particular attention to a polyphagous
parasitoid species that has recently been introduced to Australia, research is proposed to
investigate characters of host-range divergence in this important parasitoid group. The
function of this chapter is to provide more detailed information about the thesis hypothesis
and introduce the aims of this study. This section also provides a description of the
following experimental chapters along with their specific goals.

6

Chapter 2. Study System & Project Aims
2.7. Parasitoid Insects
In the previous chapter the w a y in which specialization has historically been
perceived w a s summarized and the changes in thought that were generated during the
synthesis of evolutionary disciplines were discussed. This included the current approaches
employed in evolutionary ecology that focus on h o w different forms of specialization might
be involved in speciation. O f particular importance has been the role that the study of
herbivorous insects has had in the development of views concerning specialization, and that
phylogenetic inference of phytophagous species reveals strong taxonomic conservation in
host-plant utilization.
Parasitoids are insects whose larvae grow by feeding exclusively on the bodies of
other arthropod species. Like predators, they always kill the host they attack but like
parasites, they only require a single host on which to mature (Godfray, 1994). A s with
phytophagous insects, the parasitic w a y of life has given rise to a great diversity of forms
and hymenopteran parasitoids account for around 50,000 of k n o w n insect species and up to
2 0 % of all undescribed insect species (Godfray, 1994).

Estimates of hymenopteran

parasitoid diversity are based on assumptions about specialization and the number of
extreme specialists present within the group.
Parasitoid insects display m a n y of the characters normally associated with host-use
divergence in herbivorous complexes, and further evaluation of these traits m a y offer an
opportunity to address the concept that host generalists frequently give rise to specialists.
Parasitoids can be regarded as specialist or generalist in terms of their second trophic level,
the aphid host, but also due to thefirsttrophic level, the food plants of those hosts. For
example, as will be discussed in more detail at a later stage, D. rapae is commonly
described as an aphid generalist because of its wide aphid host range, however, this species
is also a crucifer plant specialist w h e n dealing with host food plants. For the purpose of
this thesis, unless otherwise stated, the terms specialist and generalist will refer to
parasitoid host range dealing with aphid species only. In the next section, host-range
evolution in a group of parasitoids closely related to D. rapae is discussed. B y paying
particular attention to speciation in this group, the trends apparent are used to develop a
thesis hypothesis analyzing those attributes associated with host utilization in D. rapae.
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2.2. The Genus Aphidius
There are over 60 recognized parasitoid species within the genus Aphidius
(Aphidiinae: Braconidae: Hymenoptera).

M a n y of these parasitoids are considered

taxonomically problematic (Mackauer & Stary, 1967), whilst particular species are often
described with broad host and geographic ranges (Pungerl, 1984). Host-shifts in the genus
have been restricted to aphids within the Aphidoidea (Hemiptera), a widely distributed
group of phytophagous insects thought to be the most recently derived branch in the family,
evolving sometime during the Oligocene (Mackauer, 1965).

Most genera within the

Aphidoidea have evident host plant associations at or below the family level, and tend to be
associated with the same sets of plant-host species (Blackman & Eastop, 2000).
A s found with m a n y herbivorous insects, the Aphidius wasps likewise show a
predominance of specialist species, and a compilation of hosts utilized is displayed in Table
2.1. Parasitoids have subsequently been characterized into levels of specialization and
presented are the number, and kinds of aphid hosts used by each species, showing the wide
degree of interspecific variation present within this genus. Indeed, of the 48 parasitoid
species investigated, 19 were considered extreme specialists attacking one or two hosts
within a single genus. Twelve species attacking three or more hosts of the same genus
were considered specialists, while the remaining 17 species were considered generalists,
attacking hosts from more than one genus, a definition that includes both oligophagous and
polyphagous forms.
The dominance of specialists in this group suggests that, as in phytophagous insects,
genetic variability has a significant effect on host shifts. Yet despite the importance of
genetic constraints on the evolutionary dynamics of host specialization in insects, the
genetic contribution of different characters to parasitoid virulence has rarely been
addressed (Hopper et al, 1993; Henter, 1995; Kraaijeveld et al, 1998). S o m e characters
m a y not be as genetically variable as once thought, and only by direct empirical
investigation, can w e assess whether the course of evolution is guided by variation in
particular host-use traits.
A s with polyphagous herbivores, the host species of a polyphagous parasitoid m a y
represent different selective environments, and heritability of both the resistance of hosts
and virulence of parasitoids is documented (Via & Henter, 1995; Henter, 1995; Kraaijeveld
et al, 1998). It is possible that some polyphagous members of the Aphidius are then
composed of specialist and generalist individuals, where depending on genotype,
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individuals will vary in their ability to attack aphids (Nemec & Stary, 1984a,b; Powell &
Wright, 1992). I n o w consider the role of host specialization in D. rapae specifically,
drawing on those trends within the Aphidius group to develop a hypothesis and aims for the
study.
For the purpose of this thesis the term 'aphidiid' parasitoid is used throughout to
describe braconid aphid parasitoids. Although it is largely accepted that these parasitoids
do not constitute a separate family (Aphidiidae) and are better classified as a subfamily
(Aphidiinae) of the Braconidae, the term aphidiid has long been in c o m m o n use and will be
used here.

Table 2.1. Host-Aphid genus and number of species attacked by Aphidius parasitoids. G = Generalist; S =
Specialist; X = Extreme Specialist. Only host records from field data have been included while doubtful host
records or those that require verification have been omitted.
Parasitoid Species

Author

Host-Aphid Genus

Absinthii

Marshall

Macrosiphoniella

alius

Muesebeck

areolatus

Ashmead

asteris

Haliday

avenae

Haliday

avenaphis

Host Species G/S/X Source

13

G

A,G, 0

1

X

A

Periphyllus

4

S

G

Macrosiphoniella

2

X

A

Macrosiphum

2

X

A

Fitch

Polyphagous (4 Genera)

15

G

A

camerunensis

Mackauer

Macrosiphum

1

X

A

caraganae

Stary

Acryrthosiphum

1

X

A

colemani

Viereck

Polyphagous (17 genera)

49

G

F

Gahan

Macrosiphoniella

1

X

A

commodus

Macrosiphum

confuses

Ashmead

Macrosiphum

1

X

A

equiseticola

Stary

Macrosiphum

1

X

A

ervi

Haliday

Polyphagous (12 genera)

25

G

D

floridaensis

Smith

Uroleucon

4

S

A, I

funebris

Mackauer

Uroleucon, Uromelan

7,4

G

A,G,H

gifuensis

Ashmead

Polyphagous (6 Genera)

10

G

A, G

hieraciorum

Stary

Nasonovia

3

S

A

hortensis

Marshall

Liosomaphis

1

X

A,H

impressus

Mackauer

Sitobion

1

X

A

ivanovae

Telenga

Acryrthosiphum

1

X

A

kakimiaphidis

Smith

Kakimia

1

X

A

lonicerae

Marshall

Macrosiphum

6

s

A, G

9

macrosiphoniellae

Takada

Macrosiphoniella

3

S

G

matricariae

Haliday

Polyphagous (12 genera)

24

G

A, J

megourae

Stary

Megoura

1

X

A

microlophii

Pennacchio & Tremblay

Microlophium

1

X

N

nigrescens

Mackauer

4,2,1

G

A

13

G

A

G

A

Acryrthosiphum, Aulacorthum,
Macrosiphum

nigripes

Ashmead

obscuripes

Ashmead

Polyphagous (9 genera)

Aphis, Aulacorthum, Macrosiphum, 1,1,2,1
Rhopalosiphum

ohioensis
pascuorum

Smith

Uroleucon

5

S

A

Marshall

Acrythosiphum, Rhopalosiphum,

3,1,2

G

A

Schizaphis
phalangomyzi

Stary

Macrosiphoniella

1

X

A

picipes

Nees

Polyphagous (7 Genera)

15

G

A,B

platensis

Brethes

Polyphagous (8 Genera)

24

G

A,E,C

polygonaphis

Fitch

Macrosiphum, Uroleucon

2,4

G

A

pulcher

Baker

Acrythosiphum

1

X

A

ribis

Haliday

Cryptomyzus

3

S

A

rhopalosiphi

D e Stenfani Perez

Metopolophium, Rhopalosiphum,

2, 2, 1, 2

G

A.J.M

Schizaphis, Sitobion
rosae

Haliday

Macrosiphum

4

S

A,L

rubi

Stary

Amphorophora, Macrosiphum

1,1

S

A

salicis

Haliday

Cavariella

4

S

A,G

sicarius

Mackauer

Thelaxinae

3

s

A

smithi

Sharma & Subba Rao

Acrythosiphum

1

X

A,D

sonchi

Marshall

Hyperomyzus

2

X

A,H

transcaspicus

Telenga

Hyalopterus

2

X

A

uroleuci

Haliday

Uroleucon

4

s

A,L

urticae

Haliday

Polyphagous (5 Genera)

30

G

B,D,K

uzbekistanicus

Luzhetzki

Polyphagous (5 Genera)

8

G

B,L,M

Sources are abbreviated as follows: A, Mackauer & Stary 1967; B, Stary 1972a; C, Stary 1972b; D, Stary
1974; E, Carver & Stary 1974; F, Stary 1974b; G, Stary 1975; H, Halme 1977; I, Stary 1981a; J, Stary 1983a;
K, Stary 1983b; L, Mescheloff & Rosen, 1990; M , Stary 1993; N, Atanassova et al. 1998; O, Stary & Choi,
2000.
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2.3. Study System
Diaeretiella rapae [=Aphidius brassicae Marshall; Aphidius rapae Curtis] is the
only parasitoid of a monotypic genus derived from the Aphidius (Belshaw & Quicke, 1997;
Smith et al, 1999; Sanchis et al, 2000; Kambhampti et al, 2000).

M a n y of the

adaptations that m a y act to constrain host range in generalist parasitoids are possessed by
this species. Its foraging behavior has been studied in detail to determine h o w long-range
cues influence attack rates in the field. Searching in this species, like in m a n y other
parasitoid wasps, is enhanced through the use of semiochemicals that provide information
on local conditions (Read et al, 1970; Titayavan & Altieri, 1990; Reed et al, 1995;
Shaltiel & Ayal, 1998). Environmental conditioning also influences host use in D. rapae,
and experience with resources during adulthood is k n o w n to elicit responses that have
previously been successful (Sheehan & Shelton, 1989).
Although, D. rapae has a reported 60+ host species worldwide (Pike et al, 1999),
reports suggest that certain populations could have a more restricted fundamental host
range than this list indicates. W h e n used as a biological control agent in countries to where
it has recently been introduced, the number of host species available for parasitism is often
restricted for indefinite periods and available evidence suggests that some endemic D.
rapae populations m a y have a reduced fundamental host range. Levels of parasitism, for
example, against North American Diuraphis noxia (Mordwilko) populations only increased
after the introduction of European strains, suggesting that the endemic D. rapae
populations were not adapted to attack this insect effectively (Elliott et al, 1995).
Conservation of a broad host range in some generalist parasitoids argues for genetic
limitations on the physiological or behavioral traits maintaining polyphagy. Divergent
local specialization under these circumstances does not seem likely. However an approach
to examining the evolutionary process that m a y be rewarding is an investigation of
underlying adaptation. S o m e parasitoid groups m a y be less prone to host shifts than others.
If so, it will be necessary to identify particular adaptations for the potential of host shifts in
this group to be determined. O f particular interest is the role that behavior plays in
polyphagous parasitoid species like D. rapae.

2.4. Parasitoid Behavior
For aphidiids, the spatial distribution of resources is seldom fixed, and in some
generalist species, will even vary within a single generation (Godfray, 1994). Under these
11

conditions, locating appropriate habitats can often be difficult, favoring the use or
development of characters that provide a means for stabilizing resource use. Certain
biological traits m a y then influence host-use patterns of parasitoids in this w a y with
individuals differentially attracted or suited only to certain resources (Bell, 1990). There is
growing evidence to suggest that host utilization is determined to a significant degree by
host-seeking behavior in insects and searching strategies have developed that reduce the
costs of foraging (Jermy, 1984; Iwasa et al, 1984, Scheirs & Bruyn, 2002).
Host-searching behavior in parasitoids is a complex and hierarchical process that
can be divided into a series of steps, i.e. host-habitat location, host location, acceptance,
suitability and regulation (Vinson, 1976). Host selection depends on the execution of
appropriate behavioral responses at each stage of the foraging process, which is largely
determined by a parasitoids' physiological state and its previous environmental experiences
(Vet et al, 1990). At each stage of the selection process, different types of environmental
cues are used by parasitoids to guide search orientation. Directional sensory information,
such as chemical or physical cues, can provide a stable vector towards resources, whilst
non-directional sensory information can alert the parasitoid to the presence of a resource,
and/or act to change the sensory threshold of another modality, such as visual recognition
(Godfray, 1994).
M a n y parasitoids have also evolved learning abilities that are k n o w n to trigger
responses advocating behavior which has previously been successful (Papaj & Prokopy,
1989). Pre-emergence conditioning is k n o w n to elicit behavior governing resource use,
orientating individuals towards cues associated with their development (Vinson et al,
1977; Rausher, 1983; Wickremasinghe & van E m d e n , 1992; Storeck et al, 2000).
H o w e v e r these mechanisms could also have a tendency to reinforce 'culturally' transmitted
preferences, and the ability for parasitoids to learn about resource use indicates that nongenetic effects can have a significant impact on patterns of host utilization. A s a result,
infrequent encounters with alternative host species will regulate the dynamics of diet
breadth in such parasitoids.

2.5. Aims
This study combines a range of quantitative and molecular genetic techniques in
association with behavioral and life-history bioassays to investigate specialization in D.
rapae. The main purpose of this study was to identify characters associated with host12

range divergence in a population of D. rapae recently introduced to Western Australia in
order to contribute to the knowledge of evolutionary stability in generalist aphidiid species.
The earliest records concerning colonization of D. rapae to Western Australia are from
1902 w h e n parasitoids were introduced from Eastern Australia to control the major pest of
crucifers, the cabbage aphid, B. hrassicae (Compere 1902).

The parasitoid was

subsequently re-introduced in 1909 using 24 individuals collected from Ceylon (Robinson
1908), although it has been reported that individuals were probably already well established
prior to that date (Jenkins 1946; Wilson 1960). Specifically, I test the hypothesis that
Australian D. rapae has an altered host range as a result of its introduction to this country.
D. rapae individuals were exposed to aphids from a wide variety of host-habitat
complexes. Each host species occupies a different niche in the agro-ecosystem and due to
differences in the chemical and physical composition of aphids and host plants, represents a
different selective environment.

Species chosen included the two aphid specialists of

crucifer plants the cabbage aphid, Brevicoryne hrassicae (L.) and the turnip aphid, Lipaphis
erysimi (Kaltenbach), a generalist aphid of crucifers the green-peach aphid, Myzus persicae
(Sulzer) and the specialist of cereals, the bird cherry-oat aphid, Rhopalosiphum padi (L.).
The cotton aphid, Aphis gossypii Glover, was included in experiments focusing on
oviposition behavior. The following section describes the aims addressed within each
chapter.

2.5.1. Chapter 3: The genetic component of different host-associated traits.
T h e causes for variation in parasitoid virulence are poorly understood despite a
substantial body of theoretical and empirical study on the extrinsic factors concerning
resource use (Bell, 1990; Jaenike, 1990; Via, 1990). Despite the importance of genetic
constraints on the evolutionary dynamics of host specialization in insects, the genetic
contribution of different characters to parasitoid virulence has rarely been addressed
(Hopper etal, 1993; Henter, 1995; Kraaijeveld etal, 1998). In this chapter, a quantitative
genetic technique attempts to examine the contribution of different characters to parasitoid
virulence w h e n attacking alternative hosts.

2.5.2. Chapter 4: The physical and chemical cues of oviposition behavior.
Parasitoid virulence characters displaying the greatest heritability as identified in
Chapter 3 were subsequently investigated to determine h o w evolutionary mechanisms
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might acting on these components. This chapter reports on experiments with the aim of
identifying the different oviposition cues utilized during the host selection process. It had
been demonstrated in previous studies by other researches that aphidiid parasitoids often
display oviposition preference based on host aphid cues and are attracted to the specific
physical and chemical attributes of their primary host (Powell & Zhang, 1983; Battaglia et
al, 1993, 1995, 2000; Pennacchio et al, 1994; Powell et al, 1998). Because evidence
from divergent host-use patterns in Aphidius wasps suggest that interactions at short-range
have a large impact on the macroevolutionary trends of this group (Powell & Wright, 1988;
Pennacchio et al, 1994), both the chemical and physical aspects of oviposition behavior in
D. rapae where investigated in detail.

2.5.3. Chapter 5: Oviposition preference, larval performance and host conditioning.
Environmental conditioning has also been described in aphidiid wasps, yet the role
of associative learning in the plasticity of behavioral responses to visual (Wardle, 1990;
Wackers, 1994) and chemical elements (Wickremasinghe & van E m d e n , 1992; Storeck et
al, 2000) remains to be studied for traits of oviposition. Chapter 5 reports on experiments
that investigate the relationship between adult preference and larval performance at the
level of oviposition behavior in D. rapae w h e n individuals emerge from alternative hosts.
This chapter has important implications for the flexibility of these traits in an ecological
framework and their influence on host shifts within the parasitoid group.

2.5.4. Chapter 6: Comparison of life history and behavior between reproductively isolated
parasitoid populations.
In geographic regions where parasitoids like D. rapae have been introduced as
biological control agents, the number of host species available for parasitism is often
reduced.

Here, two D. rapae populations that have historically differed in the hosts

available to them in the field were investigated. There is some evidence that indigenous
North American populations of D. rapae could not attack the introduced Russian wheat
aphid, D. noxia, as effectively as introduced Eurasian populations. Lack of exposure to
particular hosts in a n e w environment could lead to a reduced capacity to attack these hosts.
Gene flow a m o n g populations is widely considered to be an important factor
inhibiting the evolution of local adaptation (Avise, 2000). Here, the hypothesis is tested
that geographically isolated Australian D. rapae historically restricted to crucifer and
14

generalist aphid hosts will perform poorly on cereal aphid species. Parasitoid specimens
were tested on D. noxia, a cereal aphid pest to which Australian wasps have never been
exposed. The approach used aims to differentiate factors involved in host shifts of this
parasitoid, if reproductive isolation and evolutionary pressures are maintained for
prolonged periods, posing some important questions concerning the biological control of
exotic pest species.

2.5.5. Chapter 7: Genetic variation, founder effects andphylogeography.
It is clear from the findings presented in previous chapters that genetic
polymorphism plays an important role in the virulence of insect species (Chapter 3). With
respect to a recently colonized population, the origin and genetic variability of individuals
m a y have important implications for host specialization and evolutionary potential. This
being so, the genetic differentiation and population structure of D. rapae populations
distributed over a broad geographical scale was investigated, with particular focus on the
effects of recent colonization in Australian individuals and evidence for a closely related
source population from which they were derived.

2.5.6. Chapter 8: General Discussion.
The overall findings of this study are presented whilst the biological characters of
D. rapae associated with host-use divergence are considered in detail. The concept that
host generalists frequently give rise to specialists is discussed with reference to a
phylogenetic analysis of the genus Aphidius (see Appendix) and comments m a d e
concerning host specialization in this group. The probability of host specialization in this
parasitoid also has important implications for biological control schemes, and the impact of
genetic subdivision and ecological barriers in natural enemies from Australia is discussed.

2.6. Biological Control
The earliest records concerning colonization of D. rapae to Western Australia are
from 1902 w h e n parasitoids were introduced from Eastern Australia to control the major
pest of crucifers, the cabbage aphid, Brevicoryne brassicae (L.) (Compere 1902).

The

parasitoid w a s subsequently re-introduced in 1909 using 24 individuals collected from
Ceylon (Robinson 1908), although it has been reported that individuals were probably
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already well established prior to that date (Jenkins 1946; Wilson 1960). Since its release,
D. rapae has become the dominant parasitoid of crucifer aphids.
The Russian wheat aphid, D. noxia, is currently one of the most serious pest insect
threats to Australian cereal crops, although fortunately, it has not yet been found in the
country. Unlike most aphid species, when D. noxia feeds it damages chloroplasts, thereby
reducing the ability of the plant to photosynthesize and grow (Hughes, 1996). Yield losses
can be as high as 8 0 % , but more commonly range between 15-30% (Hughes, 1996). Its
distribution is almost worldwide and recent establishment in countries equally remote as
Australia suggests that it also could appear here at any time (Hughes & Maywald, 1990).
The potential impact of a D. noxia introduction into Australia can be illustrated by the
United States of America example, where in the first seven years after D. noxia
introduction (1985-1992), the direct and indirect impact has been estimated at over U S $ 9 0 0
million (Hughes, 1996).
In recent years, D. noxia has become less of a problem in most regions and there
has not been a significant outbreak to rival those experienced during the late-1980s
(Hughes, 1996). The release of exotic natural enemies has likely contributed significantly
to the decline of D. noxia. Studies show that predators and parasitoids are n o w efficient in
suppressing small grain aphids of wheat on a regular basis, although aphid outbreaks can
still occur under some climatic conditions (Elliott et al, 1995).

Once D. noxia was

detected in the United States different parasitoid species were released, representing more
than 80 geographic strains from 25 different Eurasian countries where the pest is thought to
have originated (McKinnon et al, 1992).
Delay in the importation of natural enemies to North America strongly influenced
the level of economic damage caused by D. noxia. In Australia this situation can hopefully
be addressed with natural enemies, providing uninterrupted biological control and/or
ensuring that a control program is ready for implementation as soon as the pest is detected.
However, as was the case in North America, with regard to native natural enemies,
Australian parasitoids m a y be ineffective against D. noxia. The current study attempts to
resolve this issue and as such has important implications for methods proposed to control
this aphid species using natural enemies.
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Chapter 3: The genetic component of different host-associated
traits.
3.1 Introduction
The causes for variation in parasitoid virulence are poorly understood despite a
substantial body of theoretical and empirical study on the extrinsic factors concerning
resource use (Bell, 1990; Jaenike, 1990; Via, 1990). The ability for parasitoids to locate
hosts are a key determinant of which species a population will utilize, and genotypic
differences are recognized as a significant source of variation in parasitoid attack (Cameron
et al, 1984; Pungerl, 1984; Powell & Wright, 1988; Haardt & Holler, 1992; Atanassova et
al, 1998). Yet despite the importance of genetic constraints on the evolutionary dynamics
of host specialization in insects (Futuyma et al, 1993, 1994, 1995), the genetic contribution
of different characters to parasitoid virulence has rarely been addressed (Hopper et al,
1993; Henter, 1995; Kraaijeveld et al, 1998). S o m e characters m a y not be as genetically
variable as once thought and only by direct empirical investigation can w e assess the course
of evolution in relation to particular host-use traits.
Evidence from cladistic analysis suggests that m a n y characters of specialization
a m o n g taxa differ in their variability (Mousseau & Roff, 1987; Bradshaw, 1991). Indeed,
phenotypic variation in a species is a function of evolutionary history, via the processes of
selection and drift. A s n e w mutations, genetic combinations and ecological opportunities
present themselves, these phenotypic boundaries are reflected in the development of a
species. In some cases, speciation and divergence is restricted to the observed amount of
genetic variation in traits (Maynard Smith & Sondich, 1960; Alberch, 1983; Bradshaw,
1991; Futuyma et al, 1995). Conservation of insect host plant associations has evolved
precisely because insect clades often lack genetic variance in ecologically important
characters, providing a rationale for macroevolutionary dynamics in this group (Futuyma et
al, 1993, 1994).
Host-use in aphidiid parasitoids is k n o w n to correlate with a degree of population
differentiation (Nemec &

Stary, 1984a,b; Unruh et al, 1989; Vaughn et al, 1994;

Ciomperlik, 1995; Atanassova et al, 1998). Populations with the greatest genetic diversity
have been termed the population diversity centre by N e m e c and Stary (1984a,b). It has
been proposed that polyphagous aphidiids are then composed of specialist and generalist
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individuals, whilst depending on genotype, individuals will vary in their ability to attack
aphids within an expected host range (Powell & Wright, 1992). However, this hypothesis
will also depend on the genetic contribution different host-use traits m a k e to virulence in a
parasitoid species, and the presence of aphid species that represent alternative selective
environments (Via, 1991).

In order to ascertain the importance of different genetic

components involved in parasitoid virulence, a comparison of variability in isofemale lines
can be used.

Such lines are a powerful w a y to demonstrate the presence of genetic

variation for a trait, and significantly higher variability between lines than variability within
lines can indicate the presence of genetic differences a m o n g families (Parsons, 1980;
Falconer & Mackay, 1996).
In the present study, this approach was used to estimate genetic variability in
several host-use traits of the aphidiid wasp D. rapae. Although the species is thought to be
a crucifer specialist, individuals have been recorded ovipositing and developing in hosts on
more than a dozen plant families (Pike et al, 1999). The use of non-crucifer aphid hosts by
D. rapae could then have important implications for the evolution of specialization in this
species, and as mentioned earlier there is some evidence to suggest that neighbouring
populations can be genetically differentiated w h e n emerging from alternative host species
(Vaughn & Antolin, 1998).
In this chapter, I first report on experiments that establish whether D. rapae
isofemale lines differ in oviposition behavior and subsequently whether lines also differ in
fitness on different host species. Specifically, the hypothesis is tested that isofemale lines
reared on crucifer aphids, without access to cereal aphids, will vary in their ability to attack
non-crucifer hosts. These lines are expected to differ in their ability to use non-crucifer
species because cereal and crucifer aphid hosts represent a different selective environment,
and establishing isofemale lines will enable the segregation of factors responsible for
parasitism in each host-habitat complex.

3.2 Methods & Materials
3.2.1 Rearing Insects and Preparing Aphid-Infested Plants
A standard procedure w a s used to culture aphid hosts and parasitoids in these
experiments. Cabbage (Brassica oleracea var. rapifera L.), wheat (Triticum spp), radish
(Raphanus sativus L.) and oilseed rape (B. napus) were grown in 10cm diameter plastic
pots under glasshouse conditions for rearing and use in experiments. Cultures of 7?. padi,
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M. persicae, B. hrassicae and L. erysimi were derived from single parthenogenetic females
collected from the Western Australian wheat belt. Single clones were maintained in metalframed cages enclosed with glass and fine mesh nylon cloth by allowing second and third
instar n y m p h s to build in number on an appropriate host-plant using adults of one of the
aphid species.
Parasitoid cultures were derived from sites in the Western Australian wheat belt
during the 1999 agricultural season. For each, an isofemale line w a s established and
maintained with full sib-mating on the host from which they were found. Specifically,
newly emerged male and female wasps were randomly selected within a family and paired
singly for mating. After mating, each female wasp was then exposed to a separate culture
of aphid hosts for the production of full-sib offspring, generating an isofemale line. After a
number of generations, inbreeding depression caused a reduction in fitness and a series of
n e w lines was established to overcome fixation of deleterious alleles. Each of the lineages
was crossed with the same family denoted in this study as Line I. The n e w parasitoid
lineages were then maintained at a temperature of 20-22°C and ambient photoperiod by full
sib-mating for use in experiments. Naive female wasps were obtained from aphid
m u m m i e s kept singly in culture plate well holes covered with Parafilm® and had no
contact with aphids or plant hosts prior to experiments.
It is well k n o w n that the host from which female parasitoids emerge influences
oviposition behavior (Powell et al., 1998). This maternal effect is often in the form of
preference for the hosts on which they were reared, and thus differences in host acceptance
can reflect a function of the laboratory-rearing host. Prior to experiments, parasitoids from
each isofemale line were then reared on the cabbage aphid, B. hrassicae, and individuals
were given access to food, water and males for 24h after emergence. A parasitoid's
physiological state relative to other needs such as food, mating and general health can also
strongly influence the quality of its foraging behavior, as can environmental experience and
the phenotypic plasticity of individuals. A s a result, the precautions taken ensure standard
individual and environmental conditions before and during experimentation.

3.2.2 Oviposition Behavior
Oviposition experiments were conducted in simple petri dish bioassays to compare
behavior of isofemale lines against the cereal aphid host 7?. padi, crucifer specialist L.
erysimi and crucifer generalist M. persicae in the absence of host plants. The aphid species
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chosen each occupy a different niche in the agro-ecosystem and, due to differences in the
chemical and physical composition of species, represent a different selective environment
to the parasitoid.
Each petri dish arena was 3 c m in diameter x 1cm in height, with the light uniformly
diffuse, by screening fluorescent light tubes with a panel of white opaque plastic. Under
no-choice conditions, a single female wasp was exposed to a mixture of ten-2nd and 3rd
instar nymphs of one host species placed within the arena and observed for 20 minutes.
Oviposition behavior was assessed as the number of contacts m a d e with aphids that
resulted in a probing response, replicated with a m i n i m u m of 10 parasitoids for each
isofemale line and each host species. Females exposed to host species were chosen
randomly and were only used once in an experimental arena.
Oviposition trials were performed in the absence of leaf material. Indeed, the
presence of leaf tissue affects the behavior of D. rapae making an individual more alert to
the presence of hosts (Sheehan &

Shelton, 1989).

The effect of aphid species is

subsequently lost and parasitoids do not discriminate between species. The approach taken
was then to focus specifically on the behavior of parasitoids at short-range from cues
emanating only from the aphid species being tested avoiding this complication.
Data were examined with an analysis of variance ( A N O V A ) using the STATISTICA
software program (StatSoft, 1999). A full factorial 3 host x 5 isofemale line A N O V A
design offixedeffects was employed. Isofemale line, "Line", was considered afixedeffect
and the host species in question, "Host" was also considered a fixed effect. If variables
were subsequently found to be statistically different then the hypothesis of homogeneous
means was rejected and a Duncan test performed to differentiate isofemale lines further.
All values were transformed using natural logs to normalize data series prior to analysis.

3.2.3 Reproductive Success & Larval Performance
Single mated female D. rapae were exposed to the nymphs of three aphid pest
species in no-choice conditions for 24 h to determine if they could successfully parasitize
and develop in each. They included the aphid specialist of crucifer plants L. erysimi on
Brassica napus L., the generalist aphid of crucifers, M. persicae on B. napus, and the
specialist cereal aphid, 7?. padi on wheat.

For each complex, seven replicates were

performed by allowing 40 second and third instar nymphs to build in number on a single
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host plant using adults of the aphid being tested. Cages were maintained at 20°C and
16L:8D light conditions throughout the trial.
Single mated female wasps were then added to each replicate and after aphids had
been exposed to females for 24 hours females were removed. Plants were then inspected
daily for the presence of mummies. If present, m u m m i e s were removed and placed in
culture plates before returning experimental units and m u m m i e s to the growth chamber.
After a month, m u m m i e s from which wasps had not emerged were recorded and an
estimate of mummy-adult survival determined. After death, adult weight was assessed by
drying specimens for 48hrs at 40°C and pooling weight in an equal number of males and
females in each replicate. Sex ratio was also recorded within parasitoid replicates.
Life history parameters and parasitism rates were evaluated in isofemale lines using
ANOVA

to test for homogeneity between isofemale lineages using the STATISTICA

program (StatSoft, 1999). One-way analysis of variance was employed to identify the
presence of variation in isofemale lines for each host separately. This approach was taken
because not all host experiments could be performed at the same time to implement of
standard full-factorial analysis of variance, and comparison of isofemale lines between host
species was not desired for the aims of this chapter.
Specifically, the dry-adult weights of isofemale lines were analyzed for each host
species separately by one-way fixed effect A N O V A where each replicate (Replicate) was
nested into each isofemale (Line). Similarly, one-way fixed effect A N O V A was employed
to investigate variation in isofemale lines for percentage parasitism, sex ratio and
emergence survival.

After A N O V A tests, a Duncan means test performed for the

percentage parasitism data series to differentiate isofemale lines further.
A discriminant analysis was also employed to determine the pattern of variation
between isofemale lines and life history traits using the STATISTICA program (StatSoft,
1999). These statistics were derived using a forward stepwise analysis and missing data
were substituted by group means. Ten of the original life history parameters were included
in the analysis and the m i n i m u m tolerance level for inclusion of a variable was set at 0.01%
of the m a x i m u m Mahalanobis distance between groups.

21

3.2.4 Heritability
T o estimate heritability, the within and the between components of the total
variance were measured in individual host species for specific parasitoid traits. From these
components an estimate of the average similarity in individuals belonging to the same
group, or the intraclass correlation (t = V B / (V B + V W ) ) was determined (Falconer &
Mackay, 1996). The intraclass correlation w a s then used to estimate heritability (h ) and its
standard error following the formulae presented by Mousseau and Roff (1989). Hoffman
and Parsons (1988) called this parameter w h e n using isofemale lines "isofemale
heritability", which is an intermediate value between heritability in a narrow sense (h ) and
heritability in a broad sense (H 2 ). The comparison of this measure with parent-offspring
regression and half-sib estimates of heritability reveal that the full-sib measure is not
greatly inflated (Mousseau & Roff, 1987; Roff & Mousseau, 1987).

The confidence

interval of this heritability is highly dependent on the confidence interval of intraclass the
correlation, which w a s estimated following the formulae of Carton et al (1989).

3.3 Results
3.3.7 Oviposition Behavior
The results from this experiment are displayed in Fig. 3.1. Prior to analysis of
variance the data series was transformed with natural logarithms. A full-factorial A N O V A
design reveals that the number of oviposition attempts m a d e by females differed
significantly a m o n g host species tested (F(8, i35)=2.36; p<.023) (Table 3.1). Oviposition
response to the crucifer aphid L. erysimi w a s strongest regardless of the isofemale lineage
females were derived, however the preference hierarchy of remaining host species was
variable (Table 3.2). Isofemale lines I and II did not distinguish between M. persicae and
7?. padi (Duncan Test; Table 3.2). In comparison, females from isofemale lines III, IV and
V were more likely to attempt oviposition in M. persicae than 7?. padi (Duncan Test; Table
3.2). Specifically, all lines attacked M. persicae at the same rate but varied in their attack
rates against 7?. padi.
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Fig. 3.1. M e a n ± S.E. oviposition attempts m a d e by female D. rapae from five isofemale lines. Isofemale
lines were tested on the host species M. persicae, L. erysimi and R. padi with 10 replicates each.

Table 3.1. A N O V A results of transformed Oviposition Attempts data using a full-factorial design of fixed
effect where "Line" is considered fixed and "Host" is considered fixed.
Effects

df

MS

F

P

Line

4

0.255

1.03

0.393

Host

2

14.36

25.04

0.001

Line x Host

8

0.573

2.31

0.023

135

0.247

Error
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Table 3.2. A Duncan's mean test of Oviposition Attempts within D. rapae isofemale lines for different host
species. Groups denoted with an X X X X are not significantly different p>0.05. LE = L. erysimi; M P = M.
persicae; RP = R. padi
homogenous group; alpha = 0.05

2

Line/Host

Mean

1

V/RP

.74

XXXX

III/RP

.83

XXXX

rv/RP

.88

XXXX

II/RP

1.05

XXXX

xxxx

II/MP

1.21

XXXX

XXXX

XXXX

III/MP

1.36

XXXX

XXXX

I/MP

1.41

XXXX

XXXX

IV/MP

1.46

XXXX

XXXX

I/RP

1.58

XXXX

XXXX

V/MP

1.59

XXXX

XXXX

I/LE

1.97

XXXX

XXXX

II/LE

1.99

XXXX

XXXX

IV/LE

2.09

XXXX

ni/LE

2.16

XXXX

V/LE

2.16

XXXX

3

4

5

3.3.2 Life History
The results from these experiments are displayed in Table 3.3. Prior to analysis of
variance the data series was transformed with natural logarithms. A m o n g isofemale lines, a
one-way A N O V A of emergence survival for each host species (Table 3.4) indicated the
presence of significant variation between isofemale lines emerging from the crucifer aphid
L. erysimi (F(4,30r5.09; p<.0001) and the cereal aphid R. padi (F(4,3o)=24.58; p<.0001). B y
nesting replicates within isofemale line, one-way A N O V A for each host species (Table 3.5)
further revealed the presence of significant variation between isofemale lines in the dry
adult weight of L. erysimi (F(3o,265)=8.57; p<.001) and M. persicae (F(3o,265r7.10; p<0.001).
B y comparison, variation w a s not detected between isofemale lines in sex ratio of
individuals emerging from L. erysimi (F(4,3or0.897; p>0.447) or M. persicae (F(4,30)=0.475;
p>0.753) (Table 3.6). Estimates for variation between isofemale lines for dry adult weight
and sex ratio could not be obtained when parasitoids were emerging from 7?. padi as
individuals were unavailable.
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Table 3.3. M e a n ± S.E. of life history parameters including Parasitism, Sex Ratio, Percent Emergence
Survival, and Dry Adult Weight. The life history parameters are of isofemale lines raised the host species M.
persicae, L. erysimi and R. padi with 7 replicates each. Values within rows followed by the same numbers
are not significantly different p>0.05.
Host/Plant

I

Fitness Parameter

M. persicae/

Parasitism (%)

rv

m

II

2 8 % ± 0.04 a 2 4 % 0.02 a

3 7 % 0.05 ab

V

4 8 % ± 0.03 b 4 3 % ± 0.08 ab

Raphanus sativus
Sex Ratio (females/total) 0.47 ±0.12

0.57 ± 0.06

0.53 ±0.05

0.60 ±0.05

0.58 ±0.09

Emergence Survival (%) 59% ±0.11

76% ± 0.06

76% ± 0.06

76% ± 0.05

79% ±0.11

Dry Weight (mg)
R padi/

55.8 ±1.67 a 57.7 ±1.18 a 66.6 ± 2.12 b 58.1 ±2.08 a 60.7 ± 1.76 ab
2 8 % ± 0.04 c 2 2 % ± 0.05 be 10%±0.05ab 14% ± 0.03 abc 4 % ± 0.03 a

Parasitism (%)

Triticum sp. Sex Ratio (females/total) 0.46 ±0.04

0.47 ± 0.04

Emergence survival (%) 5 8 % ± 0.05 b 4 7 % ± 0.12 b
56.2 ±1.61

Dry Weight (mg)
L. erysimi/

0%a

0%a

0%a

56.0 ±2.37

7 2 % ± 0.04 b 3 8 % 0.04 a 5 9 % ± 0.07 b 63% ± 0.06 b 81% ± 0.04 b

Parasitism (%)

Sex Ratio (females/total) 0.46 ±0.81
Raphanus sativus

0.39 ±0.10

0.46 ±0.05

0.57 0.03

0.48 0.03

Emergence survival (%) 9 1 % ± 0.02 b 7 7 % ± 0.02 a 8 4 % ± 0.04 ab 9 4 % ± 0.02 b 8 7 % ± 0.27 ab
79.2 ± 3.15 b 59.6 ±2.08 a 74.8 ± 2.64 b 71.5 ±2.47 b 73.4 ± 2.67 b

Dry Weight (mg)

Table 3.4. One-way A N O V A of Emergence Survival within isofemale lines for each host species using data
transformed with natural logarithms. "Line" was considered a fixed effect.
M. persicae

L. erysimi
Effect

df

MS

F

P

df

Line

4

0.009

5.09

0.002

4

Error

30

0.001

30

MS

R. padi

F

P

df

MS

F

0.182 0.787 0.542

4

0.353

0.023

30

0.014

P

24.58 0.001

Table 3.5. Nested one-way A N O V A of Dry Adult Weight for each host species using data transformed with
natural logarithms. "Line" was considered a fixed effect and "Replicate" was nested within "Line".
L. erysimi

M. persicae

Effect

df

MS

F

P

df

MS

F

P

Line

4

0.510

8.57

0.001

4

0.271

7.10

0.001

Replicate (Line)

30

0.238

4.00

0.001

30

0.093

2.50

0.001

Error

265

0.059

265

0.038
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Table 3.6. One-way A N O V A of Sex Ratio within isofemale lines for each host species using data
transformed with natural logarithms. "Line" was considered a fixed effect.
L. erysimi
Effect

df

Line

4

0.016 0.897

Error

30

0.018

MS

F

M. persicae
P

df

0.477

4

0.012 0.475

30

0.026

MS

F

P
0.753

3.3.3 Reproductive Success
The results from these experiments are displayed in Fig. 3.2 and Table 3.3. Prior to
analysis of variance the data series was transformed with natural logarithms. Between
isofemale lines, the percentage of aphids parasitized differed significantly a m o n g lineages
tested in M. persicae (F(4;30)=4.70; p<.004), R.padi (F(4;30)=5.40; p<.002) and L erysimi
(F(4,30)=l 1-25; p<.001) (Table 3.7). Although, parasitism rates were highest in the crucifer
aphid, L. erysimi, regardless of which isofemale lineage individuals originated, relative
performance for the two remaining aphid species tested, 7?. padi and M. persicae, w a s
variable between lines. Isofemale III, IV and V for example produced moderate offspring
on the generalist feeder, M. persicae, but in relation to the other isofemale lines relatively
fewer offspring on the cereal host 7?. padi (Duncans Test; Table 3.8). In comparison,
isofemale lines I and II produced fewer offspring on M. persicae and relatively more
offspring on the cereal host 7?. padi (Duncans Test; Table 3.8).
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Fig. 3.2. Host Parasitism. M e a n ± S.E. percentage of hosts parasitized by isofemale lines in 7 replicates for
each aphid species exposed over 24hours.

Table 3.7. One-way A N O V A of Percentage Parasitism of isofemale lines for each host species using data
transformed with natural logarithms. "Line" was considered a fixed effect.

Effect

df

MS

Line

4

0.035

Error

30

0.003

R. padi

M. persicae

L. erysimi
F

P

11.25 0,001

df

MS

F

P

df

MS

F

P

4

0.021

4.70

0.004

4

0.034

5.40

0.002

30

0.004

30

0.006

Table 3.8. A Duncan's mean test of transformed Percentage Parasitism data of D. rapae isofemale lines for
host species. Within each host species, groups denoted with an X X X X are not significantly different p>0.05.
L E = L. erysimi; M P = M. persicae; R P = R. padi
M. persicae

L. erysimi

Line

Mean

1

XXXX

V

.037

XXXX

.215

XXXX

III

.085

XXXX

XXXX

m

.269

XXXX

XXXX

IV

.118

XXXX

XXXX

XXXX

XXXX

V

.292

XXXX

XXXX

II

.174

XXXX

XXXX

XXXX

IV

.327

XXXX

I

.214

Line

Mean

1

II

.191

XXXX

I

.392

XXXX

I

.432

V

.462

Line

Mean

1

II

.275

XXXX

III

.375

IV

R. padi

2

27

2

2

3

XXXX

3.3.4 Discriminant Analysis
In a comparison of all five isofemale lines, thefirstthree discrimination functions
were statistically significant. Thefirstdiscriminant function accounts for 82.5% of the
total among-group variation (x2=l37.38; df 40; p<.001), with functions 2 and 3 accounting
for 11.1% (x2=59.36; df 27; p<.001) and 4 . 8 % (x2=26.81; df 16; p<.05) of the variation
respectively (Table 3.9). A scatter plot of all five isofemale lines projected onto
discrimination function 1 and 2 displays good separation of these families (Fig. 3.3). O n
average, 9 1 . 4 2 % of all families were classified to the correct isofemale line: Isofemale I,
1 0 0 % ; Isofemale II, 1 0 0 % ; Isofemale III, 71.42%; Isofemale IV, 85.71%; and Isofemale V ,
1 0 0 % . A s can be seen in the contribution of each variable to the three discrimination
functions calculated (Table 3.9), differences in percentage emergence of parasitoids from
7?. padi and percentage emergence of parasitoids from M. persicae contribute the most to
discrimination function 1. B y contrast, the percentage of L. erysimi parasitized, plus the
dry weight and sex ratio of parasitoids emerging from M. persicae, contribute the most to
discriminant function 2.

Table 3.9. Standardized discriminant function coefficients calculated for each of ten canonical variables
five isofemale lines of D. rapae. M P = M. persicae, R P = R. padi, L E = L. erysimi
Variable

Function 1

Function 2

Function 3

M P % Parasitism

-.209

-.178

-.002

R P % Parasitism

.012

.102

-.820

L E % Parasitism

-.006

-.706

.558

M P Sex Ratio

.175

-.558

.135

L E Sex Ratio

.052

.049

-.728

M P % Emergence

.367

.254

.460

L E % Emergence

-.281

-.311

-.710

R P % Emergence

1.099

-.122

.306

M P Dry Weight

-.081

.440

.095

L E Dry Weight

.156

-.357

.171

Percent of Variation

82.5%

11.1%

4,8%

28

5

, , ,

,

,

4
3
A

2

D

CN

tfi

C

o
(3
C

->
_
H—'
c
ro
r

E

Q

-

•

1

a

o

A

*

0
•
. . . :Q ... .• ....
•
•

-1

(i

(
/
)

A

•

-2

• :

O

•

•:
:

-3
•
•

..._

-4
-5
-6

-4

-2

0

2

4

6

8

10

Discriminant Function 1
Fig. 3.3. Scatterplot of five D. rapae isofemale lines projected onto the first and second discriminant axes,
based on analysis often life history variables from Table 3.9. Isofemale lines denoted by R o m a n numerals IV.

3.3.5 Heritability
Estimates of the intraclass correlation (t) and 'isofemale heritability' (h ) are given
in Table 3.10, providing an assessment of the upper limit of heritability. In this case, the
genetic variability will not only include additive effects but possibly dominance effects as
well. T h e highest heritability estimates were derived in characters of oviposition behavior
and emergence survival from the cereal aphid, 7?. padi. In the crucifer specialist L. erysimi,
dry adult weight and emergence survival also were highly heritable, while only dry adult
weight w a s heritable in the generalist aphid, M. persicae.
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Table 3.10. "Isofemale" heritability of experimental traits within isofemale lines. V b =Between line variance
component; V w =Within lines variance component; t=intraclass correlation; h 2 = "isofemale" heritability.
(t)error

h2

(h2)error

0.430 0.206

0.028

0.413

0.071

0.008

0.074 0.102

0.016

0.205

0.036

M. persicae

0.018

0.236 0.074

0.013

0.148

0.028

R. padi

0.050

0.014 0.779

0.018

1.558

0.100

L. erysimi

0.001

0.001

0.419

0.049

0.838

0.158

0.002 0.023 0.101

0.024

0.203

0.055

L .erysimi

0.002

0.018 0.112

0.026

0.225

0.059

M. persicae

0.001

0.026 0.061

0.019

0.122

0.041

L. erysimi

0.008

0.027 0.241

0.018

0.483

0.048

M .persicae

0.004

0.010 0.298

0.024

0.597

0.066

Trait

Host Species

vb

Oviposition Behavior

R. padi

0.112

L. erysimi

Emergence Survival

M. persicae
Sex Ratio

Dry Adult Weight

vw

t

3.4 Discussion
Fisher's fundamental theorem of natural selection states: "The rate of increase in
fitness of any organism at any time is equal to its genetic variance in fitness at that time"
(Fisher, 1930 [1999]), and is generally thought to imply that traits closely associated with
fitness will exhibit low heritable variation as a result of natural selection (Falconer &
Mackay, 1996). If the history of host specialization in D. rapae is based solely on the
availability of genetic variation, w e might then expect to find a genetically variable
response to hosts that represent a recent addition to its host range (Futuyma & Peterson,
1985; Futuyma et al, 1995). The resulting patterns of genetic variability and evidence of
greater heritability in virulence against some host species than others, can be used to
identify traits that m a y be of particular importance to the evolutionary trends in this and
related aphidiid wasps.
Genetic variation w a s displayed in m a n y of the host-use traits measured for D.
rapae, confirmed by variance between isofemale lines and heritability estimates. A s a
crucifer specialist, the preferred hosts of D. rapae are specialized to crucifer host plants and
in both the crucifer aphid, L. erysimi, and crucifer generalist, M. persicae, low to moderate
heritability estimates were c o m m o n . The highest heritability values recorded were related
to traits from the cereal aphid R. padi and of the species investigated, this host probably
represents the most recent addition to the diet breadth of D. rapae. High heritability in
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oviposition behavior of D. rapae for this cereal aphid is of particular interest and evidence
from m e m b e r s of a closely related Aphidius complex suggests that behavior in particular
can have a significant impact on species divergence.
Although attraction for the crucifer aphid L. erysimi remains relatively unaffected,
significant genetic variation in the preference hierarchy of D. rapae for non-crucifer aphid
species was apparent between isofemale lines. Variation in the preference of low-ranking
hosts, suggests these individuals have an altered threshold of acceptance for the cereal
aphid and that high oviposition preference for crucifer aphids is fixed due to the genetic
architecture of preference characters.
W h e n genetic change in preference is possible, it m a y be constrained in some
species by correlations in choice a m o n g potential hosts, whereas in other species,
preference and the tendency to accept particular hosts m a y evolve independently. S o m e
have argued that the incorporation of low ranking hosts in an insects' diet breadth m a y not
be possible without the inclusion of other similar hosts (Wasserman, 1986; Courtney et al,
1989). Indeed, the acceptability of different host species is often positively correlated
(Courtney & Hard, 1990) however in others, acceptability of ancestral and novel species is
independent (Singer et al, 1992).
A s predicted by the hypothesis, high heritability estimates for the oviposition of 7?.
padi indicates that the inclusion of this species to the diet breadth of D. rapae is
independent of the factors necessary for successful parasitism of crucifer species. A shift
into a n e w niche or adaptive zone is almost, without exception, initiated by a change in
behavior (Jaenike, 1990), and variation in the selection process a m o n g parasitoid
populations is probably of great importance for evolutionary changes of host use. Indeed,
although the Aphidius wasps are considered taxonomically problematic, morphologically
identical species are frequently separated simply on the basis of aphid hosts attacked
(Pungerl, 1986).
Plant semiochemicals are recognized as a major contributing factor to the host
selection and host location process in these species (Vaughn et al, 1996). Their presence
can significantly increase attack rates against preferred aphid hosts in aphidiid wasps or
sometimes help in the rejection of unsuitable species (Powell & Wright, 1992). However,
aphidiid wasps typically display association with aphid species rather than aphid hosthabitats (Mackauer, 1965), and evidence from divergent host-use patterns in the Aphidius
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group suggest that interactions at short range have a large impact on the evolutionary
dynamics of host use.
Divergence of sibling species within the A. ervi (Haliday) complex, for instance, is
characterized by differential oviposition behavior at the level of host recognition and
acceptance. Associated with a degree of genetic divergence (Atanassova et al, 1998),
host-use patterns of the closely related sibling species A. ervi and A. microlophii (Buckton)
are influenced differently by specific externally host-derived stimuli (Pennacchio et al,
1994).

In thefield,A. microlophii specifically attacks the nettle aphid Microlophium

carnosum (Buckton), and w h e n exposed to the pea aphid Acyrthosiphum pisum (Harris)
does not differentiate between the two species. However, adult females of A. ervi are
attracted to the specific physical and chemical attributes of their primary host, A. pisum
(Powell & Zhang, 1983; Battaglia et al, 1993, 1995, 2000; Powell et al, 1998). W h e n
exposed to M. carnosum, these females do not recognize this species as a potential host.
Though the two parasitoid species do not seem to reproduce in thefield(Atanassova et al,
1998), hybridization experiments reveal a strong genetic component to the oviposition
preference displayed by these species (Pennacchio et al, 1994).
Oviposition decisions m a d e by adult females can have a direct impact on the
survival and fitness of their offspring (Bell, 1990), and w h e n hosts attacked by a
polyphagous insect vary in chemical or mechanical defense, alternative species can
represent different selective environments (Via, 1991). Here, D. rapae displayed a greater
reproductive success on crucifer specialists over the other species tested regardless of
which isofemale line they had emerged. However, reproductive success on non-crucifer
aphid hosts was shown to be closely linked with oviposition behavior, and the same
hierarchy in preference displayed by isofemale lines is apparent in performance. In
general, parasitoids are expected to choose hosts that are optimal for offspring development
and growth (Godfray, 1994). Although, evidence regarding host i m m u n e defense reactions
in aphids is weak and the encapsulation of eggs or larvae have only rarely been reported
(Carver & Sullivan, 1988), genetic variation in the resistance of aphid hosts to parasitoid
attack has been identified previously (Via & Henter, 1995), so some ability to resist attack
is apparent even though exact the mechanisms involved are not well known.
The loss of isofemale lines early on during the sib-mating process mentioned in the
methods section was a surprising result. Apart from possible problems that relate to the
rearing of families, i.e. bacterial infection, this situation also raises questions about the
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fitness of individuals due to inbreeding depression. In regard to haplodiploid insects it is
generally accepted that the presence of haploid males acts to purge populations of
deleterious mutation quickly (Hedrick & Parker, 1997). Unlike diploid organisms,
recessive alleles are not masked by dominant ones w h e n those genes are expressed in the
males of haplodiploid insects and alleles lowering fitness should be selected against more
frequently, unless those characters are only expressed in females (Lester & Selander,
1979). Although a low rate of inbreeding depression is then expected in insects like D.
rapae, the finding that isofemale lines were frequently lost in this species could suggest
that deleterious mutations are maintained despite the presence of a haplodiploid mating
system.

3.5 Conclusion
The hypothesis was tested that isofemale lines reared on crucifer aphids, without
access to cereal aphids, will vary in their ability to attack non-crucifer hosts. In this
chapter, it has been shown that oviposition behavior of D. rapae displays strong variation
in isofemale lines for cereal aphid species. If the history of host specialization in D. rapae
is based solely on the availability of genetic variation, the course of evolution in
populations that utilize alternative hosts will be influenced by such traits. Indeed, evidence
of host-use divergence in the Aphidius suggests that interactions at short range have an
important impact on the evolutionary dynamics of this group.
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Chapter 4: The physical and chemical cues of oviposition
behavior.
In the previous chapter, oviposition behavior of D. rapae displays strong variation
in isofemale lines for cereal aphid hosts. Host selection in a parasitoid wasp depends on
the execution of appropriate behavioral responses at each stage of the foraging process, and
further examination of oviposition behavior is likely to be rewarding. The aim of this
chapter w a s then to identify the different oviposition cues utilized during the host selection
process in D. rapae on which evolutionary mechanisms m a y act.

4.1 Introduction
Vinson (1976) recognized five main steps to the foraging behavior of parasitoid
insects: host-habitat location, host location, host acceptance, host suitability and host
regulation. Host-habitat location is an important part of an insects foraging strategy,
whereby plant volatiles of the host often provide important long-range cues for the
parasitoid (Du et al, 1997; Powell et al, 1998). In D. rapae, foraging behavior has been
studied in detail to determine h o w long range cues influence attack rates in thefield,and
searching, like in m a n y other parasitoid wasps, is enhanced through the use of volatile
chemicals that provide information about the local environment (Read et al, 1970;
Titayavan &

Altieri, 1990; Reed et al, 1995; Shaltiel &

Ayal, 1998).

Crucifer

semiochemicals play an important role in m a n y aspects of its host finding strategies, and
this species has an innate in-flight orientation towards isothiocyanates (ITC) (Vaughn et al,
1996; Bradburne & Mithen, 2000).
Once an appropriate habitat is reached, other environmental cues m a y then operate
at short range, originating from the host itself or again originating from the aphid's foodplant (Du et al, 1996). It has been demonstrated previously that aphidiid parasitoids often
display oviposition preference based on host aphid cues being attracted to the specific
physical and chemical attributes of their primary host (Powell & Zhang, 1983; Battaglia et
al, 1993, 1995, 2000; Pennacchio et al, 1994; Powell et al, 1998). Indirect evidence for
the occurrence of cornicle and cuticular kairomones in the hosts of several aphidiid species
has been provided (Grasswitz & Paine, 1992; Pennacchio et al, 1994; Michaud

&

Mackauer, 1994, 1995). D. rapae uses non-volatile cues from honeydew emitted by its
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host, B. hrassicae, for assessing the number of aphids in a colony (Ayal 1987; Shaltiel &
Ayal, 1998).
Read et al, (1970) also showed that D. rapae females respond to hosts freshly
removed from crucifer plants, but not to aphids removed from host plants 24hrs prior to
experiments. The authors concluded that attraction to aphids might have resulted from
plant substances still being present on the aphid itself. However, the crucifer aphids
attacked by D. rapae are k n o w n to sequester compounds from the Brassica species on
which they feed (MacGibbon & Allison, 1968).

The products of a glucosinolate-

myrosinase system found in these specialist aphids could act as a kairomone. Indeed,
electrophysiological studies have shown the presence of specialized receptors for crucifer
volatiles on D. rapae antennae (Vaughn et al, 1996), and their function m a y include a role
in host choice decisions at short range (Shaltiel & Ayal, 1998).
Visual cues are also known to guide the host recognition and evaluation process in
Aphidiid wasps, and three principal components m a y serve the foraging parasitoid: host
size, shape and color (Vinson, 1976). The importance of color to parasitoid attack has been
demonstrated in some Aphidius species at short range (Michaud & Mackauer, 1995;
Battaglia et al, 2000). Females are able to distinguish between colored morphs even when
aphids are members of the same clone (Ankersmit et al, 1986). Moreover, differences
displayed in the laboratory can reflect differences in the natural environment.

In A.

rhopalosiphii (De Stefani Perez), brown morphs of Sitobion avenae (F.) are parasitized less
frequently than green morphs (Ankersmit et al, 1981).
In the previous chapter, it was demonstrated that oviposition behavior of D. rapae
displays strong variation in isofemale lines for cereal aphid hosts.

In polyphagous

parasitoids, cues emitted directly from the host are consistently linked with oviposition and
reproductive success, as would be required by natural selection to impact on host shifts in
an insect group. In this chapter, I examine the attributes of oviposition behavior in D.
rapae. B y paying particular attention to the physical and chemical cues associated with
aphid hosts, I attempt to identify those environmental cues on which evolutionary
mechanism m a y act.
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4.2 Methods & Materials
4.2.1 ITC Analysis
Cabbage (Brassica oleracea var. rapifera L.), broccoli (B. oleracea var. botrytis
L.), black mustard (B. nigra L.) and oilseed rape (B. napus) were grown in 10cm diameter
plastic pots under glasshouse conditions. Aphid cultures were then maintained by allowing
second and third instar nymphs to build in number using adults of one of the aphid species
being tested, L. erysimi, B. hrassicae or M. persicae. Aphid tissue was subsequently
collected from individuals off the four brassica varieties used to rear cultures. Aphid
samples were taken from plants before flowering. The ITC quantities liberated from these
samples were measured according to the procedures outlined below.

Analyses were

replicated twice.
Ethyl acetate (1ml) and methyl-ITC (MITC, 20ul, lOOmg l"1) in ethyl acetate
(normalisation standard) were added to 20-50mg of aphid material, briefly ground and
placed on an orbital shaking table operating at 150rpm. Samples were shaken for 18hrs,
removed and then dried andfilteredthrough a plug of anhydrous magnesium sulfate
(approx 4 c m ) in a pasteur pipette for analysis by G C . Isothiocyanates were analysed using
a Hewlett Packard 6890 G C equipped with an F P D in sulfur m o d e (394nm). A 3 0 m x
0.32mm i.d. wall open tubular fused silica capillary column coated with a 0.25um
methylsilicone stationary phase (HP-1, Hewlett Packard) was used at an oven temperature
of 50°C. Helium was used as the carrier gas at a linear velocity of 19cm s"1. The G C oven
was programmed from 50-220°C at a rate of 8°C min"1 with a lmin initial hold time at
50°C. Samples for analysis were injected splitless using a HP7683 auto sampler.

4.2.2 Plant & Insect Rearing
Colonies of D. rapae were established using individuals emerging from B.
hrassicae collected off broccoli, B. oleracea, in the West Australian wheat belt. T o
minimize the chance that a single wasp was responsible for parasitizing numerous samples,
aphids were taken at wide spatial intervals during collection. T o avoid the effects of
inbreeding depression, a minimum of 70 parasitoids were collecting per location by taking
parasitized aphids from the field and monitoring them until emergence before use in
experiments. Parasitoids for use in oviposition experiments were reared in the laboratory
on L. erysimi and Radish plants, in metal-framed cages closed with glass and fine mesh
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nylon cloth. Aphid and parasitoid cultures were maintained in environmental chambers at
20±2°C and ambient photoperiod.

Naive female wasps were obtained from aphid

m u m m i e s kept singly in culture plate well holes and had no contact with aphid or plant
hosts prior to experiments. Individuals were inspected daily and 24-48hrs after emergence
adult females were mated and given access to water and a sucrose solution. Individuals
were subsequently used in experiments within 48hrs of mating.

4.2.3 Physical Cue Bioassay
T o evaluate the effect of visual cues on D. rapae oviposition behavior, a simple
Petri dish bioassay was

used to eliminate interference from

any host-derived

semiochemicals similar to the method used in Battaglia et al. (1995). In brief, the flame
sealed tip of a glass capillary tube wasfilledwith a pigment selected from a wide range
used for painting (Chroma Inc, N S W , Australia) ('Graduate Oils': Yellow 9185; Leaf Green
8816; Light R e d 8603). The capillary was then soaked in soapy water, rinsed with distilled
water and hexane, and air-dried.
The capillary was inserted through a plastic membrane withfilterpaper so that only
a 2 m m tip was exposed into an arena delimited by a glass cover of 3 c m diameter x 1cm
height. A choice test was conducted using a colored capillary tip placed 1 0 m m from an
empty control. The light in the arena was uniformly diffuse, by screening fluorescent light
tubes with a panel of white opaque plastic. Female behavior was observed for ten minutes
after they were introduced into the arena. The percentage of individuals showing an
oviposition response was recorded (N reacting), including the time taken for response to
capillary tips, examination frequency and ovipositor probing.
Data were examined with an analysis of variance using the STATISTICA software
program (StatSoft, 1999). A one-way A N O V A design offixedeffects for the three colored
pigments tested was employed. If variables were subsequently found to be statistically
different then the hypothesis of homogeneous means was rejected and a Duncan test
performed to differentiate isofemale lines further. All values were transformed using
natural logs to normalize data series prior to analysis.

4.2.4 Chemical Cue Bioassay
T o evaluate the effect of chemical cues emitted from the crucifer specialist's B.
hrassicae and L. erysimi on the oviposition behavior of D. rapae, a similar capillary tip
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bioassay was performed.

Colored tips used previously during testing of oviposition

response to visual cues were exposed to naive females in the presence of either the highly
volatile 2-Propenyl-ITC or compound of lower volatility, 2-Phenethyl-ITC. Both were
diluted 1:10 with distilled water and have a solubility of 0.20% and 0.11%, respectively, at
20°C (Merck Index, 6th Edn).
Five minutes prior to an oviposition bioassay, 1 ul of a single ITC was introduced
into the arena. A mated female parasitoid was then placed into the chamber.

The

percentage of individuals showing an oviposition response was recorded for 5 minutes (N
reacting), including the time taken for response to capillary tips and the examination
frequency. Examination frequency was measured as the number of times female wasps
came into contact with capillary tubes over the 5-minute period. All females exposed to
host species were chosen randomly and were only used once in an experimental arena.
Data were examined with an analysis of variance using the STATISTICA software
program (StatSoft, 1999). A full factorial 2 chemical x 3 color A N O V A design of fixed
effects w a s employed. "Chemical", was considered a fixed effect and the color in question,
"Color" was also considered a fixed effect. If variables were subsequently found to be
statistically different then the hypothesis of homogeneous means was rejected and a
Duncan test performed to differentiate isofemale lines further. All values were transformed
using natural logs to normalize data series prior to analysis.

4.3 Results
4.3.1 ITC Analysis
The relative retention times and ITC compounds detected from G C chromatograms
are listed in Table 4.1. Retention times recorded give an indication of the relative volatility
of the compounds identified. From Table 4.1, a suite of ITC compounds were detected
from tissue of both crucifer specialist aphid species when reared on the alternative brassica
varieties included in the survey. B y comparison, the tissue of M. persicae did not contain
any detectable amount of ITC using this method. Crucifer aphid species typically elicited
more than one type of I T C on any given plant species and the composition of ITC changes
in relation to the host plant on which they were reared (Table 4.1).
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Table 4.1. Volatile constituents of B. hrassicae, L. erysimi and M. persicae by G C analysis when reared on
alternative host plants. Presence of a volatile is denoted by an X. R T = Retention Time

ITC

R T [min]

2-Propenyl

5.942

B. hrassicae

L. erysimi

X

M. persicae

X

Host Plants
Mustard, Cabbage,
Canola, Broccoli

3-Butenyl

7.518

X

X

Mustard, Canola,
Broccoli

4-Pentethyl

9.397

X

X

-

Canola

4-MethButl

14.989

X

X

-

Broccoli

2-Phenethyl

15.542

X

X

Broccoli, Canola,
Mustard

4.3.2 Physical and Chemical Cue Bioassay
The results from this experiment are displayed in Table 4.2. Both chemical
treatments elicited a stronger response in oviposition behavior, showing a higher level of
examination frequency, response time and ovipositor probing than w a s recorded when
physical cues were tested in isolation. Naive females elicited no response to control or
capillaries with red pigment in the presence of 2-Propenyl-ITC, whereas both green and
yellow pigments elicited a strong searching response and females showed a high level of
activity. Naive females elicited no response to control or capillaries with red pigment in
the presence of 2-Phenethyl-ITC, whereas both green and yellow pigments elicit a strong
oviposition response and females showed a high level of activity. Ovipositor probing by
females w a s detected in both treatments although not significantly different from controls.
Prior to analysis of variance the data series was transformed with natural logarithms.
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Table 4.2. Mean ± S.E. Oviposition Response of D. rapae females to when exposed to colored capillary tubes
and either 2-PropenyI-ITC, 2-Phenethyl-ITC or no chemical volatile.

N N Reacting Response time

Examination

Ovipositor

(sec)

frequency

Probing

5

557 ± 20

0.45 ±0.20

0

20

3

567 ± 23.25

0.15 ±0.08

0

Green

20

12

427 ± 40.35

1.20 ±0.38

0

2-Propenyl

Yellow

20

18

99118.39

5.95 ±0.78

0.44

2-Propenyl

Red

10

1

295 ±4.53

0.10 ±0.11

0

2-Propenyl

Green

20

19

89 ±17.44

6.55 ±0.86

0.26

2-Phenethyl

Yellow

20

13

165 ±24.97

2.60 ±0.64

0.62

2-Phenethyl

Red

10

0

300 ±0.00

0

0

2-Phenethyl

Green

20

15

137 ±24.86

2.80 ±0.52

0.53

Chemical

Physical

Conditions

Conditions

None

Yellow

20

None

Red

None

Response to physical cues without the presence of a chemical volatile elicited
variation for both examination frequency (F(2, 57)=6.19; p<.0031) and response time (F(2,
57)=6.86; p<.002) (Table 4.3). Green pigments stimulated an increased response in
females in comparison to control capillaries, whereas yellow and red pigments elicited a
weak response or no response from female adults (Table 4.4). Ovipositor probing by
females w a s not detected in any of the treatments tested.

Table 4.3. Summary of the one-way A N O V A for Examination Frequency and Response Time within D.
rapae to three different color treatments using data transformed with natural logarithms. "Color" was
considered a fixed effect.
Examination Frequency

Response Time

Effect

df

MS

F

P

df

MS

F

P

Color

2

1.30

6.19

0.003

2

0.84

6.86

0.002

Error

57

0.21

57

0.12
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Table 4.4. A Duncan's mean test of transformed Examination Frequency (Examine) and Response Time
(Time) data within D. rapae for different treatments. Groups denoted with an X X X X are not significantly
different p>0.05.

2

Color

Examine

Time

1

Red

.10

6.31

XXXX

Yellow

.24

6.31

xxxx

Green

.60

5.95

XXXX

Although the interaction between chemical cues and color treatments w a s not
significantly different, the main effects of the experiment were (Table 4.5). Significant
variation in the examination frequency of capillary tubes was present for chemical cue (F(l,
94)=14.29; p<.001) and color treatment (F(2, 94)=35.13; p<.001). Similarly, significant
variation w a s present in the response time of females to chemical cue (F(l, 94)=4.22;
p<.042) and color treatment (F(2, 94)=20.03; p<.001).
O f the two I T C compounds tested, females responded most strongly to the more
volatile chemical 2-Propenyl-ITC (Table 4.6). Although a direct comparison with each
chemical tested against color is not possible, in the presence of either volatile the response
of females to the pigments presented were different from those responses measured
previously in the absence of ITC compounds. In the presence of I T C volatiles, preference
for Green and Yellow pigments could not be differentiated (Table 4.7). B y comparison in
the absence of chemical volatiles a distinct preference for Green pigments only was
recorded (Table 4.4).

Table 4.5. Summary of transformed Examination Frequency and Response Time data using a full-factorial
A N O V A of fixed effect where "Chemical" is consideredfixedand "Color" is considered fixed,
Examination Frequency
Effects

df

MS

Chemical

1

6.37

Color

2

Chemical x Color
Error

F

Response Time
P

df

MS

F

P

14.29

0.001

1

2.71

4.22

0.042

15.67

35.13

0.001

2

12.88

20.03

0.001

2

0.96

2.16

0.120

2

0.49

0.77

0.463

94

0.44

94

0.64
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Table 4.6. A Duncan's mean test of transformed Examination Frequency (Examine) and Response Time
(Time) data within D. rapae for different chemical treatments. Groups denoted with an X X X X are not
significantly different p>0.05.

2

Examine

Time

1

Phenethyl - ITC

.69

5.05

XXXX

Propenyl - ITC

1.22

4.70

XXXX

Table 4.7. A Duncan's mean test of transformed Examination Frequency (Examine) and Response Time
(Time) data within D. rapae for different color treatments. Groups denoted with an X X X X are not
significantly different p>0.05.
Examine

Time

1

2

Red

.03

5.69

XXXX

Yellow

1.36

4.59

XXXX

Green

1.48

4.33

XXXX

4.4 Discussion
The experimental evidence presented here supports the view that both physical and
chemical factors play an important role in the oviposition behavior of D. rapae. The
analysis of host detection and recognition clearly show that searching behavior is induced
and regulated by cues acting before any physical contact has taken place. Indeed, female
responses to the glass capillary bioassay performed indicated that a chemical stimulus is of
particular importance, turning on a behavioral sequence of events that can lead to
oviposition. Visual cues, however, are also an important component of host recognition in
this parasitoid and are used as stimulus to direct searching behavior.
Color has been examined in only a few cases with respect to its effect on host
selection in parasitoids. A s shown here, in the absence of chemical stimulus, D. rapae has
an affinity for green over the other pigments tested. The long-range attraction of Aphidius
species is towards monochromatic light in the green region of the light spectrum (Goff &
Nault, 1984), and is probably used during the host-habitat location process.

Most

hymenoptera that have been investigated have three groups of receptor cells used for vision
and individuals have a m a x i m u m sensitivity in either the U V (340nm), the blue (440nm) or
the green (540nm) regions of the light spectrum (Brown et al, 1980).
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Responsiveness to radiations in the yellow-orange region of the spectrum is thought
to enable recognition of A. ervi for its primary aphid host against a green leaf background
(Battaglia et al, 2000). Here, results indicate that D. rapae is responsive to yellow and
green pigments w h e n searching behavior has been initiated by chemical stimulus.
However, not all Aphidius species respond to color at short range (Michaud & Mackauer,
1995).

Its use in foraging behavior is probably different at alternative stages of the

searching process. Visual cues m a y have a secondary role to chemical stimulus in some
species, and host recognition in D. rapae is enhanced by the presence of chemical cues, as
indicated by a response to volatile chemicals normally associated with cruciferous plants
species of its primary host, B. hrassicae.
Olfactometer studies have shown that between habitat patches, D. rapae can be
attracted to odours produced by host plants (Titayavan & Altieri, 1990; Reed et al, 1995;
Vaughn et al, 1996; Shaltiel & Ayal, 1998). In the present experiment, the strongest host
recognition behavior to colored pigments was generated when the test arena contained, 2Propenyl-ITC. Such chemical cues with a higher volatility or instability in air should be
more reliable indicators of the presence of host species than compounds with a lower
volatility. The faster the degradation rate of a chemical compound emitted by or near the
host, the stronger the correlation between its amount and the number of emitting sources.
The less volatile ITC compound, 2-Phenethyl-lTC, induces to a lesser extent, searching and
oviposition behavior in D. rapae.
The spatial organization of the glucosinolate-myrosinase system in brassica
specialist aphids indicates, that like plants, glucosinolates and myrosinase are maintained in
separate compartments (Bridges et al, 2002). However, while tissue damage is necessary
for the release of volatiles in plants, a more complex regulated mechanism of substrateenzyme interaction is probably possible in aphids. Although tissue damage will facilitate
the hydrolysis of glucosinolates to volatile isothiocyanates in crucifer aphids, injury or
death m a y not be a prerequisite for the release of these volatiles.
Isothiocyanates are toxic to numerous insect species (Chew, 1988) and there is a
distinct advantage in advertising the toxicity of a chemical defence if one exists. Olfactory
cues emitted from within an aphid colony m a y then have many advantages including the
use of alarm pheromones that signal predator attack. The release of isothiocyanate could
be a synergist for the pheromone £-p-farnesene in L. erysimi (Dawson et al, 1987).
However specialist insects, including D. rapae, are probably adapted to the toxic products
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of aphid glucosinolate-myrosinase systems.

In fact the present evidence shows the

products of this system are used to enhance the host selection process.
Oviposition probing was rarely induced under the experimental conditions
provided. Additional compounds are probably necessary for an attack response to be
initiated by D. rapae. Chemosensory cues within aphid cuticle or cornicle secretions m a y
provide this stimulus. Antennal contact with shed skins of aphid hosts is often enough to
elicit an oviposition thrusting response in aphidiid species (Battaglia et al, 1993, Michaud
& Mackauer, 1995).

Triglycerides are a major component of aphid body lipids and

cornicle secretions (Strong, 1963; Strong, 1967), and the composition of triglycerides is
independent of the host plant utilized or stage of aphid development (Callow et al, 1973).
It is therefore most likely that direct host cues are more reliable indicators of host presence
than indirect long-range chemical volatiles experienced between habitat complexes.
Although aphid cornicle secretion has been reported to act as a contact kairomone
for a number of aphidiid parasitoids (Bouchard & Cloutier, 1984; Grasswitz & Paine, 1992;
Battaglia et al, 1993, Michaud & Mackauer, 1995), honey d e w from non-host and host
aphids is k n o w n to be equally attractive in others (Bouchard & Cloutier, 1984; Budenberg,
1990). Aphidiid parasitoids display affiliation with aphid hosts (Mackauer, 1967), but
triglyceride composition does not correlate well with the accepted taxonomic classification
of aphid species (Greenway & Griffiths, 1973). It is then unlikely that host specificity at
short range is determined solely by triglyceride composition in D. rapae, although its
presence could act to induce an oviposition response, differentiating aphids from other
insects.

4.5 Conclusions
The experimental evidence presented here supports the view that both physical and
chemical factors play an important role in the oviposition behavior of D. rapae. Host
detection and recognition is enhanced by the presence of chemical volatiles emitted from
crucifer plants and compounds of high volatility induce a strong response in female wasps.
However, oviposition probing was rarely induced under the experimental conditions
provided. Additional compounds are probably necessary for an attack response to be
initiated. In the next chapter, I investigate switching between host-habitat complexes to
evaluate the importance of conditioning in this and other polyphagous aphidiid parasitoids.
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Chapter 5. Oviposition Preference, Larval Performance and Host
Conditioning.
In the previous chapter, investigations of different oviposition cues utilized during
the host selection process suggested that searching behavior in D. rapae is induced and
regulated by cues acting before any physical contact has occurred. Macroevolutionary host
shifts at the level of oviposition behavior in aphidiid wasps are therefore likely to be based
on genetic variation in the behavioral response of individuals to a combination of physica]
and chemical cues. However, the conservation of host range in generalist aphidiids would
argue for limitations on the evolution of traits that maintain polyphagy, and this trend is
apparent, despite the presence of significant genetic variation in the oviposition behavior of
parasitoid generalists like D. rapae. In this chapter, the switching between host-habitat
complexes was investigated along with an evaluation of conditioning to larval performance
and oviposition preference in this species.

5.1. Introduction
Spatial structure has long been recognized as an important feature of insect habitats,
and for parasitoids the distribution of host species is seldom fixed (Godfray, 1994). In
some generalist species, the distribution of hosts will even vary within a single generation
(Bell, 1990). Under these conditions locating appropriate habitats can often be difficult.
Female insects whose offspring develop at the oviposition site are then under strong
evolutionary pressure to optimise host selection because resources for offspring growth and
survival are environmentally heterogeneous (Via, 1990, 1991; Thompson, 1988a).
Oviposition preference hierarchies for resources have primarily been reported in
herbivorous insects (Thompson, 1988a, b, c; Futuyma & Moreno, 1988; Jaenike, 1990). A
simple evolutionary hypothesis to explain a hierarchy is that preference corresponds to the
rank of resources for offspring performance (Wiklund, 1975; Rausher, 1979; Thompson,
1993).
The relationship between oviposition preference and larval performance has been
shown to be of particular importance in insect herbivores, and is a topic central to
sympatric speciation (Maynard Smith, 1966; Bush, 1975; Rice, 1984; Bush, 1994; Via,
2001). Analyses of host-use divergence in sympatric populations of polyphagous insects
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reveal that changes in host preference can generate n e w host races if they are coupled with
larval survival on the n e w host (Rausher, 1984; Feder et al, 1988, 1994; Via, 2001). In
polyphagous herbivores, oviposition mistakes are made more frequently than specialists
(Janz & Nylin, 1997; Nylin et al, 2000), a situation that could enable radical shifts to
alternative host species (Ehrlich & Raven, 1964; Larsson & E k b o m , 1995). However,
preference hierarchies in an insect can be heritable, flexible or both, and the acceptability of
resources is not necessarily maintained if a species has a flexible threshold (Papaj &
Prokopy, 1989; Via, 1990).
Indeed, some hosts are attacked not because they are preferred but because they are
accessible in a particular habitat being searched by the female (Vinson, 1976). Optimal
foraging theory is defined as a set of rules that the animal follows, either to maximize the
net rate of energy intake or minimize the probability of death from starvation and can be
analysed in parasitoids the same w a y as that of prey eaten by a predator (Iwasa et al,
1984). A n important factor inducing variability in foraging behavior of a parasitoid in
particular is experience gained by the insect (Papaj & Prokopy, 1989; Vet et al, 1990;
Powell etal, 1998).
M a n y generalist parasitoids have evolved learning abilities that are k n o w n to elicit
responses advocating behavior that has previously been successful.

Pre-emergence

conditioning with plants is known to elicit such behavior and orientates individuals towards
cues that are associated with their development (Rausher, 1983; Wickremasinghe & van
E m d e n , 1992; Grasswitz & Paine, 1993a,b; D u etal, 1996, 1997; Storeck etal, 2000). In
D. rapae, post-emergence plant experience has also been identified increasing orientation
towards a range of plant species to which they have been exposed (Sheehan & Shelton,
1989).

Such mechanisms could have the tendency to reinforce 'culturally' transmitted

preferences (Godfray, 1994).

The ability for parasitoids to learn about resource use

indicates that non-genetic effects can then have a significant impact on patterns of
parasitoid preference.
Searching strategies in insects have developed that reduce the costs of foraging
(Bell, 1990). A n efficient searching mechanism is often essential for survival. M a n y
polyphagous hymenopteran parasitoids have the ability to locate potential hosts in a range
of habitats, and by making foraging decisions based on experience, utilize those species
which are the most c o m m o n in the immediate environment. Under these conditions, the
threshold for host acceptance m a y not necessarily be closely linked with host quality.
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Although in previous chapters, the presence of significant genetic variation in populations
of the crucifer specialist D. rapae was identified, an increase in host specialization m a y not
be possible under a sympatric m o d e of speciation.
Gene flow a m o n g populations is widely considered to be an important factor
influencing the evolution of local adaptation in insects (Wright, 1943; Avise, 2000). A key
to understanding the degree to which gene flow limits the evolution of local adaptation lies
not only in the amount of gene flow typically occurring across natural populations, but also
in a knowledge of the biological and ecological factors responsible for governing these
levels (Orr & Smith, 1998; Peterson & Denno, 1998; Kelley et al, 2000). In this chapter,
the relationship between oviposition preference and larval performance in D. rapae is
investigated. Evaluation of host switching behavior in this species should shed light on the
importance of genetic variation in host utilization traits for host specialization over small
spatial scales. A n attempt is m a d e to integrate the relationship between preference and
performance with optimal foraging models designed specifically for parasitoids.

5.2. Methods & Materials
5.2.1. Parasitoid Colonies
Colonies of D. rapae were established using individuals emerging from Ti,
hrassicae collected off broccoli, B. oleracea, in the south of France near Montpellier in
June 2000. T o minimize the chance that a single wasp was responsible for parasitizing
numerous samples, aphids were taken at wide spatial intervals during collection. T o avoid
the effects of inbreeding, a m i n i m u m of 70 parasitoids were collecting per location by
taking parasitized aphids from thefieldand monitoring them until emergence before use in
experiments.

Individuals were maintained at a temperature of 20-22°C and ambient

photoperiod on either B. hrassicae or 7?. padi until experiments were conducted.

A

standard procedure was used to culture aphid hosts and parasitoids for experiments as
mentioned in previous chapters.

5.2.2. Oviposition Behavior
T o investigate the importance of conditioning behavior to host switching in D.
rapae, variation in the oviposition behavior of parents w h e n emerging from different host
species was recorded in simple petri dish bioassays. Parents reared on either B. hrassicae
or R. padi were tested against four aphid-host species from a wide variety of host-habitat
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complexes in 'no choice' conditions. The species to be exposed to parental parasitoids
included the two aphid specialists of crucifer plants B. hrassicae and L. erysimi, the
generalist aphid of crucifers, M. persicae and the specialist cereal aphid, 7?. padi.
Each petri dish arena was 3 c m in diameter x 1cm in height, with the light uniformly
diffuse, by screening fluorescent light tubes with a panel of white opaque plastic. Under
no-choice conditions, a single female wasp was exposed to a mixture of ten-2nd and 3rd
instar n y m p h s of one host species placed within the arena and observed for 20 minutes.
Host recognition was measured for each female as the proportion of contacts (made by any
part of the parasitoid) with aphids that resulted in oviposition probing. The time taken for
females to m a k e contact with aphids was also recorded. Twenty replicates of each parental
group (Ti. hrassicae or 7?. padi) and exposed host-species combination were performed.
Parasitoids tested against host species were chosen randomly within parental groups and
were only used once in an experimental arena.
Data were examined with an analysis of variance ( A N O V A ) using the
S T A T I S T I C A software program (StatSoft, 1999). A full factorial 2 parental groups x 4
host species A N O V A design offixedeffects was employed. If variables were subsequently
found to be statistically different then the hypothesis of homogeneous means was rejected
and a Duncan means test performed to differentiate groups further. All values were
transformed using natural logs to normalize data series prior to analysis.

5.2.3. Reproductive Success & Larval Performance
Life history traits are useful to address the relative importance of behavior and
fitness for influencing geographic structure and distribution in an insect. Single mated
females that had been reared on B. hrassicae or 7?. padi were exposed to the nymphs of four
aphid pest species in 'no-choice' conditions for 24 h to determine if they would
successfully parasitize and develop in each. The aphids included were a non-host species,
A. gossypii, the cereal specialist, 7?. padi, the crucifer generalist, M. persicae and the
crucifer specialist, L. erysimi. Twelve replicates of each treatment were performed by
allowing 40 second and third instar nymphs to build in number using adults of the aphid
species being tested.

Cages were maintained at 20°C and 16 L:8 D light conditions

throughout the trial.
Single mated female wasps were added to each replicate and after aphids had been
exposed to females for 24 hours were removed.
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Plants were inspected daily for the

presence of m u m m i e s . If present, m u m m i e s were removed and placed in culture plates
before returning experimental units and m u m m i e s to the growth chamber. Adults that had
emerged were checked daily and longevity measured by pooling the time of death in an
equal number of male and female individuals within replicates. The variables measured
include: percentage parasitism (portion of m u m m i e s formed), parasitoid development time,
and adult longevity.
Life history parameters and parasitism rates were evaluated using A N O V A to test
for homogeneity using the S T A T I S T I C A program (StatSoft, 1999). A full factorial 2 adult
hosts x 4 host species A N O V A design offixedeffects was employed to analyse percentage
parasitism data. B y comparison, a full-factorial 2 adult hosts x 3 host species A N O V A
design of fixed effects was employed to analyse traits of life history in 10 of the available
replicates. Analysis of life history traits for A. gossypii was omitted because individuals
were not parasitized during the reproductive success trials. If variables were found to be
statistically different then the hypothesis of homogeneous variances was rejected and a
Duncan means test performed to differentiate groups further. All values were transformed
using natural logs to normalize data series prior to analysis.

5.3. Results
5.3.7. Oviposition Behavior
The results from this experiment are displayed in Fig. 5.1 & Table 5.1. Prior to
analysis of variance the data series was transformed to natural logarithms. A full-factorial
A N O V A design reveals that the number of oviposition attempts (F(3; i52)=94.26; p<.001)
and response time (F(3, i52)=3.56; p<.015) of female parasitoids differed significantly among
host species and rearing environment tested (Table 5.2). Female D. rapae emerging from
B. brevicoryne exhibited a clear oviposition preference for B. brevicoryne over L. erysimi
and M. persicae, and a clear non-preference for 7?. padi (Fig. 5.1; Table 5.3). In contrast,
parasitoids emerging from 7?. padi, though still exhibiting a preference for Ti. brevicoryne,
showed significantly increased attraction to the three other species, most notably towards 7?.
padi (Fig. 5.1; Table 5.3). Emergence host did not influence preference for the crucifer
aphid B. hrassicae. The time taken to locate aphid hosts was generally lower for the
crucifer specialist aphids than for the other two aphids tested irrespective of emergence
host (Table 5.1; Table 5.4). A b o v e all, emergence from B. hrassicae appeared to increase

49

the time taken for individuals to locate M. persicae, R. padi and L. erysimi hosts (Table
5.4).
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M. persicae

B. brassicae

Host Species Attacked

Fig. 5.1. Host Recognition. Mean ± S.E. number of probes/contact of four aphid-host species presented to
female D. rapae in no-choice trials. Parasitoids were reared on either R. padi or B. brassicae.

Table 5.1. T i m e untilfirstaphid contact with aphids 1 S.E. by female D. rapae with four aphid host species
presented in no-choice trials. Adults females used in experiments were reared on either R. padi (RP) or B.
brassicae (BB).
Aphid Species

Time until aphid contact (Minutes)

RP

BB

1.03 10.120

1.4010.160

R. padi

1.25 ±0.168

3.5510.521

L. erysimi

1.70 ±0.359

3.5010.525

M. persicae

1.7210.323

3.2210.222

B. brassicae
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Table 5.2. A N O V A of transformed Host Recognition and Response Time data using a full-factorial design
of fixed effect where "Rearing Host" is considered fixed and "Host Attacked" is considered fixed.
Host Recognition

Response Time

Effects

df

MS

F

P

df

MS

F

P

1) Rearing Host

1

60.34

156.02

<0.001

1

7.26

45.60

O.001

2) Host Attacked

3

40.66

105.14

<0.001

3

1.41

8.90

O.001

Rearing Host x Host Attacked

3

36.45

94.26

<0.001

3

0.56

3.56

0.015

152

0.38

152

0.187

Error

Table 5.3. A Duncan's mean test of transformed Host Recognition data within D. rapae reared on B B or R P
for different host species. Groups denoted with an X X X X are not significantly different p>0.05. B B = _.
brassicae; L E = L. erysimi; M P = M. persicae; R P = R. padi
Homogenous group; alpha = 0.05

2

3

4

Rear / Attack

Mean

1

BB/RP

.248

XXXX

BB/MP

3.62

BB/LE

4.01

XXXX

RP/LE

4.17

XXXX

XXXX

RP/RP

4.30

XXXX

XXXX

RP/MP

4.31

XXXX

XXXX

BB/BB

4.59

XXXX

RP/BB

4.59

XXXX

XXXX

Table 5.4. A Duncan's mean test of transformed Response Time data within D. rapae reared on B B or R P
for different host species. Groups denoted with an X X X X are not significantly different p>0.05. B B = B.
brassicae; L E = L. erysimi; M P = M. persicae; R P = R. padi
Homogenous group; alpha = 0.05
Mean

1

RP/BB

.71

XXXX

RP/RP

.76

XXXX

BB/BB

.78

XXXX

RP/LE

.87

XXXX

RP/MP

.89

XXXX

BB/RP

1.36

XXXX

BB/LE

1.39

XXXX

BB/MP

1.41

XXXX

Rear / Attack
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5.3.2. Reproductive Success
The results from these experiments are displayed in Table 5.5. Prior to analysis of
variance the data series w a s transformed to natural logarithms. The percentage of aphids
parasitized by adult females differed markedly among the different aphid species tested,
whether they were reared on B. brassicae or 7?. padi (F(3, gg)=7.31; p<.001). A greater
percentage of L. erysimi were parasitized than of any other aphid species by both
populations (Fig. 5.2; Table 5.6). The proportion of 7?. padi nymphs parasitized by adult
females reared on B. brassicae w a s significantly lower than by those reared on 7?. padi (Fig.
5.2; Table 5.6). Conversely, those adult females reared on B. brassicae parasitized a
greater proportion of M. persicae nymphs than those reared on R. padi (Fig. 5.2; Table 5.6).
V//A B. brassicae I I R. padi
100 -|
9080-

A. gossypii

R. padi

M. persicae

L. erysimi

Hosts Attacked

Fig. 5.2. Percentage Parasitism 1 S.E. by D. rapae of four aphid host species presented in no-choice trials.
Parasitoids were reared on either B. brassicae or R. padi.

Table 5.5. ANOVA of transformed Percentage Parasitism data using a full-factorial design of fixed effect
where "Parental Host" is considered fixed and "Host Attacked" is considered fixed.
% Parasitism
df

MS

F

P

1) Parental Host

1

0.012

1.63

0.204

2) Host Attacked

3

0.895

112.59

0.001

Rearing Host x Host Attacked

3

0.058

7.31

0.001

Error

88

0.007

Effects
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Table 5.6. A Duncan's mean test of Percentage Parasitism when parents were reared on B B or R P for
different host species. Groups denoted with an X X X X are not significantly different p>0.05. B B = B.
brassicae; L E = _. erysimi; M P = M. persicae; R P = R. padi; A G = A. gossypii
Homogenous group; alpha = 0.05

Mean

1

RP/AG

.008

XXXX

BB/AG

.010

XXXX

BB/RP

.143

XXXX

RP/GP

.215

XXXX

RP/RP

.247

BB/GP

.340

RP/LE

.440

XXXX

BB/LE

.509

XXXX

Parent / Attack

2

3

4

5

XXXX
XXXX
XXXX

5.3.3. Larval Performance
The results from these experiments are displayed in Table 5.7. Prior to analysis of
variance the data series was transformed to natural logarithms. O f the life history variables
investigated, the host on which parents had been reared for use in experiments were not
consistently variable in any of the traits analysed (Table 5.8 & 5.9). However, across hosts
attacked when parents had been reared on one of 7?. padi or Ti. brassicae, variation was
detected in egg to m u m m y development (Fp, 54)=10.78; p<.0Ql), m u m m y to adult
development (Fp, 54)=4.94; p<.010) and egg to adult development (Fp, 54)=16.95; p<.001) of
larvae.
Larvae whose parents were reared on R. padi for example recorded the shortest egg
to m u m m y development period when they themselves were reared on R. padi (Table 5.10).
B y comparison, larvae whose parents were reared on 7?. padi recorded the longest egg to
m u m m y larval development time when the larvae were reared on M. persicae (Table 5.10).
Significant variation in m u m m y to adult development was also apparent in larvae whose
parents were reared on B. brassicae when these individuals were themselves reared on L.
erysimi versus M. persicae (Table 5.11).

E g g to adult development displays further

variation between larvae when reared on L. erysimi and M. persicae, when their parents had
been reared on different hosts (Table 5.12). Variation however w a s not detected in the
longevity of adults w h e n they had been reared on different hosts (Table 5.9).
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Table 5.7. Percentage of aphids parasitized during 24h exposure, developmental rate (Egg-mummy,
Mummy-adult, Egg-Adult) and larval longevity (all 1 SE) of larvae whose parents were reared on one of B.
brassicae or R. padi.
Aphid Host/Plant

Life History Parameter

B. brassicae

R. padi

M . persicae/

Parasitism (%)

0.4210.06

0.25 1 0.035

E g g - M u m m y (Days)

10.1510.045

10.6910.070

Mummy-adult (Days)

5.8610.048

5.5810.055

Egg-adult (Days)

16.0210.067

16.2710.080

Longevity (Days)

10.4110.111

10.7210.089

R. padi/

Parasitism (%)

0.13 10.040

0.2910.045

Hordeum padi

E g g - M u m m y (Days)

9.8810.062

9.5410.058

Mummy-adult (Days)

5.6810.056

5.7410.056

Egg-adult (Days)

15.5610.092

15.2910.073

Longevity (Days)

7.4410.154

7.92 1 0.241

L. erysimi/

Parasitism (%)

0.6710.050

0.5610.052

Brassica sp.

E g g - M u m m y (Days)

10.1010.048

10.6910.079

Mummy-adult (Days)

5.64 10.043

5.5810.055

Egg-adult (Days)

15.7510.070

15.2710.089

Longevity (Days)

12.3010.124

12.2510.15

Brassica sp.

Table 5.8. A N O V A of transformed Egg to M u m m y and M u m m y to Adult Development time data using a
full-factorial design of fixed effect where "Parental Host" is considered fixed and "Host Attacked" is
considered fixed.
Egg to M u m m y Development

M u m m y to Adult Development

Effects

df

df

MS

F

P

1) Parental Host

1

0.000

0.180 0.67

1

0.000

0.121

0.729

2) Host Attacked

2

0.025

24.53

0.001

2

0.008

6.27

0.003

Rearing Host x Host Attacked

2

0.011

10.78 0.001

2

0.006

4.94

0.010

Error

54

0.001

MS

F

P

54

54

Table 5.9. A N O V A of transformed Egg to Adult Development and Adult Longevity data using a fullfactorial design of fixed effect where "Parental Host" is consideredfixedand "Host Attacked" is considered
fixed.
Longevity

Egg to Adult Development
Effects

df

MS

F

P

df

MS

F

P

1) Parental Host

1

0.000

0.031

0.859

1

0.007

1.05

0.309

2) Host Attacked

2

0.005

9.28

0.001

2

0.857

121.6

0.001

Rearing Host x Host Attacked

2

0.009

16.95

0.001

2

0.004

0.629

0.536

Error

54

54

Table 5.10. A Duncan's mean test of Egg to M u m m y Development time within D. rapae larvae when their
parents had been reared on alternative hosts. Groups denoted with an X X X X are not significantly different
p>0.05. B B = B. brassicae; LE = L. erysimi; M P = M. persicae; RP = R. padi
Homogenous group; alpha = 0.05
Rear / Attack

Mean

1

2

RP/RP

2.35

XXXX

BB/RP

2.38

XXXX

RP/LE

2.39

XXXX

BB/LE

2.40

XXXX

BB/MP

2.41

XXXX

RP/MP

2.47

3

XXXX

XXXX

Table 5.11. A Duncan's mean test of M u m m y to Adult Development time within D. rapae larvae when their
parents had been reared on alternative hosts. Groups denoted with an X X X X are not significantly different
p>0.05. B B = B. brassicae; LE = L. erysimi; M P = M persicae; RP = R. padi
Homogenous group; alpha = 0.05
Mean

1

BB/MP

1.85

XXXX

RP/LE

1.88

XXXX

XXXX

RP/MP

1.88

XXXX

XXXX

RP/RP

1.90

XXXX

XXXX

BB/RP

1.90

XXXX

XXXX

BB/LE

1.92

Rear / Attack

2

3

r

-- -

XXXX
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Table 5.12.

A Duncan's mean test of Egg to Adult Development time within D. rapae larvae when their

parents had been reared on alternative hosts. Groups denoted with an X X X X are not significantly different
p>0.05. BB = B. brassicae; LE = L. erysimi; M P = M. persicae; RP = R. padi
Homogenous group; alpha = 0.05
Rear / Attack

Mean

1

RP/RP

2.79

XXXX

RP/LE

2.80

XXXX

BB/MP

2.80

XXXX

BB/RP

2.80

XXXX

BB/LE

2.83

RP/MP

2.85

2

3

XXXX
XXXX

5.4. Discussion
This study has shown that the host from which D. rapae parasitoids emerge can
influence oviposition behavior when foraging.

Wasps emerging from crucifer aphids

showed a clear foraging preference for crucifer aphid species, whereas those emerging
from cereal aphids showed little discrimination a m o n g the species offered. This change in
preference was not necessarily associated with a change in the other life history traits
connected with parasitoid virulence. The reproductive success of any female insect is a
function of the number of eggs laid and the survivorship of her offspring. Here, little or no
change in life history traits despite variation in parasitism, suggests that the reproductive
success of D. rapae females emerging from the cereal aphid R. padi, relative to those
emerging from crucifer aphid hosts, is impacted on more by host availability than by the
rate of successful development of their progeny.
In D. rapae, ovarian egg load is significantly affected by the size of adult females
(Bernal & Gonzalez, 1997), and individuals emerging from the cereal aphid 7?. padi are
smaller than those individuals emerging from crucifer aphids (Elliot et al, 1994). Host
acceptance models that take into account the internal state of parasitoids predict that host
range is a function of egg load and mortality risk in females (Iwasa et al, 1984). W h e n egg
load and female age are explicit temporally dynamic variables in an individual, acceptance
of low ranking hosts increases as a function of egg load and age (Mangel, 1987). Under the
optimal foraging model, individuals with a smaller egg load should then be more selective
than those with a larger egg load, only accepting the most suitable hosts for oviposition.
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However, the influence of egg load and mortality on foraging behavior in these
models has only been described with respect to changes within single individuals over time.
They do not predict the effects of egg load among individuals of the same-age. Although
D. rapae emerging from 7?. padi have a smaller size and thus egg load than individuals
emerging from Ti. brassicae, these individuals do not display an increased acceptance for
its primary crucifer aphid hosts as suggested by models of optimal foraging, and actually
have an increased acceptance of low ranking hosts. The emergence of parasitoids from
different host species and a comparison of equal-aged individuals within a population will
then require a different set of assumptions, whereby the effects of relativefitnessare likely
to have an important role.
The pattern of oviposition preference recorded by D. rapae suggests that when
emerging from non-crucifer host species, individuals display reduced discrimination for
aphids. B y contrast, w h e n emerging from crucifer host species, individuals are more
selective between crucifer and non-crucifer species. It can be argued that females are then
more likely to stay within the environment from which they emerged initially, and have an
increased attraction for those aphid species most likely to be available for parasitism.
Indeed, host-habitat location is an important part of any foraging strategy that will directly
impact on relative fitness in terms of the number of eggs laid and the survivorship of
offspring. This is particularly true in a heterogenous environment where the distribution of
host species is seldom fixed.
If parasitoids are able to detect their size or egg load at emergence, then those
individuals emerging from 7?. padi would assess their fitness as poor, and display behavior
in which a female is less discriminatory of potential hosts. Such an estimate offitnessand
projected foraging success in D. rapae m a y be achieved through a process of emergence
conditioning. It is k n o w n that emergence conditioning can influence behavior governing
resource use in aphidiid species and orientate individuals towards cues associated with their
development (Storeck et al, 2000), i.e. emerging females appear to encounter chemical
information on the m u m m y case which conditions them to search preferentially on the
plants on which they were reared. Indeed, the 'chemical legacy hypothesis' predicts that
chemical cues experienced during a particularly susceptible period of larval development
can influence an individual's peripheral sensitivity (Corbet, 1985). Changed chemosensory
thresholds in insects often involve an increased preference for chemicals encountered and
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in D. rapae, it appears females that emerge from the cereal host, 7?. padi, are more attracted
to non-crucifer volatiles than those emerging from the crucifer aphid, B. brassicae.
The experimental evidence presented in the previous chapter supports this view, and
a range of physical and chemical factors play an important role in the oviposition behavior
of D. rapae. Aphid detection and recognition by D. rapae in habitats other than crucifer
host plants m a y rely more heavily on alternative host cues, including the effects of contact
kairomones or the physical attributes of aphid species. Plant semiochemicals are also
recognized as a major contributing factor to the host location process in this species. The
presence of plant semiochemicals can significantly increase attack rates against aphids
(Read et al, 1970; Ayal, 1987; Sheehan & Shelton, 1989; Titayavan & Altieri, 1990).
A s a crucifer specialist, foraging behavior in D. rapae is often mediated by the
release of semiochemicals from damaged cruciferous plant tissue (Ayal, 1987; Sheehan &
Shelton, 1989; Titayavan & Altieri, 1990), and this species has an innate in-flight
orientation towards isothiocyanates (Vaughn et al, 1996; Bradburne & Mithen, 2000).
Although D. rapae, emerging from cereal aphids m a y then have a greater attraction to
aphid species such as M. persicae than those parasitoids emerging from a crucifer
specialist, in the presence of crucifer host plants, higher parasitism is achieved by
parasitoids emerging from crucifer aphid species due to a greater availability of eggs and
sensitivity to crucifer volatiles.
The adaptive significance of these strategies is that individuals will search specific
habitats more thoroughly that have been associated with their development. At some stage
however, the parasitoid is likely to leave its present patch in search of another, perhaps with
an alternative set of host species. Although variation in the preference of D. rapae can then
act to inhibit the movement of parasitoids emerging from alternative hosts, w h e n host use
varies temporally, selection for low variation in individuals across generations will favour
the development of a generalist genotype and insect populations would not be expected to
give rise to host specialists (Holt & Hochberg, 1997).
With the exception of crucifer aphid hosts, the relationship between female
oviposition preference and larval performance is weak in D. rapae and a flexible hierarchy
of host discrimination influences thefidelityof individuals in non-crucifer host-habitat
complexes.

Analysis of host-use divergence in sympatric populations of polyphagous

insects reveal that changes in host preference can generate n e w host races if they are
coupled with larval survival on the n e w host (Bush, 1974) but here, there is no evidence of
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an increase in larval performance associated with changes in preference. In the absence of
strong coupling between oviposition preference and larval performance, the generation of
divergent specialization in sympatric D. rapae populations would then probably require
m a n y generations of reproductive isolation.
Future work within this subject area might focus on the impact of the chemical
legacy hypothesis and those environmental cues to which parasitoids become conditioned.
Contact kairomones would be of particular interest as a cue for initiating an oviposition
response and in D. rapae is still to be identified. M o r e importantly, the ability for this
parasitoid to learn or become conditioned during larval development should be addressed.
Such studies would have an important implication for the role of oviposition preference and
larval performance in the host shifts of this group.

5.5. Conclusions
D. rapae has the ability to locate potential aphid hosts in a range of habitats and by
making foraging decisions based on experience or conditioning behavior, utilize those
species which are the most c o m m o n in the immediate environment. Although variation in
the preference hierarchy of D. rapae can then act to inhibit the movement of parasitoids
emerging from alternative hosts, w h e n host use varies temporally, selection for low
variation in individuals across generations will favor the development of a generalist
genotype. A weak link between oviposition preference and larval performance by adults
and larvae suggests that specialization in D. rapae is unlikely without prolonged periods of
reproductive isolation. In the next chapter, the characters of host-use divergence in two D.
rapae populations that have historically differed in the hosts available to them in the field
are examined.
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Chapter 6: Comparison of life history and behavior between
isolated parasitoid populations.
In the previous chapter, investigations of oviposition preference and larval
performance revealed that D. rapae has a flexible hierarchy of host discrimination.
Moreover, a w e a k link between oviposition preference and larval performance suggested
that increased specialization to non-crucifer species is unlikely without restricted gene
flow. Since genetic variation has been identified in parasitism of non-crucifer aphids, this
species is more likely to exhibit geographic variation, influencing the host range or the
preference of allopatric populations. In this chapter, divergence in two geographically
isolated D. rapae populations that have historically differed in the hosts available to them
in thefieldis examined.

6.1 Introduction
Gene flow a m o n g populations is widely considered to be an important factor
inhibiting the evolution of local adaptation and speciation in insects (Mopper & Strauss,
1998).

Geographic isolation will often reduce the homogenizing effects of gene flow,

allowing for the action of evolutionary divergent mechanisms such as drift, mutation, and
selection between locations (Avise, 2000). In geographic regions where parasitoids like D.
rapae have been introduced as biological control agents, the number of host species
available for parasitism is often reduced. Lack of exposure to particular hosts in a n e w
environment could lead to a reduced capacity to attack these hosts, and there is some
evidence that indigenous North American populations of D. rapae could not attack the
introduced Russian wheat aphid, D. noxia, as effectively as introduced Eurasian
populations (Elliott et al, 1995).
The observed improvement in control after re-introduction of D. rapae to North
America suggests that differences in the level of exposure to potential hosts can result in
divergence of host specialization. Variation in host-use has been reported in aphidiid
species to include ecological, behavioral and physiological characters (Sequeira

&

Mackauer, 1992; Hopper et al, 1993; Henter, 1995), and this variation exhibits significant
structuring a m o n g populations (Nemec & Stary, 1984a,b; Unruh et al, 1989; Ciomperlik,
1995; Vaughn & Antolin, 1998; Atanassova et al, 1998).
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presently grouped under the same n a m e m a y then represent a complex of cryptic or sibling
species (Stary, 1974; Gonzalez et al, 1979; Mescheloff & Rosen, 1990; Tremblay &
Pennacchio, 1988; Raychaudhuri, 1990; Pennacchio etal, 1994).
A s predicted by Fisher's fundamental theorem of natural selection, traits under
strong selection will exhibit low additive genetic variance and remain evolutionarily stable
within populations (Fisher, 1930 [1999]). However, traits under weak or variable selection
pressure will often have high additive genetic variance, and will be more susceptible to
disruptive evolutionary mechanisms in reproductively isolated populations. In previous
chapters, it was revealed that while traits of crucifer aphid utilization in D. rapae have low
heritable variation, traits of non-crucifer aphid utilization have a high amount of heritable
variation (Chapter 3). Characters associated with the use of non-crucifer aphid hosts
should then be more likely to exhibit geographic variation, influencing the host range or
preference of allopatric populations.
In the present chapter, the hypothesis tested was that wasps restricted historically to
crucifer and generalist aphid hosts would perform poorly on cereal aphid species. O f the
two D. rapae population tested, one population was of European origin and is capable of
attacking a range of cereal and crucifer aphid hosts including D. noxia. The second
population derived from Australia is presumed to have a more restricted host range.
because m a n y of the same cereal aphids are not available for parasitism and these
populations have never been exposed to species that include D. noxia. Both populations
were then expected to differ in their ability to utilize different hosts because wasps with
access to cereal aphids will be selected for improved performance on these species as
reservoirs w h e n the crucifer species are unavailable for parasitism. The approach used
aims to differentiate the factors involved in host shifts of this parasitoid, if reproductive
isolation and evolutionary pressures are maintained.

6.2 Methods & Materials
6.2.1 Insect collections & cultures
Cultures of 7?. padi, M. persicae, B. brassicae, L. erysimi and A. gossypii were
derived from single parthenogenetic females collected throughout Australia. Colonies were
reared on a k n o w n host plant and included the specialist of crucifers L. erysimi on 7?.
sativus, the generalist crucifers, M. persicae on 7?. sativus, the cereal specialist, 7?. padi on
wheat (Triticum spp.), the brassica specialist B. brassicae on B. oleracea and the cotton
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aphid A. gossypii on cotton (Gossypium spp). Each colony was maintained at 20-22°C and
ambient photoperiod prior to experiments.
Wasps were collected in the West Australian and Southern French wheat belts
during the 2000 cropping season. Taking parasitized aphids from thefieldand monitoring
them until emergence collected a m i n i m u m of 70 parasitoids for use in experiments. To
minimize the chance that a single wasp was responsible for parasitizing numerous samples,
aphids were taken at wide spatial intervals during collections. A D. rapae population of
Australian origin was established from individuals collected off B. brassicae in the W A
wheat belt. The French population of D. rapae was established from individuals also
collected off B. brassicae in the south of France near Montpellier. Individuals were
maintained at 20-22°C and ambient photoperiod on B. brassicae prior to experiments and
maintained for ~ 4 generations before use in experiments. A standard procedure was used
to culture aphid hosts and parasitoids for experiments as described in previous chapters.

6.2.2 Oviposition Experiments
Oviposition experiments compared host recognition behavior of Australian and
French D. rapae on three aphids c o m m o n on crucifers (B. brassicae, L. erysimi, M.
persicae) and one aphid c o m m o n on cereals (7?. padi). All parasitoids were reared on B.
brassicae, and prior to use in experiments, females were given access to food, water and
males for 24-48 h after emergence. Each petri dish arena was 3 c m in diameter x 1cm in
height, with the light uniformly diffuse, by screening fluorescent light tubes with a panel of
white opaque plastic.
Under no-choice conditions, a single female wasp was exposed to a mixture of ten2nd and 3rd instar nymphs of one host species placed within the arena and observed for 20
minutes. Host recognition was measured for each female as the proportion of contacts with
aphids that resulted in probing. The time taken for females to m a k e contact with aphids
was also recorded. Twenty replicates of each population and host combination were
performed. Females exposed to host species were chosen randomly and were only used
once in an experimental arena.
Data were examined with an analysis of variance ( A N O V A ) using the
S T A T I S T I C A software program (StatSoft, 1999). A full factorial 2 parasitoid populations
x 4 host species A N O V A design of fixed effects was employed.
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If variables were

subsequently found to be statistically different then the hypothesis of homogeneous
variances was rejected and a Duncan means test performed to differentiate groups further.
All values were transformed using natural logs to normalize data series prior to analysis.

6.2.3 Reproductive Success & Life-history Experiments
Single mated female D. rapae were exposed to nymphs of four aphid species in 'nochoice' conditions for 24 h to determine if they would successfully parasitize and develop
in each. They included the aphid specialist of crucifers L. erysimi on R. sativus, the
generalist aphid of crucifers M. persicae on 7?. sativus, the specialist cereal aphid 72. padi on
wheat and A. gossypii on cotton. Twelve experimental replicates were performed by
allowing 40 second and third instar nymphs to build up in number using adults randomly
selected from the colony of the aphid being tested. Cages were maintained at 20°C and 16
L:8 D light conditions throughout the trial.
Single mated female wasps were added to each replicate and after aphids had been
exposed to females for 24 hours were removed.

Plants were inspected daily for the

presence of m u m m i e s . If present, m u m m i e s were removed and placed in culture plates
before returning experimental units and m u m m i e s to the growth chamber. Adults that had
emerged were checked daily and longevity measured by pooling the time of death in an
equal number of male and female individuals within replicates. After a month, m u m m i e s
from which wasps had failed to emerge were recorded as an estimate of mummy-adult
survival.
Four variables were subsequently measured for each replicate: percentage
parasitism, parasitoid development, mummy-adult survival and adult longevity.
history parameters and parasitism rates were evaluated using A N O V A
homogeneity using the S T A T I S T I C A program (StatSoft, 1999).

Life

to test for

A full factorial 2

parasitoid populations x 4 host species A N O V A design of fixed effects was employed to
analyse percentage parasitism data. A full-factorial 2 parasitoid populations x 3 host
species A N O V A design offixedeffects was employed to analyse traits of life history in 10
of the available replicates. Analysis of life history traits for A. gossypii was omitted
because individuals were not parasitized during the reproductive success trials. If variables
were found to be statistically different then the hypothesis of homogeneous variances was
rejected and a Duncan means test performed to differentiate groups further. All values
were transformed using natural logs to normalize data series prior to analysis.
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6.2.4 Russian Wheat Aphid - Host recognition and Acceptance
In a separate experiment, host recognition and acceptance behavior of Australian
and European D. rapae populations were tested against the Russian wheat aphid, D. noxia.
These tests were done separately because D. noxia is currently absent from Australia and
experiments using the pest species had to be performed overseas. Host recognition trials
were conducted as in the previous experiments. T o measure host acceptance, five aphids
were placed into a Petri dish with a mated female wasp. A n y aphids that were stung were
immediately removed and dissected for the presence of eggs.

Host acceptance was

calculated as the proportion of probed aphids in which eggs were laid. Data were examined
with an analysis of variance ( A N O V A ) using the S T A T I S T I C A software program
(StatSoft, 1999) using a one-way A N O V A design of fixed effects for each parameter. All
values were transformed to natural logs to normalize data series prior to analysis.

6.3 Results
6.3.1 Oviposition Behavior
The results from this experiment are displayed in Fig. 6.1 & Table 6.1. Prior to
analysis of variance the data series was transformed with natural logarithms. A fullfactorial A N O V A design reveals that host recognition of aphid hosts was significantly
different between parasitoid populations (F(3j ]52)=110.60; p<.001) (Table 6.2). Females
responded positively to the crucifer aphid B. brassicae regardless of the population from
which they had originated (Fig. 6.1; Table 6.3). However, when parasitoids were exposed
to the other aphid species in this survey, Australian individuals were more likely to
recognize each as a potential host. The greatest difference recorded between populations
was found in response to the cereal aphid 7?. padi, although recognition of the crucifer
specialist L. erysimi and generalist M. persicae was significantly lower in French
individuals also (Fig. 6.1; Table 6.3). Neither parasitoid population was significantly
attracted to a particular aphid species as indicated by the time taken for females to approach
hosts (F(3; i52)=1.13; p<.336) (Table 6.2). The acceptance of B. brassicae over the other
aphid species w a s however apparent in both populations (Table 6.1).
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Fig. 6.1. M e a n ± S.E. Host Recognition of D. rapae to aphid species presented in no-choice trials.
Parasitoids were reared on B. brassicae originating from either an Australian or French population.

Table 6.1. M e a n Response ± S.E. of D. rapae to aphid host species presented in no-choice trials. Parasitoids
were reared on B. brassicae originating from either an Australian or French parasitoid population.
Aphid Species

Time until aphid contact (Minutes)
Australia

France

B. brassicae

1.40±0.16

1.30 ±0.16

R. padi

2.97 + 0.37

3.55 + 0.53

L. erysimi

2.28 + 0.28

3.50 + 0.51

M. persicae

2.8510.50

3.23+0.22

Table 6.2. A N O V A of transformed Host Recognition and Response T i m e data using a full-factorial design
of fixed effect where "Population" is considered fixed and "Host Attacked" is considered fixed.
Host Recognition

Response Time

Effects

df

MS

F

P

df

MS

F

P

A ) Population

1

54.24

197.05

O.001

1

0.64

3.63

0.058

b) Host Attacked

3

48.21

175.14

<0.001

3

2.43

13.68

O.001

Rearing Host x Host Attacked

3

30.44

110.60

O.001

3

0.20

1.13

0.336

152

0.275

152

0.178

Error
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Table 6.3. A Duncan's mean test of transformed host recognition data within D. rapae from Australia or
France for different host species. Groups denoted with an X X X X are not significantly different p>0.05. B B =
B. brassicae; L E = L. erysimi; M P = M. persicae; R P = R padi
Homogenous group; alpha = 0.05

2

3

4

Mean

1

Euro / R P

.24

XXXX

Euro/MP

3.62

Aust / M P

3.99

XXXX

Aust / R P

4.01

XXXX

Euro / L E

4.01

XXXX

Aust / L E

4.53

XXXX

Euro / B B

4.59

XXXX

Aust / B B

4.60

XXXX

Population / Host

XXXX

6.3.2 Reproductive Success.
The results from this experiment are displayed in Fig. 6.2. Prior to analysis of
variance the data series was transformed with natural logarithms. A full-factorial A N O V A
design reveals that percentage parasitism of aphid hosts was significant between parasitoid
populations (F(3( gg)=7.30; p<.001) (Table 6.4). A greater percentage of L. erysimi than any
other species were parasitized in both populations (Fig. 6.2; Table 6.5). Across populations
the proportion of R. padi nymphs parasitized by French female wasps w a s significantly
lower in comparison to Australian individuals. Neither parasitoid population w a s able to
significantly parasitize aphids from A. gossypii.
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A. gossypii
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M. persicae

L. erysimi

Fig. 6.2. Percentage parasitism of D. rapae to four aphid host species presented in no-choice trials.
Parasitoids were reared on B. brassicae originating from either an Australian or European population.

Table 6.4. A N O V A of transformed Percentage Parasitism Time data using a full-factorial design of fixed
effect where "Population" is considered fixed and "Host Attacked" is considered fixed.
Percentage Parasitism
Effects

df

MS

F

P

A ) Population

1

0.123

10.26

<0.001

b) Host Attacked

3

0.896

74.62

<0.001

Rearing Host x Host Attacked

3

0.087

7.30

O.001

Error

88

0.012
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Table 6.5. A Duncan's mean test of transformed percentage parasitism data within D. rapae from Australia
or France for different host species. Groups denoted with an X X X X are not significantly different p>0.05.
B B = B. brassicae; LE = L. erysimi; M P = M. persicae; RP = R. padi; A G = A. gossypii
Homogenous group; alpha = 0.05

2

Mean

1

Euro / A G

.010

XXXX

Aust / A G

.096

XXXX

Euro / RP

.143

Aust / M P

.283

XXXX

Euro / M P

.340

XXXX

Aust/RP

.373

XXXX

Euro / LE

.509

XXXX

Aust / LE

.536

XXXX

Population / Host

3

4

XXXX
XXXX

6.3.3 Life History
The results from this experiment are displayed in Table 6.6. Prior to analysis of
variance the data series was transformed with natural logarithms. A full-factorial A N O V A
design reveals that development time from m u m m y to adult (Fp, 54)=7.64; p<.001), egg to
adult (F(2,54)=7.57; p<.001) and longevity (F(2,54)=15.85; p<.001) differed markedly across
host species and populations tested (Table 6.7 & 6.8). French individuals had a faster
m u m m y to adult development period w h e n reared on M. persicae or 7?. padi than
Australian individuals (Table 6.6 & 6.9).
For overall development, or egg to adult development, French individuals reared on
L. erysimi and Australian individuals reared on M. persicae were significantly different
from the other population and host combinations (Table 6.6 & 6.10). Longevity also
differed significantly a m o n g host species and populations. Adults that emerged from L.
erysimi survived the longest in both populations, while those individuals emerging from 7?.
padi survived the shortest period overall (Table 6.6 & 6.11). Australian individuals had a
greater longevity than French individuals in M. persicae and 7?. padi (Table 6.11). A n
average of 9 5 % of the parasitoids survived from m u m m y development to adult emergence
in all species.
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Table 6.6. Percentage of aphids parasitized during 24h exposure, developmental rate (Egg-mummy,
Mummy-adult, Egg-Adult), and longevity (all + SE). Means are based on 12 replicates each consisting of 40
nymphs exposed to mated females for 24h. Means within rows followed by a different letter are significantly
different (p<0.05).
Aphid Host/Plant

Life History Parameter

Australia

France

M. persicae/

Parasitism (%)

0.45 + 0.06

0.42+ 0.06

Raphanus sativus

Egg-Mummy (Days)

9.94 + 0.051

10.15 + 0.045

Mummy-adult (Days)

6.08 + 0.044

5.86 ± 0.048

Egg-adult (Days)

16.02 + 0.048

16.02 + 0.067

Longevity (Days)

10.76 + 0.057

10.41+0.111

R. padi/

Parasitism (%)

0.47 ± 0.06

0.13+0.04

Triticum sp

Egg-Mummy (Days)

9.39 + 0.037

9.88 + 0.062

Mummy-adult (Days)

6.02 + 0.059

5.68 + 0.056

Egg-adult (Days)

15.42 + 0.070

15.56 + 0.092

Longevity (Days)

8.98 + 0.215

7.44 + 0.154

L. erysimi/

Parasitism (%)

0.73 ± 0.07

0.67 ± 0.05

Raphanus sativus

Egg-Mummy (Days)

9.69 + 0.035

10.10 + 0.048

Mummy-adult (Days)

5.80 + 0.034

5.64 ± 0.043

Egg-adult (Days)

15.50 + 0.046

15.75 + 0.070

Longevity (Days)

11.94 + 0.077

12.30 + 0.124

Table 6.7. A N O V A of transformed Egg to M u m m y and M u m m y to Adult development time data using a
full-factorial design offixedeffect where "Population" is consideredfixedand "Host Attacked" is considered
fixed.
Egg to M u m m y Development

M u m m y to Adult Development

Effects

df

1) Population

MS

F

P

df

MS

F

P

1

0.014

22.45

O.001

1

0.039

23.00

O.001

2) Host Attacked

2

0.008

12.77 O.001

2

0.005

3.19

0.048

Rearing Host x Host Attacked

2

0.0007

1.21

2

0.013

7.64

O.001

Error

54

0.0006

54

0.001
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0.303

Table 6.8. A N O V A of transformed Egg to Adult Development and Adult Longevity data using a fullfactorial design offixedeffect where "Population" is considered fixed and "Host Attacked" is considered
fixed.
Longevity

Egg to Adult Development
Effects

df

MS

F

P

df

MS

1) Population

1

0.000

0.013

0.908

1

0.037

12.15

<0.001

2) Host Attacked

2

0.000

2.05

0.137

2

0.579

185.71

O.001

Rearing Host x Host Attacked

2

0.003

7.57

<0.001

2

0.049

15.85

O.001

Error

54

0.000

54

0.003

F

P

Table 6.9. A Duncan's mean test of transformed M u m m y to Adult Development time data within D. rapae
from Australia or France on alternative hosts. Groups denoted with an X X X X are not significantly different
p>0.05. L E = L. erysimi; M P = M. persicae; R P = R. padi
Homogenous group; alpha = 0.05

2

4

3

Mean

1

Euro / M P

1.85

XXXX

Euro / R P

1.90

XXXX

Aust / L E

1.92

XXXX

XXXX

Euro / L E

1.92

XXXX

XXXX

Aust / M P

1.95

Aust / R P

1.96

Population / Host

XXXX

XXXX
XXXX

Table 6.10. A Duncan's mean test of transformed Egg to Adult Development time data within D. rapae from
Australia or France on alternative hosts. Groups denoted with an X X X X are not significantly different
p>0.05. L E = L. erysimi; M P = M. persicae; R P = R. padi
Homogenous group; alpha = 0.05

2

Population / Host

Mean

1

Euro / M P

2.80

XXXX

Aust/LE

2.80

XXXX

Aust/RP

2.80

XXXX

Euro / R P

2.80

XXXX

Euro / L E

2.83

XXXX

Aust / M P

2.83

XXXX
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Table 6.11. A Duncan's mean test of transformed Longevity data within D. rapae from Australia or France
on alternative hosts. Groups denoted with an X X X X are not significantly different p>0.05. L E = L. erysimi;
M P = M. persicae; R P = R. padi
Homogenous group; alpha = 0.05

2

3

4

Population / Host

Mean

1

Euro / R P

2.15

XXXX

Aust / R P

2.31

Euro / M P

2.43

XXXX

Aust / M P

2.46

XXXX

Aust / L E

2.55

XXXX

Euro / L E

2.58

XXXX

XXXX

6.3.4 Russian Wheat Aphid.
The results from this experiment are displayed in Fig. 6.3. Prior to analysis of
variance the data series was transformed with natural logarithms. A one-way A N O V A
reveals that recognition of D. noxia by parasitoids differed significantly between
populations (F(i; 3g)=14.37; p<.001) (Table 6.12). More French female wasps responded
positively to D. noxia than Australian wasps (Fig. 6.3; Table 6.12). French D. rapae also
had a tendency to prefer ovipositing in R W A to the Australian strain (F(i> ig)=4.90; p<.039)
(Fig. 6.3; Table 6.12).
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Fig. 6.3. Mean ± S.E. response in the host recognition and acceptance behavior of D. rapae exposed to
in no-choice trials. Parasitoids were reared on B. brassicae originating from either an Australian or European
population.
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Table 6.12. One-way A N O V A of Host Recognition and Acceptance within two D. rapae populations for _>.
noxia using data transformed to natural logarithms. "Population" was considered afixedeffect.
Host Recognition
Effect

df

MS

Population

1

12.73

Error

38

1.17

Host Acceptance

F

P

df

MS

F

P

10.83

0.002

1

0.036

4.90

0.039

18

0.007

6.4 Discussion
The evidence of this chapter supports the view that a reduced host range influences
components of host utilization in geographically isolated populations of D. rapae. It has
been reported previously that during the release program for D. noxia control in the United
States, indigenous North American populations of D. rapae did not have a significant
impact on pest levels and parasitism only increased after the introduction of European
strains (Elliott et al, 1995). Here, the results clearly show that Australian populations of D.
rapae are also differentiated from European lineages and divergence of host aphid
utilization in this pair of populations entails the alteration of oviposition behavior,
reproductive success and other life history traits such as development time.
O f the life history and behavioral traits measured, parasitoid populations display
most variability in oviposition behavior through the ability to recognize particular aphid
species as potential hosts. Previous chapters investigating the genetic components of
parasitoid virulence in D. rapae indicated that oviposition behavior could have a significant
impact on host-use divergence (Chapter 3). In the present study, variation in preference for
alternative hosts w a s apparent between populations.

Variable responses to the

characteristics of aphid hosts are most likely related to a combination of physical and
chemical cues. Analysis of host detection and recognition in D. rapae have clearly shown
that searching is induced and regulated by cues acting before any physical contact has in
fact taken place with aphids (Chapter 4).
Semiochemicals are recognized as a major contributing factor to the host location
process in this species. The presence of volatiles can significantly increase attack rates
against aphids (Read et al, 1970; Ayal, 1987; Sheehan & Shelton, 1989; Titayavan &
Altieri, 1990). Chemosensory cues from an aphid are important sources of information for
aphidiid parasitoids including the products of a myrosinase enzyme system found within B.
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brassicae (MacGibbon & Allison, 1968; Jones et al, 2001; Bridges et al, 2001).
Electrophysiological studies have shown the presence of specialized receptors for crucifer
volatiles on D. rapae antennae (Vaughn et al, 1996), so their function probably includes a
role in host choice decisions at short range (Shaltiel & Ayal, 1998).
Despite the relationship between parasitoid attack and crucifer semiochemicals, the
specialist of mustard and radish, L. erysimi, is less attractive to D. rapae than B. brassicae
at the level of oviposition even though both aphids employ a glucosinolate-myrosinase
defense system (MacGibbon & Allison, 1968). Previous chapters indicate that the response
of D. rapae to isothiocyanates is dependent on chemical volatility. Qualitative analysis of
isothiocyanates detected within these aphids indicates that the composition of compounds
is dependent on the different types of glucosinolates present within alternative plant
varieties (Chapter 4).
Although both aphid species are crucifer specialists, in the field each typically
attacks an alternative set of hosts. L. erysimi is specific to radish and mustard, while B.
brassicae prefers B. oleracea and other related Brassica varieties (Blackman & Eastop,
2000). These aphid species are subsequently associated with an alternative semiochemical
profile. A s described in an earlier chapter, female parasitoids display preference for
isothiocyanate compounds of high volatility over those with a lower volatility (Chapter 4).
Such behavior m a y then account for some of the variation in host recognition detected for
crucifer aphid species.
Host recognition is also of particular importance in differentiating populations w h e n
attacking D. noxia. This was the only aphid species for which acceptance was lower in
Australian parasitoids. Genetic variability in oviposition behavior of D. rapae has been
identified previously (Ciomperlik, 1995; Vaughn &

Antolin, 1998), and isofemale

heritability of non-crucifer hosts indicates that isofemale heritability for most traits are high
(Chapter 3). Host detection and recognition of aphid species in D. rapae is regulated by
environmental cues other than crucifer volatiles including the effects of contact kairomones
and the physical attributes of aphid species. The tendency for parasitoids to accept noncrucifer aphids m a y then evolve independently, and in the absence of gene flow, a
reduction in recognition of D. noxia is evident without influencing characters of host
utilization for the other aphid species tested.
Life history also displays divergence between parasitoid populations. The rate of
maturation during m u m m y to adult development occurs at a greater rate in European
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parasitoids although overall development from egg-adult is typically the same in both
populations of D. rapae. Increased longevity in individuals emerging from 7?. padi was
detected in Australian populations. In conjunction with the higher rates of reproductive
success and host acceptance, this result is surprising given that in Western Australia there is
little data to suggest that D. rapae populations regularly attack cereal aphids.
In Chapter 5, it is shown that parasitism rates and oviposition preference for noncrucifer aphids in populations of European origin could be increased dramatically if adults
are first reared on a non-crucifer aphid species. Such conditioning is thought to enhance
foraging decisions and enable individuals to utilize species that are most c o m m o n in the
immediate environment, Australian D. rapae brought to France have a more generalist
phenotype.

In future investigations it would be of considerable interest to determine

whether these individuals have retained a mechanism to exploit patches of non-crucifer
species through an increased fidelity for the emergence environment.
In a historically colonized population, such as that in Australia, the origin and
genetic variability of the source population can have important implications for host
specialization and evolutionary potential. Although geographic isolation and reduced host
range then acts to influence divergence of D. rapae populations, in colonizing populations
the patterns of host utilization m a y not necessarily reflect adaptation to host availability. A
generalist genotype in Australia m a y then be the result of the type and number of founding
individuals from which the population was established.

Moreover, if only a few

individuals become established, rare alleles that impart higher rates of D. noxia parasitism
could be lost due to drift.
D u e to difficulties with aphid rearing and limited timeframe, experiments
concerning the development and life history traits of individuals emerging from D. noxia
could not be completed. The additional information might have reinforced m a n y of the
conclusions m a d e concerning divergence in the populations tested and strengthen evidence
for the presence of a generalist parasitoid genotype within Australia. The availability of
only two populations for analysis has also limited the strength of our deductions and ideally
the experimental design would have benefited from direct comparisons from within and
between geographic areas although clearly not feasible for the current experimental system.
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6.5 Conclusions
T h e evidence presented in this chapter supports the view that a reduced host range
influences host utilization in geographically isolated populations of D. rapae. O f the life
history and behavioral traits measured, parasitoid populations displayed most variability in
oviposition preference and ability to recognize particular aphids as potential hosts. Host
recognition is of particular importance differentiating populations w h e n attacking D. noxia,
yet this w a s the only aphid species for which preference w a s lower in Australian
parasitoids. In a recently colonized population, the origin and genetic variability of source
populations can have important implications for host specialization and evolutionary
potential. A generalist genotype in Australia m a y be the result of the type and number of
founding individuals from which a population w a s established, and the observed patterns of
host utilization do not necessarily reflect adaptation to available hosts.
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Chapter 7: Genetic Variation, Founder Effects and
Phylogeography.
Although geographic isolation and a reduced host range can act to influence
divergence of D. rapae populations (Chapter 6), in a recently colonized population the
observed patterns of host utilization m a y not necessarily reflect adaptation to the
availability of hosts. Founder effects and a reduction in genetic variation can equally
influence patterns of host utilization, a situation magnified by inbreeding and genetic drift
(Avise, 2000). Given enough time traits not underdirect selection should eventually be lost
in isolated populations, such as the ability of parasitoids to attack aphid species to which
they have not recently been exposed. In this chapter, the effects of recent colonization in
Australian individuals are investigated along with the search for evidence of a closely
related source population from which they were derived.

7.1 Introduction
D. rapae is the only m e m b e r of a wide-spread monotypic genus of aphidiid
parasitoids that is an important natural enemy with over 60 aphid species (Pike et al,
1999). T h e parasitoid has become virtually cosmopolitan, with the spread of its various
aphid hosts to all comers of the globe and evidence from the literature suggests that the
parasitoid w a s purposely introduced to Australia around 100 years ago. The earliest
records concerning colonization of this species are from 1902 w h e n parasites were
introduced to Western Australia from the eastern states to control the major pest of
crucifers, B. brassicae (Compere, 1902), The parasitoid was subsequently re-introduced in
1909 using 24 individuals collected from Ceylon (Robinson, 1908), although it has been
reported that individuals were probably already well established in Western Australia prior
to that date (Jenkins, 1946; Wilson, 1960).
Genetic variation a m o n g D. rapae populations has been studied previously using a
range of genetic markers, and it is clear that genetic polymorphism plays an important role
in the virulence of this species (Ciomperlik, 1995; Vaughn & Antolin, 1998). Host-use
deviation in aphidiid parasitoids is k n o w n to correlate with a degree of population
differentiation (Nemec & Stary, 1984a,b; Unruh et al, 1989; Atanassova et al, 1998). O n
a given host species, populations with the greatest genetic diversity have been termed the
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population diversity centre by N e m e c & Stary (1984a,b).

It has subsequently been

proposed that species like D. rapae are composed of 'specialist' and 'generalist'
individuals where, depending on genotype, parasitoids will vary in their ability to attack
aphids within an expected host range (Powell & Wright, 1992).
In the studies described from previous chapters, quantitative genetic analysis of
parasitoid virulence in D. rapae indicated that oviposition behavior can have a significant
impact on host-use divergence (Chapter 3), and geographically isolated populations display
variation in preference for alternative hosts (Chapter 6). With respect to a recently
colonized population, the origin and genetic variability of individuals m a y then have
important implications for host specialization. Here, genetic differentiation between D.
rapae populations distributed over a broad geographical scale is investigated. Particular
attention is paid to the effects of recent colonization in Australian individuals with evidence
for a closely related source population from which they were introduced.
Microsatellite D N A consists of relatively short stretches of a tandemly repeated
base pair motif such as (CA)„ and have extremely high mutation rates (Goldstein &
Schlotterer, 1999). D u e to their extreme polymorphism in m a n y of the species studied to
date, microsatellite markers are ideal for providing information both about the evolutionary
processes and demographic history of populations (Goldstein & Schlotterer, 1999; Avise,
2000).

Indeed, because of their highly variable co-dominant characteristics they have

become the molecular tool of choice for a wide variety of applications in population
biology.
Microsatellites are generally thought to evolve under a stepwise mutation model
( S M M ) , characterized by the addition or deletion of one or more repeat motifs (Otha &
Kimura, 1973). Consequently, alleles of very different sizes will be more distantly related
than alleles of similar sizes, making these markers valuable for uncovering recent
demographic history. However, none of the current models appear to perfectly fit all
microsatellite loci (Di Rienzo et al, 1994) and deviation from this assumption can
influence the statistics applied.
Data from microsatellite markers have been used to detect genetic drift in original
and colonizing populations of insects (Frydenberg et al, 2001). A range of statistical
methods is n o w available for the analysis of effective population size using this information
(Wilson & Balding, 1998; Luikart & Cornuet, 1998; Luikart & England, 1999; Garza &
Williamson, 2001).

Indeed, allele length has been used to provide information on
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population structure formerly unavailable with standard molecular markers (Goldstein et
al, 1999; N e w m a n & Squire, 2001).
Although high variability makes them ideal for detecting genetic drift and analysing
population structure, such multilocus markers do not easily permit the phylogenetic
analysis of alleles (Takezaki & Nei, 1996). For this reason sequence data from intron loci
was also used in the present study to investigate phylogeography in D. rapae populations.
Because of low genetic variation following recent colonization, m a n y molecular markers
are poorly suited to phylogeographic studies in such cases.
In particular, mitochondrial D N A is subject to strong genetic drift as a result of its
predominantly maternal m o d e of inheritance providing little demographic information
unless the colonizing population is large and has grown rapidly (Palumbi & Baker, 1994).
The use of exon-primed intron-crossing (EPIC) P C R to amplify introns from targeted
protein-coding genes is known to be far more variable under these circumstances, and can
allow for extensive coalescence-based analysis of allelic variation (Gomulski et al, 1998;
Villablanca et al, 1998; Davies et al, 1999).

7.2 Methods & Materials
7.2.7 Specimens
Samples of D. rapae were obtained from Australia, Israel, Kazakhstan, France,
Morocco, Germany, North America, Greece, China, Caucasus and Spain (Table 7.1). The
Australian insects were all collected in Western Australia during the 1999 field season,
while Dr. Keith Hopper ( U S D A - A R S ) collected the remaining parasitoid populations
during the biological control release program for Russian Wheat Aphid in the United
States. Microsatellite analysis was preformed on four populations including Australia,
France, Morocco and Kazakhstan.

Phylogeographic analysis using intron loci was

performed on all the parasitoid samples collected.
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Table 7.1. Collection Data and Haplotypes of Cytochrome C.
Region
Australia
Israel
Germany
Germany
Greece
Morocco
Spain

USA
China
Caucasus
Caucasus

USSR
USSR
USSR
France

Site
W A , Perth

na
na
na
Larisa
Settat, El Borouj
Gaudix, Villa Hermoso
Colorado
Xinjiang, Altai
Buddeovsk
Buddeovsk
Kazakhstan, Dmitrievka
Khirghizia, Iachmen
Khirghizia, Iachmen
Montpellier

Individuals

3
2
1
1
2
3
1
5
5
6
1
2
4
1
9

7.2.2 DNA extractions
D N A was extracted using a modification of Sunnucks and Hales (1996) 'salting
out' extraction protocol. Whole insects were ground in 295pl T N E S buffer ( 5 0 m M TrisH C 1 p H 7.5, 4 0 0 m M NaCI, 2 0 m M E D T A p H 7.5, 0.5% SDS), and 5pl of proteinase K
(20u.g/jLil) was then added to each sample. After vortexing the mixture, samples were held
at 60 °C for 3h vortexing at regular intervals. Samples were then incubated at 95°C for 10
min and 85pi of 5 M NaCI added to each.

After further vortexing, samples were

centrifuged at 14 OOOg for 5 min at room temperature. The supernatant was transferred to a
fresh tube, and 500(il of 1 0 0 % ethanol then added. The mixture was gently inverted five
times and placed at 4°C for at least 2h followed by centrifugation at 14 OOOg for 15 min at
4°C. The supernatant was removed and the D N A pellet was washed with 500jil of 7 0 %
ethanol. After the final wash and ethanol removal, the D N A pellet was air dried and
resuspended in 25pi of Tris-EDTA buffer or H P L C water.

7.2.3 Microsatellites
Microsatellite markers used for population analysis were derived in partnership with
Dr H. Loxdale1 and the method written in collaboration, MacDonald et al. (submitted), is
reproduced here. Briefly, lpg of genomic D N A was isolated from parasitoids and digested
with 2 units of Rsal in a volume of 20 u.1 for lh at 37°C. Fifty nanograms of a Mlul

' Division of Plant & Invertebrate Ecology, IACR-Rothamsted, Harpenden, Hertsfordshire. A L 5 25Q United
Kingdom. Email: hugh.loxdale@bbsrc.ac.uk
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adaptor together with 2 pi 1 0 M A T P were then added to the digestion mixture along with 1
unit of T 4 D N A ligase. Ligation was allowed to proceed for 2h at 37°C. Finally, boiling
for 5 min denatured the ligated D N A and the microsatellite library was enriched for several
microsatellite sequences and characterised following the protocol of Edwards et al. (1996).
Primer sequences were then selected from the suite of microsatellites characterized
and four polymorphic loci chosen for analysis of parasitoid populations (Table 7.2). P C R
amplifications were performed in a total volume of 10 pi using a P C R Express Thermal
Cycler (Hybaid). The reaction mix contained 1 pi genomic D N A , lOx reaction buffer plus
M g 2 + , 2 0 0 u M d N T P , lOpmol of each primer, H P L C water and 0.5 units of Bioline Taq
polymerase. 'Touchdown' reactions were run for 2min. at 94°C, followed by one cycle of
30sec. duration at 54°C (annealing), 45sec at 72°C (extension) and 15sec. at 94°C
(denaturation) repeated with annealing at 52°C and 50°C, and lastly, 30 cycles at 48°C.
P C R products were subsequently run on a 6 % acrylamide gel with a p G E M 3 Z F sequencing
reaction and visualized with silver staining protocol as described by Promega (1996).

Table 7.2. Sequences of microsatellite & intron primers chosen for analysis of parasitoid populations.
Loci
Dr268
Dr271
Dr280
Dr283
CytC

EF-la

Primer
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence (5' to 3')

GGC
AAA
GCA
TCC
CGC
TGC
GGA
TCT
CCA
CGG
CGT
GGA

TCA A G A TGC TTT TCG AC
ACG GAG ATA GCT GAT ACG TG
CCA GTA TTA CTT GGA AGA TCA
AAA TTT AGC ATC GG GC
AAA AAC CCT CTT TTC CT
TCC CCT GCA TAT AAC AC
TTT CAA GCG CAA CTC TC
TGT TCG ACT CAC GTT GC
CAC AAT TGA AGC TGG TG
GGA TGT ATT TCT TTG GA
CTT CCA CTT CAG GTA
ACT GTT CTA CCA CCA

Product

Accession No.

(tg)n

AY247010

(tgt)n

AY247011

(ct)n

AY247012

(aac)n

AY247013

282 bp

AY245197

250 bp

AJ401978

7.2.4 Microsatellite Analysis
Statistical analysis of the gene frequency data was conducted using GENEPOP
version 3.2 unless otherwise stated (Raymond & Rousset, 1995). For each of the four loci,
allele frequencies, observed (Ho) and expected ( H E ) heterozygosity were estimated.
Deviation from H - W equilibrium was tested by an exact test (Guo & Thompson, 1992)
using ARLEQUIN (Schneider et al, 1997).

Linkage disequilibrium was examined by

estimating the probability of independence for each pair of loci within each population
using a Markov Chain approximation (Raymond & Rousset, 1995).
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Differences a m o n g populations in their genetic composition were examined in
several ways. Between-population differences in overall heterozygosity and overall allele
numbers were tested by A N O V A (StatSoft, 1999), using heterozygosity and allele numbers
from the four microsatellite loci as independent data points. If population samples were
found to be statistically different, the hypothesis of homogeneous variances was rejected
and a Duncan means test performed to differentiate groups further. All values were
transformed using natural logs before analysis. Average gene diversity over all loci in
populations w a s also estimated using ARLEQUIN.
Overall and pairwise F S T values were used to quantify differentiation among
populations in allele frequencies. F S T was estimated using the analysis of variance method
of Weir & Cockerham (1984) and ARLEQUIN was used to evaluate statistical significance of
average and pairwise FST-

In addition to testing for differences in allele frequency,

differentiation a m o n g populations in the distribution of allele lengths was estimated using
Goodman's estimate of R S T (Goodman, 1997).
R S T is an analogue of F S T and follows a stepwise mutation model ( S M M ) , thought
to reflect more accurately the mutation pattern of microsatellites. R S T is calculated from
the variances of allele sizes, whereas F S T will typically be derived from the variances of
allele frequencies. W h e n the data set contains loci with widely differing variances, loci
with low variances will contribute little to thefinalvalue of R S T even w h e n they show a
high degree of differentiation. The loci can be m a d e comparable by transforming the data
set before the R S T calculations are carried out. Here, R S T was estimated using transformed
data over all populations and for each pair of populations using RSTCALC (Goodman,
1997), evaluated with a permutation test with 1000 iterations for statistical significance.
Both F and R measures of population differentiation have been included because
none of the mutation models available perfectlyfitall microsatellite loci. The expectation
is Higher for R S T than F S T under a strict S M M . A s discussed above, it is however, unlikely
that microsatellite loci strictly follow this model and the likely consequence of a departure
from a S M M is that the expectations of both statistics will converge. With random mating
between populations, F and R-values are then expected not to deviate significantly from
zero. Multidimensional scaling (Lessa, 1990) using STATISTICA was also employed to look
for patterns in pairwise genetic distances.
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7.2.5 Microsatellites: Reduction in Population Size
The microsatellite data were analysed using two statistical tests, the Sign test and
Wilcoxon test, from the program B O T T L E N E C K 1.2 (Cornuet & Luikart, 1996) to search for
evidence of bottlenecks in the molecular history of populations. These tests are based on
the reduction of allelic diversity in relation to heterozygosity as expected during a
bottleneck and measure the difference between observed heterozygosity and the expected
heterozygosity from the observed number of alleles. The program was run with a strict
stepwise mutation model ( S M M ) and with a two-phase model ( T P M ) in which 9 0 % of the
mutations follow a strict S M M and 1 0 % produce multi step changes.
M o s t approaches that use genetic data to examine reductions in population size
utilize changes in allele frequencies or the loss of alleles. Because rare alleles contribute
relatively little to expected heterozygosity, there will be an excess of observed
heterozygosity w h e n compared with a population at equilibrium with an equivalent number
of alleles.

Heterozygosity should be inversely correlated with the extent of recent

inbreeding within a lineage; however this measure of inbreeding does not m a k e full use of
the information available from microsatellite markers and allele length data can also be
used to infer historical events in a population.
It follows that the distance (D) in repeat units of two microsatellite alleles at a locus
is related to their time since coalescence and Goldstein et al. (1995) have shown that this
distance squared (D 2 ), is linearly correlated with time since two populations have diverged.
Using this logic, a similar measure can be used to estimate inbreeding for each individual in
a population denoted as m e a n d , using the lower case to indicate that it applies to an
individual (Coulson et al, 1998; Coltman et al, 1998). M e a n d focuses on events deeper
in a lineage than heterozygosity can measure as the contribution of homozygosity to allelic
diversity m a y be s w a m p e d by allele length variation in microsatellites with several alleles.
In isolated populations, allele length variation, and hence variation in m e a n d will
then reflect alleles and mutations since founding, whereas in a population subject to
immigration, m e a n d 2 will only include differences between populations due to stepwise
mutation since coalescence. For each individual, mean d 2 was then calculated as:

mean cf = 1/n If (at — aj
where a; and aj refer to the lengths of each allele at a locus, averaged over n typed loci
(Coulson et al, 1998). Between-population differences in mean d 2 were then identified by
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A N O V A using STATISTICA and in populations found to be statistically different a Duncan
means test was performed to differentiate groups further. All values were transformed
using natural logs before analysis.

7.2.6 Exon-Primed Intron-Crosses
Exon-primed, intron-crossing (EPIC) primer sets were constructed to amplify
introns from within several different nuclear loci of D. rapae. Nuclear genes in which exon
positions are conserved across species were selected and for members of multigene
families, primers were designed to amplify a single locus. Initial screening of nuclear
intron loci was based on the published sequences of Palumbi (1996) to include Actin,
Cytochome C, EF-la, Creatine kinase, (3-tubulin and Calmodulin primer sets.

PCR

amplifications were performed in a total volume of lOpl using a P C R Express Thermal
Cycler (Hybaid).
2+

The reaction mix contained lpl male genomic D N A , lOx reaction buffer plus M g ,
2 0 0 u M d N T P , lOpmol of each primer, H P L C water and 0.5 units of Taq polymerase. P C R
conditions for each locus were an initial denaturing step of 94°C 2min, followed by a
sequential step up protocol with five cycles of 94°C 30sec, annealing at 45°C 30sec,
extension at 72°C 45sec, and then 35 cycles consisting of denaturation at 94°C 30sec,
annealing at 55°C 30sec, extension at 72°C 45sec, and afinalextension step of 72°C 7min.
P C R products were run on 1.5% agarose and visualized under a U V light source whereby
products of suitable size from two of the loci, Cytochrome C and EF-la, were purified for
direct sequencing.
P C R products were sequenced using original primer pairs to find additional primers
for use in population analysis (Table 7.2). P C R amplifications for direct sequencing were
performed in a total volume of 3 5 pi with the same reaction mix ratios as indicated
previously. Conditions for both loci were an initial denaturing step of 94°C 2min, followed
by 40 cycles of 94°C 30sec, annealing at 55°C 30sec, extension at 72°C 45sec, and a final
extension step of 72°C 7min. Products were not cloned prior to sequencing because only
haplodiploid males were used for analysis and contain a single copy of each gene.
Sequencing was performed using a local service.
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7.2.7 Phylogeographic Analysis
A n allele network of the nuclear intron loci was constructed for D. rapae following
the method of Templeton et al. (1992) and cladogram estimation was carried out using TCS
version 1.06 (Clement et al, 2000) based on the most parsimonious connection of
haplotype pairs.

Standard nesting rules were then applied to convert the resulting

cladogram into a nested clade design (Templeton et al, 1995; Templeton, 1998). Clades
were formed and nested in accordance with the number of mutational changes between
haplotypes, until thefinallevel encloses the entire cladogram.

7.3 Results
7.3.7 Genetic variation
Allele frequencies in all the populations studied are shown in the Appendix and
over loci sampled there was considerable allelic variation detected (Table 7.3). The range
of repeat units at each loci ranged from 7-27 repeats in di-nucleotide sequences and 14-31
repeats in tri-nucleotide sequences, based on P C R product length. The total number of
alleles per loci over all populations was also variable and ranged from 6 to 9 per locus. The
majority of alleles at these loci occurred with a frequency greater than 5 % , with the
exception of a single allele in dr283 with a frequency below 5 % .

Table 7.3. Range of repeat units, No. Alleles, FST and RST estimates for loci over all populations.
Significance of F S T and R S T for each locus and averaged over loci (averaging variance components) were
evaluated by permutation tests with 1000 iterations and are significantly different from zero.
Loci

Repeat Unit

N o . Repeats

N o . Alleles

FST

RST

dr268

tg

12-27

8

0.3937

0.3544

dr271

14-25

8

0.3438

0.8005

dr280

tgt
ct

7-22

9

0.3044

0.6100

dr283

aac

20-31

6

0.6553

0.9789

Overall

-

-

31

0.4246

0.6859

Genotype frequencies at loci were in accordance with H - W expectations in most
populations. The only locus to deviate from H - W equilibrium was dr268 in a single
population from France, Montpellier. Since the French population was in Hardy-Weinberg
equilibrium at all other loci it is most probable that dr268 contained null alleles although
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primers were not designed to test this hypothesis specifically. There w a s also no evidence
of linkage disequilibrium between any pair of loci in any population.
Over all of the populations examined, there were significant differences in allele
frequencies as measured by R S T and F S T (Table 7.3). R S T values were often considerably
higher than F S T values, with the exception of dr268, which displays a lower R S T estimate at
this locus. Moderate F S T values were identified in all loci although differences were
primarily the result of two loci, dr283 and dr268 and to a lesser extent dr271. B y
comparison, high R S T values were identified in the majority of loci and differences were
primarily the result of dr283, dr271 and to a lesser extent at a third, dr280. Averaged over
populations, R S T and F S T estimates for individual loci ranged from 0.68 to 0.42.

7.3.2 Population Differentiation
In Western Australian individuals, a total of 9 alleles were sampled, generating the
least amount of variation of the population samples studied (from 1 to 3 alleles per loci)
(Table 7.4). Indeed, tests for significant deviation in the number of alleles present at
different loci indicate that populations from Western Australia have a significantly lower
number of alleles than the other two populations tested (F(3, i2)=6.07; p<.009). Tests for the
significance of variability in the observed heterozygosity show no statistical difference
between populations (F(3, i2)=1.64; p=232); however the lowest heterozygosity w a s again
detected in Western Australian samples. Estimates of gene diversity provide further
evidence of a reduction in variation of Western Australian individuals having the lowest
index of those populations tested.

Table 7.4. No. of alleles, observed (Ho) heterozygosity, expected (HE) heterozygosity and gene diversity in
each population surveyed.
N o . alleles

H0

HE

Gene Diversity

Australia

9

0.250

0.280

0.274 + 0.202

France

18

0.526

0.596

0.578 + 0.356

Morocco

18

0.538

0.641

0.658 + 0.399

Kazakhstan

13

0.400

0.428

0.410 + 0.274

Pairwise estimation of population subdivision by F S T (Weir & Cockerham, 1984)
and R S T (Goodman, 1997) are shown in Table 7.5 and all values are significantly different
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from zero after Bonferroni correction. The overall pattern of population differentiation was
unchanged between R S T and F S T estimates, and a 'map' of the relationship among
populations using multidimensional scaling was constructed, based on pairwise F S T as a
measure of genetic distance (Fig. 7.1). Pairwise comparisons involving Australian
populations were of the greatest magnitude, differentiating this population from others
tested in two dimensions. The Kazakhstan population w a s separated from French and
Moroccan individuals on a second dimension, while separation of these last two
populations w a s apparent on a third dimension (Fig. 7.1).

Table 7.5. Pairwise F-Statistics and pairwise R-Statistics (averaging variance components) among
populations. All value significantly different from zero. F S x below diagonal, R S T above diagonal.
Fst/Rst

Australia

Australia

France

Morocco

Kazakhstan

0.7764

0.8024

0.9046

0.3006

0.6272

France

0.1338

Morocco

0.1222

0.0239

Kazakhstan

0.1812

0.0892

0.0686

MOROCCO

KRANCE

1.6

0.4219

AUSTRALIA
c>

.8
Diml

0.0
-.4
L 2

TV 0
Dim2

[ r\
i\

\
:6\
\ KAZAKHSTAN
A

1.0

•AMr

-.5
Dim3

1.0
Fig. 7.1. Multidimensional scaling plot of populations based on F ST ,
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7.3.3 Reduction in Population Size
Applying heterozygosity data from each population to the Sign and Wilcoxon tests
showed no evidence of a bottleneck in the recent past, as none of the populations had a
significant heterozygosity excess. P-values from both S M M and T P M generated by
B O T T L E N E C K 1.2 reveal that all locifitmutation-drift equilibrium. B y comparison, the
procedure used for assessing the presence of inbreeding with allele length data reveals
significant variation in mean d for individuals between populations (F(3,93)=28.99; p<.001)
(Table 7.6).
Individuals from France and Morocco display the greatest mean d 2 of the
populations studied and were not significantly different with values of 99.51 and 94.25,
respectively. The next largest mean d was recorded in Kazakhstan with a value of 42.75
displaying a depression in allelic length diversity in comparison to the above populations.
However, the lowest mean d was recorded in Australia and individuals show evidence
extreme genetic homogeneity with an average value of 1.79 ± 0.289 (Table 7.6), providing
evidence for a founder event and population bottleneck at this site.

Table 7.6. A comparison of mean d2 in D. rapae populations. For each population means within rows
followed by the same lowercase letter are not significantly different (p>0.05).

d*
Australia

1.79 ±0.289 a

France

99.51 + 18.6 c

Morocco

94.25 +17.10 c

Kazakhstan

42.75 + 9.10 b

7.3.4 Phylogeography
O f the two loci selected only one was found to be polymorphic for use in a
phylogeographic analysis of Western Australian D. rapae populations. Haplotypes from
Cytochrome C, the number of individuals sequenced and the populations from which they
originated are shown (Table 7.7). A total of six haplotypes were identified from the 46
individuals sequenced and the worldwide distribution of haplotypes is shown in Fig. 7.2.
Haplotype B dominates Europe and Asia, but it also occurs in American and African
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samples. Haplotype A , which characterizes Western Australian individuals, is unique to
this population sample and was not identified in any of the other sites surveyed. The
haplotype network, as estimated by the method described by Templeton (1998) for
Cytochrome C, indicates that all haplotypes represent a single clade (Fig. 7.3). This figure
also shows that Haplotype A is most closely related to Haplotype D, another unique genetic
sequence that is only found in individuals originating from Greece.

Table 7.7. Collection Data and Haplotypes of Cytochrome C.
Region
Australia
Israel
Germany
Germany
Greece
Morocco
Spain

USA
China
Caucasus
Caucasus

USSR
USSR
USSR
France

Site
W A , Perth

na
na
na
Larisa
Settat, El Borouj
Gaudix, Villa Hermoso
Colorado
Xinjiang, Altai
Buddeovsk
Buddeovsk
Kazakhstan, Dmitrievka
Khirghizia, Iachmen
Khirghizia, Iachmen
Montpellier
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Individuals Haplotype

3
2
1
1
2
3
1
5
5
6
1
2
4
1
9

A
B
C
B

D
B
B
B
B
B
E
E
B
F
B

j

*_j Haplotype A
\_J Haplotype B
C^j Haplotype C
tf) Haplotype D
Cfj Haplotype E
\_J Haplotype F

Fig. 7.2. Haplotype distribution of populations analyzed using sequence datafromthe intron of Cyt C.

• Morocco
IB Kirghizia
• France
®USA
_ Spain
• Caucasus
• Australia
_ Germany
_ Israel
• China
Q
Greece
H
Kazakhstan

Fig. 7.3. Haplotype network as estimated by the method described by Templeton (1998) for Cytochrome C.
Haplotype identities are noted within circles by a letter and distances between haplotypes are equal to a single
mutational change between haplotypes. The size of the circle is proportional to the number of individuals
sharing a particular haplotype.
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7.4 Discussion
These results support the view that founder populations of D. rapae introduced to
Australia were small, and the analysis of microsatellite markers clearly show that genetic
diversity of samples is reduced in comparison with those from the Old World. Indeed,
measures of genetic distance indicate that the Western Australian population is
significantly differentiated from other sites. W h e n intron haplotypes are examined using a
nested clade analysis, these patterns are placed into a historical context suggesting
individuals were probably not introduced from individuals dominating Europe or Asia.
Reduced

genetic variation in Western Australia is apparent, even though

heterozygosity estimates do not reveal the presence of a population bottleneck.
Heterozygosity should be inversely correlated with the extent of recent inbreeding within a
lineage; however after a certain number of generations, a n e w equilibrium can be
established in a bottlenecked population and heterozygosity excess is no longer apparent
(Cornuet & Luikart, 1996). A s a result, the B O T T L E N E C K program can only detect recent
changes in population size and a more powerful predictor is required.
M e a n d 2 focuses on events deeper in a lineage than heterozygosity can measure,
making full use of the information available from microsatellite markers. Allele length is
used to infer historical events within a population, and the analysis of Western Australian
populations shows that this site has had a marked reduction in mean d . This reduction in
comparison to other sites then implies that a founder event has occurred during the history
of this population.
A s mentioned previously in the introduction to this chapter, host-use deviation in
aphidiid parasitoids is k n o w n to correlate with a degree of population differentiation, and
depending on genotype, individuals will vary in their ability to attack aphids within an
expected host range. Thus, aphid hosts with the greatest parasitoid genetic diversity,
termed the population diversity centre by N e m e c and Stary (1984a,b), have the ability to
attack a range of hosts. In North America, the maintenance of genetic polymorphism of D.
rapae attacking B. brassicae is thought to have assisted the acceptance of newly introduced
exotic aphids for parasitism by these reproductively isolated populations (Pike et al, 1999).
However, D. rapae displays heritability for a variety of characters influencing host
utilization, and the response of a population to different aphid species will be dependent on
the amount of genetic variation available initially. Isofemale heritability for non-crucifer
hosts indicates that additive genetic variance for m a n y traits associated with these species
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are high (Chapter 3). The tendency to accept non-crucifer aphids in D. rapae m a y then
evolve independently of other species, and genetic differentiation will have important
implications for host utilization w h e n the insect is introduced to a n e w area. Indeed,
divergence of geographically isolated populations display changes in oviposition behavior.
reproductive success and life history traits for a variety of aphid species (Chapter 6).
Estimates of population differentiation reveal that pairwise differences between
Australia, Europe, Africa and Asia are significantly different from zero. In all cases,
Western Australian individuals were the most distantly related individuals, which suggests
founder effects have had a large impact on divergence.

The historical patterns of

colonization are likely to have produced increased homogeneity in this population, and the
time since separation has been not been sufficient for mutations to re-accumulate.
Subsequent genetic drift would have contributed to the degree of heterozygosity present in
this group through the loss or fixation of different alleles, accounting for some of the
differentiation.
Although, the level of differentiation at each polymorphic locus strongly suggests
the presence low gene flow a m o n g sites, genetic distances based on allele frequencies
versus allele length vary greatly.

Indeed, both measures of F S T and R S T have their

drawbacks. F S T can provide the basis for a measure of genetic distance w h e n divergence is
caused by drift (Reynolds et al. 1983), while R s T is an analogue of FST, thought to reflect
more accurately the mutation pattern of microsatellites (Slatkin, 1995).
Here, F-statistics suggest little to moderate genetic differentiation of all populations.
except Australia. However, while such an interpretation m a y turn out to be correct, it m a y
also not be representative of real population differentiation. The main problem affecting Fstatistics w h e n working with microsatellites is their sensitivity to mutation rate if migration
is low and values are deflated irrespective of the mutation model microsatellites have with
high polymorphism (Balloux et al, 2000). Comparison with 7?-statistics suggests that, with
the exception of Morocco and France, there is a total absence of gene flow between these
sites and that T^-statistics derived from populations are sensitive to the mutation rate of
microsatellite loci measured.
In Chapters 3 and 6, it is revealed that Western Australian D. rapae have
maintained genetic variation in host-use traits and these individuals have a 'generalist'
genotype with the ability to utilize a variety non-crucifer hosts. Although the current
analysis indicates that molecular variability is low, bottlenecks will have have less of an
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impact on quantitative traits than on single gene traits where drift can eliminate rare alleles
completely from a population. A s a result, the ability for individuals to mount a variable
response to newly introduced hosts will also depend on the virulence of source population
from which n e w colonies were established.
The haplotype network of Cytochrome C reveals Australian individuals were not
introduced from the insect haplotypes dominating Europe, Asia or Africa such that its
arrival represents colonization from a source outside of this region. Microsatellite markers
indicate the presence of little variation in this population and haplotypes derived from
intron loci are not likely to represent a novel mutation. Although intron loci are expected
to retain variation in insects due to diploid and biparental inheritance, the low amount of
variation detected argues that haplodiploidy can have an impact on maintaining variability.
Additional sites or genetic markers with intermediate genetic resolution between those
tested here should to be used to investigate the origins of D. rapae introduction to Western
Australia further.

7.5 Conclusion
In this chapter, Western Australian populations display low allelic length and
frequency variation for microsatellite markers. A loss of genetic variation is thought to
limit evolutionary potential including the ability of a population to mount a variable
response to newly introduced pathogens, parasites or hosts. However, marked genetic
differentiation between populations is also revealed having important implications for host
utilization in this species w h e n introduced to a n e w geographic area.

Current

phylogeographic analysis suggests that Western Australian D. rapae were not introduced
from European, Asian or African insect haplotypes and their arrival represents colonization
from a source outside of these regions.
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7.6 A P P E N D I X
Table 7.8. Allele frequencies for the four microsatellite loci in each population studied. Allele names are
product sizes in bp.

184

dr268 (tg)

180

Australia
Montpellier

0.089

172

170

168

0.037

0.889

0.074

0.304

Morocco
0.175

0.075

196

dr271 (tgt)

0.025

193

Australia
Montpellier

0.310

0.121

Morocco

115

113

111

Australia

0.071

0.196

0.732

Montpellier

0.086

Morocco

0.050

Kazakhstan

0.200

dr283 (aac)

298

Australia

1

Montpellier
Morocco

276

n

154

54

0.125

0.050

0.536

56

0.500

40
40

0.725

n

190

187

0.589

0.411

56

0.017

0.552

58

0.150

0.125

177

107

103

171

101

168

165

0.200

0.175

40

0.525

0.075

0.400

40

99

93

85

n

0.350

Kazakhstan

dr280 (ct)

156

0.071
0.325

Kazakhstan

158

56
0.103

0.069

0.200

0.125

0.155
0.100
0.125

273

270

0.125

267

264

0.586

58

0.525

40

0.550

40

n
56

0.017

0.069

0.603

0.259

0.052

58

0.075

0.150

0.725

0.050

40

0.025

0.975

Kazakhstan

93

40

Chapter 8. General Discussion
8.1. Summary
In the general introduction (Chapter 1) the background to the w a y in which
specialization has historically been perceived is presented. This discussion includes the
changes in opinion generated during the synthesis of evolutionary disciplines, through to
the current approaches employed in evolutionary ecology. O f particular importance has
been the role of herbivorous insects in developing views concerning specialization,
revealing that an evolutionary response towards host conservation is expected if there are
limits on genetic variation in insect populations.
T h e potential for investigating evolutionary host shifts further using parasitoid
insects w a s introduced in Chapter 2. A group of parasitoid species that are often reported
to have broad host and geographic ranges, the genus Aphidius, were examined, and the
importance of behavior in this group described.

B y paying attention to D. rapae, a

polyphagous parasitoid that has recently been introduced to Australia, research was
proposed to investigate characters of host-range divergence, contributing to the knowledge
of evolutionary stability in generalist aphidiid wasps.
T h e study combined a range of quantitative and molecular genetic techniques in
association with behavioral and life-history bioassays. In Chapter 3, quantitative genetic
techniques were used to examine the contribution of different characters to parasitoid
virulence w h e n attacking alternative hosts, revealing that oviposition behavior displays
strong variation in isofemale lines. If the history of host specialization in D. rapae is based
solely on the availability of genetic variation, the course of evolution in populations that
utilize alternative hosts will be influenced by such traits.
Characters of parasitoid virulence displaying the greatest heritability were
subsequently investigated further in Chapter 4 to identify the relative importance of
different oviposition cues utilized during the host selection process on which evolutionary
mechanisms m a y act. The experimental evidence presented supports the view that both
physical and chemical factors play an important role in the oviposition behavior of D.
rapae, turning on a behavioral sequence of events that can lead to oviposition.
Macroevolutionary host shifts at the level of oviposition behavior in aphidiid wasps
are likely to be based on genetic variation in the behavioral response of individuals to a
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combination of physical and chemical cues. However, the conservation of host range in
generalist aphidiids would argue for limitations on the evolution of traits that maintain
polyphagy, and this trend is apparent, despite the presence of significant genetic variation
in the oviposition behavior of parasitoid generalists like D. rapae.
The relationship between oviposition preference and larval performance w h e n
emerging from different host species w a s subsequently evaluated in Chapter 5. This
chapter has important implications for the flexibility of host utilization in an ecological
framework and an influence on host shifts within this group. Host availability was found to
have greater impact on the success of females emerging from non-crucifer aphids than
larval performance, w h e n switching between hosts in the field.
Furthermore, a w e a k link between oviposition preference and larval performance by
adults and larvae suggests that host specialization in D. rapae is unlikely without prolonged
periods of reproductive isolation. In Chapter 6 two D. rapae populations that have
historically differed in the hosts available to them in the field were then examined to test
the hypothesis that geographically isolated individuals historically restricted to crucifer and
generalist aphid hosts will perform poorly on cereal aphid species.
O f the life history and behavioral traits measured, parasitoid populations display
most variability in oviposition preference and the ability to recognize particular aphid
species as potential hosts. Although geographic isolation and a reduced host range can act
to influence divergence of D. rapae populations, in a recently colonized population, the
observed patterns of host utilization m a y not necessarily reflect adaptation to the
availability of hosts.
Indeed, with respect to a recently colonized population, the origin and genetic
variability of individuals m a y have important implications for host specialization. In
Chapter 7, genetic differentiation and population structure in D. rapae populations
distributed over a broad geographical scale w a s investigated along with the search for
evidence of a closely related source population from which they were derived. It was
concluded that a generalist genotype in Australia might be the result of the type and
number of founding individuals from which the population was established.
These results provide an insight to the nature of host specialization in D. rapae
having important implications for current methods proposed to control exotic pest aphid
species, including D. noxia. Macroevolutionary trends of the Aphidius group support the
hypothesis that host specialization in polyphagous parasitoids like D. rapae can be
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inhibited over macroevolutionary time. In the following sections, the thesis findings are
summarized in light of a partial phylogenetic history reconstructed to describe h o w host
range has changed in the genus Aphidius.

8.2. Macroevolutionary Trends
8.2.1. Phylogenetic Inference: The Genus Aphidius
Host interactions are shaped in part by the historical structure, physiology and
behavior inherited from their ancestors. The evolution of specialization will proceed via
these boundaries as n e w mutations, genetic combinations and ecological opportunities
present themselves (Thompson, 1994). Host associations that are carried over a number of
speciation events can then help to create a historical pattern of the groups involved,
whereby two components of this relationship are apparent; 1) the phylogeny of the species,
and 2) changes in the traits affecting host associations (Ronquist & Nylin, 1990).
In Appendix I, data on 48 adult morphological traits in 21 Aphidius species was
compiled from the taxonomic literature along with a description of h o w these traits were
characterized. Host range and ecological characteristics were not included in the survey to
avoid using parasitoid traits dependent on host use. M a x i m u m parsimony analysis was
subsequently performed using P A U P v4b2 (Swofford, 1998). Most parsimonious trees
were constructed with heuristic searches using the T B R branch swapping option. Support
for branches was determined using bootstrap analysis set to 100 data sets and a consensus
tree constructed on the basis of these results (Fig. 8.1).

96

A. rosae
A. transcaspicus
A. megoura

A. absinthii

A. sonchi
A. picipes

A. phalangomyzi

A. hieraciorum
A. smithi

A. funibris

A. uzbekistanicus
A. salicis
A. urticae
D. rapae

A. matricari
Fig. 8.1. Host range in part of the genus Aphidius overlaid on the results of cladistic analysis of data on
morphology. S h o w n is a majority rule consensus tree of the 1507 most parsimonious trees. Bootstrap values
next to branches show the level of support. Dark colored lines indicate species with a polyphagous feeding
habit, whilst light colored lines indicate species with a specialized feeding habit.

Although this reconstruction is not exhaustive and missing species will alter the
interpretation of specialization within the genus, the phylogenetic signal within the
Aphidius

can typically be described as either 'specialist' or 'generalist'.

Indeed,

phylogenetic sequences involving specialist to specialist and generalist to generalist are
apparent in the species surveyed, and there is no evidence of an overall direction towards
increased specialization.
F r o m this data, it appears that host specialists are not necessarily derived from
generalists within the Aphidius and that generalist species frequently give rise to other
generalist species. T h e conservation of a broad host range in s o m e clades argues for the
presence of a genetic limitation on the physiological or behavioral traits that maintain
polyphagy, ascribing to the importance of c o m m o n ancestry in aphidiid generalists. In
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herbivorous insects an evolutionary response towards host range conservation is expected if
there are limits on genetic variation in insect populations (Futuyma et al, 1993, 1994,
1995). S o m e parasitoid clades m a y then be less prone to specialization than others, and it
is necessary to assess the nature of genetic variability for the potential of host shifts to be
determined.
In the phylogeny recreated here with morphological data, support for m a n y of the
branches is low and should be interpreted with caution. A s already mentioned, m a n y
species from the Aphidius have not been included in the survey and missing species will
alter the interpretation of specialization within the genus. A more reliable alternative could
be based on the inference of molecular markers already available (Belshaw & Quicke,
1997; Smith et al, 1999; Sanchis et al, 2000; Kambhampti et al, 2000).

8.2.2. The Genetics of Specialization
It is clear that genetic polymorphism plays an important role in the virulence of D.
rapae, yet the significance of different constraints on the macroevolutionary dynamics of
host specialization in this group has never been addressed in m u c h detail. For the first
time, this study presents evidence concerning the genetic components of host-utilization in
a polyphagous aphidiid parasitoid. O f particular interest is the segregation of factors
responsible for the utilization of crucifer and non-crucifer aphids. Heritable variation in
traits associated with low-ranking hosts, suggest that D. rapae can have an altered fitness
on non-crucifer aphid species between populations, while fitness for crucifer aphids is fixed
due to the genetic architecture of individuals (Chapter 3).
Evidence of greater heritability in virulence against some host species than others
might be used to identify traits that are associated with macroevolutionary trends in this
group (Ronquist & Nylin, 1990; Futuyma et al, 1995). High heritability in oviposition
behavior of D. rapae for cereal aphids is of particular interest, and evidence from members
of the Aphidius complex suggests that such behavior can have a significant impact on
species divergence. Divergence of sibling species within the A. ervi complex, for instance,
is characterized by differential oviposition behavior at the level of host recognition and
acceptance (Pennacchio et al, 1994).
However, the very number of loci involved and genetic architecture of host
selection is also of interest for determining h o w host shifts m a y occur in this group. W h e n
genetic change in preference of an insect is possible, it m a y be constrained in some species
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by correlations in choice a m o n g potential hosts, whereas in other species, preference and
the tendency to accept different hosts m a y evolve independently (Wasserman, 1986;
Courtney et al, 1989). O f the work undertaken in this area, a rich diversity of genetic
mechanisms has been found in different species, with major genes, modifiers, polygenes,
and epistatic effects having all been shown to influence patterns of specialization
(Thompson, 1994).
For D. rapae, an unchanging preference for crucifer aphid species suggests that
individuals do not possess alleles coding for an alternative hierarchy. Hence, responses to
selection reflect modification of the acceptance threshold for other species, rather than the
preference hierarchy. A consequence of having a small number of environmental cues for
host choice is that the genetic architecture of preference might constrain evolutionary
options (Wasserman, 1986). However in the absence of crucifer semiochemicals, a broad
range of oviposition cues are utilized during the host selection process. Analysis of host
detection and recognition clearly show that searching is induced and regulated by cues
acting before any physical contact has taken place (Chapter 4).
Increased acceptance of non-crucifer hosts within D. rapae m a y then be possible
because of the insect's genetic architecture and the segregation of loci controlling different
aspects of the host section process. The evolution of preference in swallowtail butterflies,
for example, involves loci on at least two chromosomes, including the X chromosome
(Thompson, 1988c). In Drosophila tripunctata L o e w , oviposition preference is inherited
polygenetically through autosomal loci with significant dominance and interaction effects,
although the exact number of loci involved is unknown (Jaenike, 1987). In both these
cases, a single locus model for habitat selection can be rejected and under the right
conditions, species are free to evolve divergent mechanisms between unlinked loci (Via,
1990, 2001).
Even in the presence of suitable genetic variation, constraints on host-use evolution
m a y arise from negative correlations in fitness (e.g. Via & Lande, 1985; Futuyma &
Moreno, 1988). Genetic tradeoffs can act to inhibit host shifts within an insect group;
however there is no evidence of negative effects in the oviposition behavior of D. rapae
(Chapter 3). This is further support that variation for adaptation to one host is genetically
independent from variability in utilization on a second host. It appears then that there is an
absence of genetic constraints on the evolution of specialized individuals due to the genetic
architecture of host utilization in D. rapae in relation to non-crucifer aphid hosts.
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8.2.3. Host-Range

Conservation

Despite the presence of significant genetic variation in the oviposition behavior of
parasitoid generalists, the conservation of a broad host-range argues for a limitation on
evolutionary specialization. In insects, the spatial distribution of resources is seldom fixed
and will even vary within a single generation for some generalist species (Godfray, 1994).
Under these conditions, locating suitable habitats can often be difficult. Selection will
favor the use or development of characters that provide a means for stabilizing resource use
(Bell, 1990). In parasitoid species, m a n y characteristics that have subsequently evolved to
cope with the heterogeneous environment offer this advantage. However, the nature of
these traits m a y also prevent specialization as a result of genetic or non-genetic constraints
on the host-use patterns of individuals.
M a n y parasitoids have evolved learning abilities that are k n o w n to elicit responses
advocating behavior that has previously been successful (Papaj & Prokopy, 1989). Over
small spatial scales, conditioning behavior in D. rapae appears to influence preference for
different aphid species upon emergence (Chapter 5). The mechanisms responsible for host
conditioning in D. rapae are probably related to cues associated with parasitoid
development. The 'chemical legacy hypothesis' predicts that chemical cues experienced
during a particularly susceptible period of larval development can influence an individual's
peripheral sensitivity (Corbet, 1985).
Changed chemosensory thresholds in insects often involve an increased preference
for chemicals encountered. Here, it appears female D. rapae that emerge from cereal hosts,
are more attracted to non-crucifer volatiles than those emerging from crucifer aphids.
Although variation in preference m a y then enable utilization of those species that are the
most c o m m o n in the immediate environment, by making foraging decisions based on
experience or conditioning behavior, host-use varies temporally. Indeed, selection for low
variation in individuals across generations can favor the development of a generalist
genotype (Holt & Hochberg, 1997).
A weak link between adult preference and larval performance identified in Chapter
5 further suggests that increased specialization to a novel or low ranking host is unlikely
over small spatial scales. A strong relationship between preference and performance is
thought to facilitate the divergence of insect populations (Thompson, 1988a). Yet, in the
absence of strong coupling, the generation of divergent specialization in sympatric D.
100

rapae populations would probably require m a n y generations of reproductive isolation (Via,
2001). T h e genetic and non-genetic complexity of processes leading to specialization in D.
rapae has important implications for the geographic structure of a species, particularly with
regard to broad geographic distances that will be discussed in the next section.

8.3. Biological Control
8.3.1. The Importance of Source Populations
Despite possessing conditioning behavior that m a y act to inhibit sympatric
divergence, the presence of genetic variation in characters of non-crucifer aphid parasitism
indicates that these traits are likely to exhibit variation over broad geographic distances
under the right conditions.

This study presents evidence for the divergence of two

geographically isolated D. rapae populations that have historically differed in the hosts
available to them in the field, and supports the view that the source and variability of
genetic diversity can have important implications for host specialization and evolutionary
potential in this group (Chapter 6).
O f the life history and behavioral traits measured, parasitoid populations display
most variability in oviposition preference and the ability to recognize particular aphid
species as potential hosts. Host recognition w a s of particular importance differentiating
populations w h e n attacking D. noxia, yet this was the only aphid species for which
preference w a s lower in Australian parasitoids. These individuals had a more generalist
phenotype than individuals found in France, despite having access to fewer host within
their geographic range.
Although geographic isolation and a reduced host range could act to influence
divergence of D. rapae populations in a recently colonized population, the observed
patterns of host utilization m a y not necessarily reflect adaptation to the availability of hosts.
Founder effects and a reduction in genetic variation can equally influence patterns of host
utilization, a situation magnified by inbreeding and genetic drift (Unruh et al, 1989).
Given enough time, traits not under direct selection will eventually be lost in isolated
populations (Avise, 2000), and the ability of parasitoids to attack aphid species to which
they have not recently been exposed.
T h e results of Chapter 7 support this view and analysis of microsatellite markers in
Australian samples clearly show that genetic diversity is reduced in comparison to Old
World countries. Measures of genetic distance indicate that Australian populations are
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significantly differentiated from other sites. W h e n intron haplotypes were examined using
a nested clade analysis (Chapter 7), these patterns were placed into a historical context
suggesting that individuals have not been established via individuals dominating Europe or
Asia, where a greater variety of genetic diversity is available.

8.3.2. Suggestions for Pest Management
It has been reported previously that during the release program for D. noxia control
in the United States, indigenous North American populations of D. rapae did not have a
significant impact on pest levels and parasitism only increased after the introduction of
European strains (Elliott et al, 1995).

The evidence presented here indicates that

Australian populations of D. rapae are also clearly differentiated from European lineages.
Divergence of aphid parasitism in this pair of populations entails the alteration of
oviposition behavior, reproductive success and other life history traits such as development
time.
There is also some evidence to suggest that endemic strains of D. rapae m a y be
ineffective against D. noxia if ever introduced to Australia (Chapter 6). Delay in the
importation of natural enemies to North America strongly influenced the level of economic
damage caused by D. noxia invasion (Hughes, 1996). In Australia this situation could be
addressed by introducing natural enemies to the wheatbelt prior to arrival of the pest,
providing uninterrupted biological control and/or ensuring that a control program is ready
upon detection of the pest.
In addition to D. rapae and other aphidiid wasps, species from the genus Aphelinus
are another group of important parasitoids in both Eurasia and North America against D.
noxia (Hughes, 1996). Although these species are rare or absent in most of Australia
(Hughes et al, 1994), and previous introductions of these wasps have been unsuccessful
(Aeschlimann & Hughes, 1992; Strong, 1993), it m a y be possible to introduce overseas
populations better adapted to survive Australian environmental conditions.
This type of research could form part of a pre-emptive preparedness strategy for D.
noxia in Australia having two approaches: (1) to identify natural enemies of cereal aphids
in Australia assessing their ability to attack D. noxia and (2), to identify effective natural
enemies of D. noxia overseas assessing their ability to survive the Australian environment.
A 'pre-emptive' management strategy would be developed which will likely include the
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redistribution of natural enemies already present in Australia including the introduction of
n e w species from overseas as part of a classical biological control programme.

8.4. Implications for Evolutionary Ecology
A s mentioned previously, the process of specialization is thought to result in a loss
of genetic variation for the ability to use alternative hosts, eventually taking the specialized
species into an evolutionary dead end (Chapter 1). Indeed, because of the role genetic
variation plays in the host conservation of herbivores, the ability for frequent shifts to occur
in m a n y specialists has been questioned. T o account for the great biodiversity of insect
specialists, host shifts derived from generalists are then thought to occur more often,
consistent with the notion that specialists frequently go extinct.
Sympatric speciation through host-adapted divergence has been proposed as a
significant evolutionary mechanism amongst the Aphidiinae (Tremblay & Pennacchio,
1988).

However, I present evidence to suggest that the generalist aphidiid, D. rapae,

maintains a broad host-range, and over small spatial scales increased specialization is
inhibited due to the genetic/non-genetic attributes of host utilization. This species then
appears to exist as a single megapopulation within a given geographic area, attacking
different hosts in an opportunistic matter and does not form discrete populations adapted to
alternative species.
Parasitoid populations with the greatest genetic diversity have been termed the
population diversity center by N e m e c and Stary (1984a,b).

This concept has been

introduced to explain the acceptance of D. rapae to n e w exotic aphids in North America,
whereby genetic diversity for such species was maintained on its primary host B. brassicae
(Pike et al, 1999). The present study supports this theory, although it must be stressed that
w h e n introduced to a n e w environment, founder effects and genetic drift influence diversity
and the acceptance of different hosts.
Because characters associated with the primary host are unlinked to utilization of
non-crucifer species, diversity for the later can be maintained w h e n utilizing aphids such as
B. brassicae. The correlation between host-use and population differentiation in aphidiid
generalists is then probably related to the genetic architecture of traits involving alternative
hosts. Furthermore, this relationship supports the view that polyphagous aphidiids are
composed

of specialist and generalist individuals where, depending on genotype,
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individuals vary in their ability to attack aphids within an expected host range (Powell &
Wright, 1992).
Phylogenetic inference of the Aphidius shows that over a macroevolutionary
timescale, polyphagous species are stable. Yet exceptions do exist within this group and
some 'generalists' m a y be more prone to divergence than others. A prime example of this
is A. ervi, which is thought to best described as a complex of locally adapted populations
(Unruh et al, 1989). Examples of sympatric and allopatric speciation have been identified
in this group (Mackauer, 1969; Pennacchio et al, 1994). If specialization is not necessarily
a dead end, then w e should expect to find genetic mechanisms offlexibilityin such species
that are undergoing active speciation.
In this thesis I have focused on behavior and its effects on specialization in aphidiid
wasps. In light of the results presented, future investigation of specialization within the
Aphidius m a y wish to focus on the genetics of oviposition preference. However, if
characters are to be framed within macroevolutionary time, it is very important that a more
reliable phylogeny of this group is reconstructed.

8.5 Conclusion
T h e parasitic m o d e of life is a somewhat gruesome example of specialization in
insects. H o w e v e r the role of genetic variability in the overwhelming evolutionary success
of parasitoid insects is incontestable. Although often unusual in their adaptation to the
hosts on which they prey, and perhaps unique in the extent to which their behavior
influences population structure, relatively few studies have in fact investigated the nature of
host-use variation displayed. These insects offer an opportunity to study the stability of
host-range over evolutionary time using a distinctive set of traits specific to this group, and
w e have yet to see in detail what they m a y contribute to the w a y in which specialization is
perceived.
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Appendix I. Description of Morphological Characters.
1. Ocellar triangle. 0 = Right; 1 =Acute; 2 =Obtuse.
2. Temple. 0 = <l/3 narrower than transverse eye diameter; 1 = 1/4 narrower than
transverse eye diameter; 2 = >l/5 narrower than transverse eye diameter.
3. Gena. 0 = Gena equal to 1/3 of longitudinal eye-diameter; 1 = Gena equal to 1/4 of
longitudinal eye-diameter; 2 = Gena equal to or greater than 1/5 of longitudinal eyediameter.
4. Clypeus. 0 = <13 hairs; 1 = >13 hairs.
5. Tentorial Index. 0 = 0.3-0.4; 1 = >0.4.
6. Tentorial Index. 0 = 0.4-0.5; 1 = Not 0.4-0.5
7. Tentoral index. 0 = >0.5; 1 = O.5.
8. Eye Size. 0 = Not Large; 1 = Large.
9. Eye Ratio. 1 = 2:3; 2 = 3:4; 3 =4:5; 4 = 5:6.
10. Eye Hairs. 0 = Short; 1 = Large.
11. Antennal Segments, Female. 0 = <15;1=>15.
12. Antennal Segments, Female. 0 = 15-18; 1 = Not 15-18.
13. Antennal Segments, Female. 0 = >18; 1 = <18.
14. Antennal Length. 0 = Short; 1 = Medium; 2 = Long.
15. Flagellar Length. 1 = <3x long as wide; 2= >3x long as wide.
16. Flagellar Apical Portion. 0 = Apical portion of flagellum not thickened; 1 = Apical
portion offlagellumthickened.
17. Propodeum. 0 = Central areola narrow; 1 = Central areola wide.
18. Upper Propodeum. 1 = <5 hairs; 2 = >5 hairs.
19. Lower Propodeum. 1 = <5 hairs; 2 = >5 hairs.
20. Wing. 0 = Pterostigma >4x as long as wide; 1 = Pterostigma <4x as long as wide.
21. Wing. 0 = Metacarpus <l/3 shorter than pterostigma; 1 = Metacarpus >l/3 shorter
than pterostigma.
22. Wing. 0 = Radial abscissa 1 a longer than abscissa 2; 1 = Radial abscissa 1 equal to
abscissa 2.
23. Tergite 1.0 = <3x long as wide at spiracles; 1 = >3x long as wide at spiracles.
24. Tergite Apical portion. 0 = Granulate; 1 = Not Granulate.
25. Tergite 1.0 = Costlate; 1 = Not Costulate.
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26. Tergite spiracular tubercles. 0 = Prominent. 1 = Not Prominent.
27. Body Size. 0 = <1.5mm; 1 = 1.5-2.0mm; 2 = >2.0mm.
28. Head color, Female. 0 = Yellow; 1 = Without Yellow or variable.
29. Mouthpart Color, Female. 0 = Brown; 1 = Without Brown or variable.
30. Antennae Color, Top portion, Male. 0 = Brown; 1 = Without Brown or variable.
31. Antennae Color, lower (scape, pedical or Fl-3segements), Male. 0 = Yellow; 1 =
Without Yellow or variable.
32. Thorax, Female. 0 = Brown; 1 = Without Brown or variable.
33. Prothorax, Female. 0 = Yellow; 1 = Without Yellow or variable.
34. Wing Color. 0 = Hyaline; 1 = Not Hyaline.
35. Wing interradial vein. 0 = Colorless; 1 = Brown.
36. Wing intermedian vein. 0 = Colorless; 1 = Brown.
37. Wing median vein. 0 = Colorless; 1 = Brown.
38. Fore Leg Color. 0 = Yellow; 1 = Without Yellow or variable.
39. Middle Leg Color. 0 = Yellow; 1 = Without Yellow or variable.
40. Hind Leg Color. 0 = Yellow; 1 = Without Yellow or variable.
41. Antennal Segments, Male. 0 = <15;1=>15.
42. Antennal Segments, Male. 0 = 15-18; 1 = N o t 15-18.
43. Antennal Segments, Male. 0 = >18;1=<18.
44. Male and female color. 0 = male not darker than female; 1 = male darker than
female.
45. Head color, Male. 0 = Yellow; 1 = Without Yellow or variable.
46. Mouthpart Color, Male. 0 = Brown; 1 = Without Brown or variable.
47. Antennae Color, Top portion, Male. 0 = Brown; 1 = Without Brown or variable.
48. Antennae Color, lower (scape, pedical or Fl-3segements), Male. 0 = Yellow; 1 =
Without Yellow or variable.

References: Stary, 1973; Mescheloff& Rosen, 1990
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Appendix II: Data Matrix on Morphology.
Characters
A. absinthii
A. ervi
A.funebris
A. hieraciorum
A. hortensis
A. matricariae
A. megourae
A. phalangomyzi
A. picipes
A. ribis
A. rosae
A. salicis
A. setiger
A. smiihi
A. sonchi
A. transcaspicus
A. urticae
A. uzbekistanicus
D. rapae
A. colemani
A. platensis

1
0
1
1
1
1
1
1
2
2
0
0
0
0
1
1
2
1
1
1
0
0

Characters
26
0
A. absinthii
0
A. ervi
A. funebris
0
A. hieraciorum
1
0
A. hortensis
1
A. matricariae
1
A. megourae
A. phalangomyzi 0
0
A. picipes
0
A. ribis
0
A. rosae
1
A. salicis
1
A. setiger
0
A. smithi
0
A. sonchi
A. transcaspicus 0
A. urticae
0
A. uzbekistanicus 0
0
D. rapae
0
A. colemani
0
A. platensis

2
1
2
2
2
1
0
1
1
2
2
1
0
0
2
0
2
2
2
2
2
2

3
1
2
0
2
2
1
1
2
1
2
1
2
0
2
1
1
2
2
2
0
1

2 28
1 0
2 0
2 1
1 1
1 1
1 1
1 1
2 0
1 1
1 1
2 1
0 1
2 1
1 1
1 1
1 1
2 1
2 1
2 1
1 I
0 1

4
0
1
0
0
0
0
0
0
1
0
0
0
0
1
0
0
1
1
1
0
0
29
1
1
1
0
1
1
1
1
0
1
1
0
1
1
1
1
0
1
0
1
1

5
0
1
0
1
0
1
0
0
1
1
0
1
0
0
1
0
0
0
0
0
0

6
0
0
0
0
1
0
0
0
0
0
0
0
0
1
0
1
1
1
1
1
0

30
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
1
0
1
0
0

7
1
0
1
0
0
0
1
1
0
0
1
0
1
0
0
0
0
0
0
0
1
31
0
1
0
0
0
0
1
0
0
1
0
1
0
0
0
0
1
1
1
0
0

8
0
1
1
1
1
1
0
0
1
1
0
1
1
1
1
0
1
1
0
1
1

9
2
1
4
1
2
2
3
4
1
1
2
2
3
1
3
3
1
1

10
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
? 1
? 1
1 0

32
1
0
0
0
0
0
1
1
1
0
1
1
1
0
0
1
1
1
1
0
0

33
1
0
0
1
1
0
0
1
1
0
0
1
0
0
0
0
0
0
1
1
0

11
0
0
0
0
1
1
0
0
0
0
0
1
1
0
0
0
0
0
1
1
0

12
1
0
0
1
0
0
0
0
1
1
1
0
0
0
1
1
0
1
0
0
1

13
0
1
1
0
0
0
1
1
0
0
0
0
0
1
0
0
1
0
0
0
0

14
1
1
1
1
1
1
2
1
2
1
1
0
0
1
1
1
1
1
1
1
1

15
2
1
2
1
1
1
1
1
1
2
2
1
1
1
1
1
1
1
1
2
1

16
0
0
0
0
0
1
0
0
0
0
0
1
1
0
0
0
0
0
0
1
1

34 35 36 37 38 39
0
1 1
1
0 0
0
0 0
0
0 0
0
0 1
1 1
0
0 0
1
0 0
0
0
1 1
0 0
0
1 0
1
0 1
1
0 0
1
0 0
0
0 0
1
0 0
1
0 0
0
0 0
1
0 0
?
0 0
1
0 0
1
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17
0
0
0
0
0
1
0
0
1
0
1
1
1
0
1
1
0
0
0
0
0

40
1
0
0
0
1
1
0
0
1
0
0
1
0
0
0
0
0
0
0
0
0

18
1
2
2
2
1
2
2
2
2
2
2
2
2
2
2
1
2
2
1
1
1
41
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
0

19
1
2
1
1
1
1
1
2
2
1
2
1
1
1
1
1
2
2
1
1
1

20
1
0
1
1
0
0
0
0
0
0
0
0
1
1
1
1
0
1
1
1
1

21
0
1
1
1
0
0
0
0
0
1
1
0
1
0
1
0
0
0
0
1
0

22
0
0
0
0
0
0
1
0
0
0
0
0
1
1
1
0
1
1

23
1
1
1
1
1
1
0
1
1
1
1
0
0
1
1
0
1
1
? 1
0 1
0 1

42
0
0
0
1
1
1
0
0
0
0
0
1
0
0
0
0
0
0
0
0
1

43
1
1
1
0
0
0
1
1
1
1
1
0
1
1
1
1
1
1
0
0
0

44
0
1
0
0
0
0
1
0
1
0
0
0
0
1
0
1
1
1
1
0
1

45
0
0
0
1
0
0
1
1
1
1
1
1
0
1
0
0
1
1
0
0
1

24
0
0
1
1
1
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0

46
0
1
1
0
0
0
1
0
0
0
0
1
0
0
0
0
1
0
1
0
0

25
0
0
0
0
0
0
0
1
0
0
1
1
0
0
0
1
0
0
0
0
1

47
0
0
0
0
0
0
1
0
1
0
0
0
0
0
0
0
1
0
0
0
0

48
1
0
0
1
0
0
1
0
1
0
1
0
1
1
0
1
0
0
0
0
0

REFERENCES
Aeschlimann, J.P. &

Hughes, R.D. (1992) Collecting Aphelinus spp. (Hymenoptera:

Aphelinidae) in southwestern CIS for "pre-emptive" biological control of Diuraphis
noxia (Homoptera: Aphididae) in Australia. J. Hym. Res. 1:103-105.
Alberch, P. (1983) Morphological variation in the neotropical salamander genus
Bolitoglossa. Evolution. 37:906-919.
Ankersmit, G.W., Acreman, T.M. & Dijkman, H. (1981) Parasitism of colour forms in
Sitobion avenae. Entomol Exp. Appl. 29:362-363.
Ankersmit, G.W., Bell, C , Dijkman, H., Rieststra, S., Schroder, J. & de Visser, C. (1986)
Incidence of parasitism by Aphidius rhopalosiphi in colour forms of the aphid
Sitobion avenae. Entomol. Exp. Appl. 40:223-229.
Atanassova, P., Brookes, C.P., Loxdale, H.D. & Powell, W . (1998) Electrophoretic study of
five aphid parasitoid species of the genus Aphidius (Hymenoptera: Braconidae)
including evidence for reproductively isolate sympatric populations and cryptic
species. Bull. Entomol Res. 88:3-13.
Avise, J.C. (2000) Phylogeography: the history and formation of species. Harvard
University Press, Cambridge, M.A.
Ayal, Y. (1987) The foraging strategy of Diaeretiella rapae. I. The concept of elementary
unit of foraging. J. Anim. Ecol. 56:1057-1068.
Balloux F., Brunner, H., Lugon-Moulin, N., Hausser, J. & Goudet, J. (2000) Microsatellites
can be misleading: an empirical and simulation study. Evolution. 54:1414-1422.
Battaglia, D., Pennacchio, F., Marincola, G. & Tranfaglia, A. (1993) Cornicle secretin of
Acyrthosiphon pisum (Homoptera: Aphididae) as a contact kairomone for the
parasitoid Aphidius ervi (Hymenoptera: Braconidae). Eur. J. Entomol 90:423-428.
Battaglia, D., Pennacchio, F, Romano, A. & Tranfaglia, A. (1995) The role of physical
cues in the regulation of host recognition and acceptance behavior of Aphidius ervi
(Hymenoptera: Braconidae). J. Insect Behav. 8:739-750.
Battaglia, D., Poppy, G., Powell, W , Romano, A., Tranaglia, A. & Pennacchio, F. (2000)
Physical and chemical cues influencing the oviposition behavior of Aphidius ervi.
Entomol Exp. App. 94:219-227.
Bell, W.J. (1990) Searching behavior patterns in insects. Annu. Rev. Entomol. 35:447-467.

108

Belshaw, R. & Quicke, D. (1997) A molecular phylogeny of the Aphidiinae (Hymenoptera:
Braconidae). Moi Phylogenet. Evol 7:281-293.
Bernal, J. & Gonzalez, D. (1997) Reproduction of Diaeretiella rapae on Russian wheat
aphid hosts at different temperatures. Entomol. Exp. Appl 82:159-166.
Bernays, E.A. & Chapman, R.F. (1994) Host-Plant selection by phytophagous insects.
Chapman and Hall, N e w York.
Bernays, E.A. & Funk, D.J. (1999) Specialists make faster decisions than generalists:
experiments with aphids. Proc. R. Soc. Lond. B. 266:151-156.
Blackman, R.L. & Eastop, V.F. (2000) Aphids on the World's Crops: A n Identification and
Information Guide. 2 n d edition. Wiley 466pp.
Bouchard, Y. & Cloutier, C. (1984) Honeydew as a source of host-searching kairomones
for the aphid parasitoid Aphidius nigripes (Hymenoptera: Aphidiidae). Can J. Zool
62:1513-1520.
Bowers, M . D . & Williams, E.H. (1995) Variable chemical defense in the checkerspot
butterfly Euphydryas gillettii (Lepidoptera: Nymphalidae) Ecol. Entomol. 20:208212.
Bradburne, R.P. & Mithen, R. (2000) Glucosinolate genetics and the attraction of the aphid
parasitoid Diaeretiella rapae to Brassica. Proc. R. Soc. Lond. B. 267:89-95.
Bradshaw, A.D. (1991) The Croonian lecture, 1991. Genostasis and the limits to evolution.
Phil. Trans. Roy. Soc. Lon. B. 333:289-305.
Bridges, M., Jones, A.M., Bones, A.M., Hodgson, C , Cole, R , Barlet, E., Wallsgrove, R.,
Karapapa, V.K., Watts, N . & Rossiter, J.T. (2002) Spatial organization of the
glucosinolate-myrosinase system in brassica specialist aphids is similar to that of
the host plant. Proc. R. Soc. Lond. B. 269:187-191.
Brown, P.E., Frank, C.P., Groves, H.L. & Anderson, M . (1980) Spectral sensitivity and
visual conditioning in the parasitoid wasp Trybliographa rapae (Hymenoptera:
Cynipidae). Bull Entomol. Res. 88:239-245.
Budenberg, W.J. (1990) Honeydew as a contact kairomone for aphid parasitoids. Entomol.
Exp. Appl. 55:139-148.
Bush, G.L. (1975) Modes of animal speciation. Ann. Rev. Ecol. System. 6:339-364.
Bush, G.L. (1994) Sympatric speciation in animals: new wine in old bottles. Trends Ecol.
Evol. 9:285-288.

109

Callow, R.K., Greenway, A.R. & Griffiths, D.C. (1973) Chemistry of the secretion from
the cornicles of various species of aphids. J. Insect Physiol 19:737'-748.
Cameron, P.J., Powell, W., Loxdale, H.D. (1984) Reservoirs for Aphidius ervi Haliday
(Hymenoptera:Aphididae), a polyphagous parasitoid of cereal aphids (Hemiptera:
Aphididae) Bull. Ent. Res. 74:647-656.
Carroll, S.P., Dingle, H. & Klassen, S.P. (1997) Genetic differentiation of fitnessassociated traits among rapidly evolving populations of the soapberry bug.
Evolution. 51:1182-1188.
Carton, Y., Capy, P. & Nappi, A.J. (1989) Genetic variability of host-parasite relationship
traits: utilization of isofemale lines in a Drosophila simulans parasitic wasp. Genet.
Sel Evol. 21:437-446.
Carver, M . & Stary P. (1974) A preliminary review of the Aphidiidae (Hymenoptera:
Ichneumonoidea) of Australia and N e w Zealand. J. Aust. Entomol. Soc. 13:235-240.
Carver, M . & Sullivan, D.J. (1988) Encapsulative defense reactions of aphids (Hemiptera:
Aphididae) to insect parasitoids (Hymenoptera: Aphidiidae & Aphelinidae), in
Niemczyk, E. & Dixon, A.F.G., eds. Ecology and effectiveness of aphidophaga.
S P B Academic Publishing, The Hague, The Netherlands, 209-303pp.
Chew, F.S. (1988) Biological effects of glucosinolates, in Cutler, H. eds. Biologically
active natural products. American Chemical Society Symposium, Washington, 155181pp.
Ciomperlik, M . S. (1995) Characterization and separation of indigenous and exotic
populations of Diaeretiella rapae (MTntosh) (Hymenoptera: Aphidiidae). Ph.D.
dissertation, Texas A & M University, College Station.
Clement, M., Posada, D. & Crandall, K.A. (2000) T C S : a computer program to estimate
gene genealogies. Moi Ecol. 9:1657-1659.
Coltman, D.W., Bowen, W . D . & Wright, J.M. (1998) Birth weight and neonatal survival of
harbour seal pups are positively correlated with genetic variation measured by
microsatellites. Proc. R. Soc. Lond. B. 265:803-809.
Compere, G. (1902) Entomologists Report: Introduction of parasites. J. Dept. Agric. W.
Aust. 6:237-240.
Cope (1896) The primary factors of organic evolution. Open Court Publishing Co.,
Chicago.

110

Corbet, S. A. (1985) Insect chemosensory responses: A chemical legacy hypothesis. Ecol
Entomol. 10:143153.
Cornuet, J.M. & Luikart, G. (1996) Description and power analysis of two tests for
detecting recent population bottlenecks from allele frequency data. Genetics.
144:2001-2014.
Coulson, T.N, Pemberton, J.M, Albon, S.D, Beaumont, M , Marsall, T.C, Slate, J,
Guinness, F.E. & Clutton-Brock, T.H. (1998) Microsatellites reveal heterosis in red
deer. Proc. R. Soc. Lond. B. 265:489-495.
Courtney, S.P, Chan, G.K. & Gardner, A. (1989) A general model for individual host
selection. Oikos. 55:55-65.
Courtney, S.P. & Hard, J.J. (1990) Host acceptance and life-history traits in Drosophila
buskii: tests of the hierarchy-threshold model. Heredity. 64:371-375.
Darwin, C. ([1859] 1985) The Origin of Species. Reprint. Penguin Classics, London.
Davies, N , Villablanca, F.X. & Roderick, G.K. (1999) Bioinvasions of the medfly
Ceratitis capitata: Source estimation using D N A sequences at multiple intron loci.
Genetics. 153:351-360.
Dawson, G . W , Griffiths, D.C, Pickett, J.A, Wadhams, LJ. & Woodcock, C M . (1987)
Plant-derived synergists of alarm pheromone from turnip aphid, Lipaphis erysimi
(Homoptera, Aphididae). J. Chem. Ecol 13:1663-1671.
Dobzhansky, T ([1941] 1997) Genetics and the origin of species. Reprint. Columbia Univ.
Press. N e w York.
Di Rienzo, A , Donnely, P, Toomajian, C , et al (1994) Heterogeneity of microsatellite
mutations within and between loci, and implications for human demographic
histories. Genetics. 148:1269-1284.
Dobler, S , Mardulyn, P , Pasteels, J. M . and RowellRahier, M . (1996) Host-plant switched
and the evolution of chemical defense and life-history in the leaf beetle genus
Oriena. Evolution. 50: 2373-2386.
Du, Y.J, Poppy, G.M. & Powell, W . (1996) Relative importance of semiochemicals from
thefirstand second trophic level in host foraging behavior of Aphidius ervi. J.
Chem. Ecol. 22:1591-1605.
Du, Y.J, Poppy, G.M. & Powell, W . & Wadhams, LJ. (1997) Chemically-mediated
associative learning in the host foraging behavior of the aphid parasitoid Aphidius
ervi (Hymenoptera: Braconidae). J. Insect Behav. 10:509-522.

Ill

Edwards, K.J, Barker, J.H.A, Daly, A , Jones, C. & Karp, A. (1996) Microsatellite
libraries enriched for several microsatellite sequences in plants. Biotechniques.
20:758-760.
Ehrlich, P.R. & Raven, P.H. (1964) Butterflies and plants: A study in coevolution.
Evolution 18:586-608.
Elliott, N . C , Reed, D . K , French, B.W. & Kindler, S.D. (1994) Aphid host effects on the
biology of Diaeretiella rapae. Southwest. Entomol. 9:279-284.
Elliott, N . C , Burd, J.D, Armstrong, J.S, Walker, C.B, Reed, D.K. & Peairs, F.B. (1995)
Release and recovery of imported parasitoids of the Russian wheat aphid in eastern
Colorado. Southwest. Entomol. 20:125-129.
Falconer, D.S. & Mackay, T.F.C. (1996) Introduction to quantitative genetics. Essex:
Longman.
Farrell, B. & Mitter, C. (1990) Phylogenies of insect/plant interactions: have Phyllobrotica
leaf beetles (Chrysomelidae) and Lamiales diversified in parallel? Evolution.
40:1389-1403.
Feder, J.L, Chilcote, C A . & Bush, G.L. (1988) Genetic differentiation between sympatric
host races of the apple faggotflyRhagoletis pomonella. Nature 336:61-64.
Feder, J.L, Opp, S.B, Wlazlo, B , Reynolds, K , Go, W . & Spisak, S. (1994) Host fidelity
is an effective premating barrier between sympatric races of the apple maggot fly.
Proc. Natl. Acad. Sci. USA. 91:7990-7994.
Fellowes, M . D . E , Kraaijeveld, A.R. & Godfray, H.C.J. (1999) Association between
feeding rate and parasitoid resistance in Drosophila melanogaster. Evolution.
53:1302-1305.
Fielder, K. (1996) Host-plant relationships of lycaenid butterflies: large scale patterns,
interactions with plant chemistry, and mutualism with ants. Entomol. Exp. Appl.
80:259-267.
Filchak K.E. et al. (2000) Natural selection and sympatric divergence in the apple maggot
Rhagoetispomonella. Nature. 407:739-742.
Fisher, R.A. ([1930] 1999) The Genetical Theory of Natural Selection. Oxford Univ. Press,
N e w York.
Fox, L.R. (1993) A quantitative genetic analysis of oviposition preference and larval
performance on two hosts of the bruchid beetle, Callosohruchus maculates.
Evolution. 47:166-175.
112

Fox, C W . & Caldwell, R.L. (1994) Host-associated fitness tradeoffs do not limit the
evolution of diet breadth in the small milkweed bug Lygaeus kalmii (Hemiptera:
Lygaeidae). Oecologia. 97:382-389.
Fox, L.R. & Morrow, P.A. (1981) Specialization: species property or local phenomenon?
Science. 211:887-893.
Fox, C W , Waddell, K.J. & Mousseau, T.A. (1994) Host-associated fitness variation in a
seed beetle (Coleoptera: Bruchidae) evidence for local adaptation to a poor quality
host. Oecologia. 99:329-336.
Frydenberg, J, Pertoldi, C , Dahlgaard, J. & Loeschcke (2001) Genetic variation in original
and colonizing Drosophila buzzatii populations analysed by microsatellite loci
isolated with a n e w P C R screening method. Moi Ecol 11:181 -190.
Futuyma, D.J. &

McCafferty,

(1990) Phylogeny and the evolution of host plant

associations in the leaf beetle genus Ophraella (Coleoptera: Chrysomelidae).
Evolution. 44:1885-1913.
Futuyma, D.J. & Moreno, G. (1988) The evolution of ecological specialization. Ann. rev.
ecol. syst. 19:207-233.
Futuyma, D.J. & Peterson, S.C. (1985) Genetic variation in the use of resources by insects.
Annu. Rev. Entomol. 30:217-238.
Futuyma, D.J, Keese, M . C . & Scheffer, S.J. (1993) Genetic constraints and the phylogeny
of insect-plant associations: Responses of Ophraella communa

(Coleoptera:

Chrysomelidae) to host plants of its congeners. Evolution. 47:888-905.
Futuyma, D.J, Walsh, J.S. Morton, T , Funk, D J. & Keese, M . C . (1994) Genetic variation
in a phylogenetic context: responses of 2 specialized leaf beetles (Coleoptera,
Chrysomelidae) to host plants of their congeners. J. Evol. Biol. 7:127-146.
Futuyma, D.J, Keese, M . C . A Funk, D.J. (1995) Genetic constraints on macroevolution:
the evolution of host affiliation in the leaf beetle genus Ophraella. Evolution
49:797-809.
Funk, D.J, Futuyma, D.J, Orti, G. & Meyer, A. (1995) A history of host associations and
evolutionary diversification for Ophraella (Coleoptera: Chrysomelidae): new
evidence from mitochondrial D N A . Evolution. 49:1008-1017.
Garza, J.C. & Williamson, E.G. (2001) Detection of reduction in population size using data
from microsatellite loci. Moi Ecol. 10:305-318.

113

Godfray, H.C.J. (1994) Parasitoids: behavioral and evolutionary ecology. Princeton Univ.
Press, Princeton, N e w Jersey, U S A .
Goff, A . M . & Nault, L.R. (1984) Response of the pea aphid parasite Aphidius ervi Haliday
(Hymenoptera: Aphidiidae) to transmitted light. Environ. Entomol. 13:595-598.
Goldstein, D.B. & Schlotterer, C. (1999) Microsatellites: Evolution and applications.
Oxford University Press.
Goldstein, D . B , Linares, A . R , Feldman, M , Cavalli-Sforza, L.L. (1995) A n evaluation of
genetic distances for use with microsatellite loci. Genetics. 139:463-471.
Goldstein, D.B, Roemer, G . W , Smith, D . A , Reich, D.E, Bergman, A.B. & Wayne, R.K.
(1999) The use of microsatellite variation to infer population structure and
demographic history in a natural model system. Genetics. 151:797-801.
Gomulski, L . M , Bourtzis, K , Brogna, S , Morandi, P.A, Bonvicini, C , Sebastiani, Torti,
C , Guglielmino, C R , Savakis, C , asperi, G. & Malacrida, A.R. (1998) Intron size
polymorphism of the Adhl gene parallels the worldwide colonization history of the
Mediterranean fruit fly, Ceratitis capitata. Moi Ecol. 7:1729-1741.
Gonzalez, D , Gordh, G. Thompson, S.N. & Adler, J. (1979) Biotype discrimination and its
importance to biological control, in Genetics in relation to insect management. Pt III
Genetic components of beneficial and pest arthropod management. Hoy, M.A. &
McKelvey, J.J, Rockfeller Found. Conf, Italy 126-136pp.
Goodman, S.J. (1997) Rstcalc, a collection of computer programs for calculating estimates
of genetic differentiation from

microsatellite data and

determining their

significance. Moi. Ecol. 6:881-885.
Grasswitz, T.R. & Paine, T.D. (1992) Kairomonal effect of an aphid cornicle secretion on
Lysiphlebus testaceipes (Cresson) (Hymenoptera: Aphidiidae). J. Insect Behav.
5:447-457.
Grasswitz, T.R. & Paine, T.D. (1993a) Effect of experience on in-flight orientation to hostassociated cues in the generalist parasitoid Lysiphlebus testaceipes. Entomol Exp.
Appl. 68:219-229.
Grasswitz, T.R. & Paine, T.D. (1993b) Influence of physiological state and experience on
the

responsiveness

of

Lysiphlebus testaceipes (Cresson)

(Hymenoptera:

Braconidae) J. Insect Behav. 6:511-528.
Greenway, A.R. & Griffiths, D.C. (1973) A comparison of triglycerides from aphids and
their cornicle secretions. J. Insect Physiol. 19:1649-1655.
114

Guo, S.W. & Thompson, E.A. (1992) Performing the exact test for Hardy-Weinberg
proportion for multiple alleles. Biometrics. 48:361-372.
Haardt, H. & Holler, C. (1992) Differences in the life history traits between isofemale lines
of the aphid parasitoid Aphelinus abdominalis (Hymenoptera: Aphelinidae). Bull
Ent. Res. 82:479-484.
Halme, J. (1977) Aphidiidae (Hymenoptera) of Finland I. Historical review and records of
eight n e w species. Notulae Entomologicae, 57: 109-114.
Hansen, T.A. (1980) Influence of larval dispersal and geographic distribution on species
longevity in neo-tropical gastropods. Paleobiology 6: 193-207.
Hedrick, P.W. & Parker, J.D. 1997. Evolutionary genetics and genetic variation of
haplodiploids and X-linked genes. Annu. Rev. Ecol. Syst. 28:55-83.
Henter, H.J. (1995) The potential for coevolution in a host parasitoid system: II. Genetic
variation within a population of wasps in the ability to parasitize an aphid host.
Evolution. 49:439-445.
Hoffman, A.A. & Parsons, P.A. (1988) The analysis of quantitative variation in natural
populations with isofemale strains. Genet. Select. Evol. 20:87-98.
Holt R.D & Hochberg, M . E (1997) W h e n is biological control evolutionarily stable (or is
it)? Ecology. 78:1673-1683.
Hopper, K.R, Roush, R.T. & Powell, W . (1993) Management of genetics of biologicalcontrol introductions. Annu. Rev. Entomol. 38:27-51.
Hughes, R.D. (1996) A synopsis of information on the Russian wheat aphid, Diuraphis
noxia (Mordwilko). C S I R O Division of Entomology Technical paper N o . 34.
Hughes, R.D. & Maywald, G.F. (1990) Forecasting the favourableness of the Austraian
environment for the Russian wheat aphid, Diuraphis noxia (Homoptera:
Aphididae), and its potential impact on Australian wheat yields. Bull. Entomol. Res.
80:165-175.
Hughes, R . D , Hughes, M . A , Aeschlimann, J.P, Woolcock, L.T. & Carver, M . (1994) A n
attempt to anticipate biological control of Diuraphis noxia (Horn, Aphididae).
Entomophaga. 39:211-223.
Hutchinson, G.E. (1959) H o m a g e to Santa Rosalia or W h y are there so many kinds of
animals? Am. Nat. 93:145-159.
Huxley, J. (1942) Evolution: The m o d e m synthesis. George Allen and Unwin, London.
115

Iwasa, U , Suzuki, Y. & Matsuda, H. (1984) Theory of oviposition strategy in parasitoids. I.
Effect of mortality and egg limited number. Theor. Popul Biol. 26:205-277.
Jaenike, J. (1987) The genetics of oviposition-site preference in Drosophila tripunctata.
Heredity. 59:363-369.
Jaenike, J. (1989) Genetic population structure of Drosophila tripunctata: patterns of
variation and covariation of traits affecting resource use. Evolution. 43:1467-1482.
Jaenike, J. (1990) Host specialization in phytophagous insects. Annu. Rev. Ecol. Syst.
21:243-273.
Janz, N , Nyblom, K. &

Nylin, S. (2001) Evolutionary dynamics of host-plant

specialization: a case study of the tribe Nymphalini. Evolution. 55:783-796.
Janz, N . & Nylin, S. (1997) The role of female search behavior in determining host plant
range in plant feeding insects: a test of the information processing hypothesis.
Proc. R. Soc. Lond. B. 264:701-707.
Janzen, D.H. (1988) Ecological characteristics of a Costa Rican dry forest caterpillar fauna.
Biotropica. 20:120-135.
Jenkins, C.F.H. (1946) Biological control in western Australia. Presidential Address. J. R.
Soc. West. Aust. 32:1-17.
Jenny, T. (1984) Evolution in insect/host plant relationships. Am. Nat. 124: 609-630.
Jones, A . M . E , Bridges, M , Bones, A.M., Cole, R. & Rossiter, J.T. (2001) Purification and
characterization of a non-plant myrosinase from the cabbage aphid Brevicoryne
brassicae (L.). Insect Biochem. Moi Biol. 31:1-5.
Joshi, A. & Thompson, J.N. (1995) Trade-offs and the evolution of host specialization.
Evol. Ecol 9:82-92.
Kambhampti, S , Volkl, W . Mackauer, M . (2000) Phylogenetic relationships among genera
of Aphidiinae

(Hymenoptera: Braconidae) based

on

DNA

sequence

of

mitochondrial 16S r R N A gene. Syst. Entomol. 25:437-445.
Kelley, S.T. & Farrell, B.D. (1998) Is specialization a dead end? The phylogeny of host use
in Dendroctonus bark beetles (Scolytidae). Evolution. 52:1731-1743.
Kelley, S.T, Farrell, B.D. & Mitton, J.B. (2000) Effects of specialization on genetic
differentiation in sister species of bark beetles. Heredity. 84:218-227.
Koch, C F . (1980) Bivalve species duration, areal extent and population size in a cretaceous
sea. Paleobiology 6:184-192.

116

Kraaijeveld, A.R. & van Alphen, J.J. (1994) Geographical variation in resistance of the
parasitoid Asobara

tabida against encapsulation by Drosophila melanogaster

larvae: the mechanism explored. Physiol. Entomol. 19:9-14.
Kraaijeveld, A . R , van Alphen, J.J. & Godfray, H.C.J. (1998) The coevolution of host
resistance and parasitoid virulence. Parasitology. 116:S29-S45.
Kraaijeveld, A . R , Hutcheson, K . A , Limentani, E . C & Godfray, H.C.J. (2001) Costs of
counter defenses to host resistance in a parasitoid Drosophila. Evolution. 55:18151821.
Larsson, S. & Ekbom, B. (1995) Oviposition mistakes in herbivorous insects: confusion
over a step towards a n e w host plant? Oikos. 72:155-160.
Lessa, E.P. (1990) Multidimensional analysis of geographic genetic structure. Syst. Zool
39:242-252.
Lester, LJ. & Selander, R.K. 1979. Population genetics of haplodiploid insects. Genetics.
92:1329-1345.
Luikart, G. & Cornuet, J.M. (1998) Empirical evaluation of a test for identifying recently
bottlenecked populations from allele frequency data. Conserv. Biol. 12:228-237.
Luikart, G. & England, P.R. (1999) Statistical analysis of microsatellite D N A data. Trends
Ecol Evol 14:253-256.
MacDonald, C , Brookes, C.P., Edwards, K.J, Baker, D.A, Lockton, S. & Loxdale, H.D.
(2002) Microsatellite isolation and characterization in the beneficial parasitoid wasp
Diaeretiella rapae (Hymenoptera: Braconidae). Moi Ecol Submitted.
MacGibbon, D.B. & Allison, R.M. (1968) A glucosinolase system in the aphid Brevicoryne
brassicae. N.Z. J. Sci. 11:440-446.
Mackauer, M . (1965) Parasitologieal data as an aid in aphid classification. Can. Entomol.
97:1016-1024.
Mackauer, M . (1969) Sexual behaviour and hybridization between three species of
Aphidius Nees, parasitic on the pea aphid. Proc. Entomol Soc. Wash. 71:339-351.
Mackauer, M . & Stary, P. (1967) Hymenoptera, Ichnumonoidae, World Aphidiidae. Index
of Entomophagous Insects. Paris, Le Francois.
Mangel, M . (1987) Oviposition site selection and clutch size in insects. J. Math. Biol. 25:122.
Maynard Smith, J. (1966) Sympatric speciation. Am. Nat. 100:637-650.
117

Maynard Smith, J. & Sondich, K.C. (1960) The genetics of a partem. Genetics. 45:10391050.
Mayr, E. ([1942] 1999) Systematics and the origin of species. Reprint. Columbia Univ.
Press, N e w York.
McKinnon, L.K, Gilstrap, F.E, Gonzalez, D , Wooley, J.B, Stary, P. & Wharton, R A .
(1992) Importations of natural enemies and biological control of Russian wheat
aphid. 1988-1991, ppl36-145, in W.P. Morrison. Proceedings of the Fifth Russian
Wheat Aphid Conference, Fort Worth, Texas. Great Plains Agriculture Council
Publication.
Mescheloff, I. & Rosen, D. (1990) Biosystematic studies on the Aphidiidae of Israel
(Hymenoptera: Ichneumonidae). 4. The Genera Pauesia, Diaeretus, Aphidius and
Diaeretiella. Israel J. Entomol. 24:51-91.
Michaud, J.P. & Mackauer, M . (1994) The use of visual cues in host evaluation by aphidiid
wasps I. Entomol. Exp. Appl. 70:273-283.
Michaud, J.P. Mackauer, M . (1995) The use of visual cues in host evaluation by aphidiid
wasps II. Entomol. Exp. Appl. 74:267-275.
Mitter, C , Farrell, B. & Futuyma, D.J. (1991) Phylogenetic studies of insect plant
interactions: insights into the genesis of diversity. Trends Ecol Evol. 6:290-293.
Mopper, S. & Strauss, S.Y. (1998) Genetic structure and local adaptation in natural insect
populations. Chapman & Hall. Thompson Publishing, K Y .
Moran, N . A. (1988) The evolution of host-plant alternation in aphids: evidence for
specialization as a dead end. Am. Nat. 132:681-706.
Mousseau, T.A. & Roff, D.A. (1987) Natural selection and the heritability of fitness
components. Heredity. 59:181-197.
Nemec, V. & Stary, P. (1984a) Population diversity of Diaeretiella rapae and aphid
parasitoids in agroecosystems. J. Appl. Entomol. 97:223-233.
Nemec, V. & Stary, P. (1984b) Population diversity centers of aphid parasites: a new
strategy in integrated pest management, in Symposium proceedings, Ecology of
Aphidophaga II, 2-8 September 1984, Z'vkovke, Podhrad', Czechoslovakia.
N e w m a n , R.A. & Squire, T. (2001) Microsatellite variation andfine-scalepopulation
structure in the w o o d frog (Rana sylvatica). Moi. Ecol. 10:1087-1100.
Nylin, S. Bergstrom, A. & Janz, N . (2000) Butterfly host plant choice in the face of
possible confusion. J. Insect Behav. 13:469-482.
118

Orr, M.R. & Smith, T.B. (1998) Ecology and speciation. Trends Ecol Evol. 13:502-506.
Otha, T. & Kimura, M . (1973) A model of mutation appropriate to estimate the number of
electrophorectically detectable alleles in a finite population. Genet. Res. 22:201204.
Palumbi, S.R. (1996) Nucleic acids III: the polymerase chain reaction, in Molecular
Systematics. Hills, D. & Moritz, C Sinauer, Sunderland, Mass.
Palumbi, S.R. & Baker, C S . (1994) Contrasting population structure from nuclear intron
sequences and m t D N A of humpback whales. Moi Biol. Evol. 11:426-435.
Papaj, D.R. & Prokopy, R.J. (1989) Ecological and evolutionary aspects of learning in
phytophagous insects. Annu. Rev. Entomol. 34:315-350.
Parsons, P.A. (1980) Isofemale strains and evolutionary strategies in natural populations.
Evolutionary Biology. 13:175-217.
Pennacchio, F , Digilio, M . C 8c Tremblay, E. 8c Tranfaglia, A. (1994) Host recognition
and acceptance behavior in two aphid parasitoid species: Aphidius ervi and
Aphidius microlophii (Hymenoptera: Braconidae). Bull Ent. Res. 84:57-64.
Peterson, M.A. & Denno, R.F. (1998) The influence of dispersal and diet breadth on
patterns of genetic isolation by distance in phytophagous insects. Am. Nat.
152:428-446.
Pike, K . S , Stary, P , Miller, T , Allison, D , Graf, G , Boydston, L , Miller, R. & Gillespie,
R. (1999) Host range and habitats of the aphid parasitoid Diaeretiella rapae
(Hymenoptera: Aphidiidae) in Washington state. Environ. Entomol. 28:61-71.
Powell, W . (1994) N e m e c and Stary's 'Population Diversity Centre' hypothesis for
parasitoids re-visited. Norw. J. Agric. Sci. Suppl. 16:163-169.
Powell, W . & Wright, A.F. (1988) The abilities of the aphid parasitoids Aphidius ervi
Haliday and A. rhopalosiphi D e Stefani Perez (Hymenoptera: Braconidae) to
transfer between different known host species and the implications for the use of
alternative hosts in pest control strategies. Bull. Entomol Res. 78:683-693.
Powell, W . & Wright, A.F. (1992) The influence of host food plants on host recognition by
four aphidiine parasitoids (Hymenoptera: Braconidae). Bull. Entomol Res. 81:449453.
Powell, W . & Zhang, Z. (1983) The reactions of two cereal aphid parasitoids, Aphidius
uzbekistanicus and A. ervi to host plants and their food-plants. Physiol. Entomol.
8:439-443.
119

Powell, W , Pennacchio, F, Poppy, G.M. & Tremblay, E. (1998) Strategies involved in the
location of hosts by the parasitoid Aphidius ervi Haliday (Hymenoptera:
Braconidae: Aphidiinae). Bio. Control. 11:104-112.
Price, P.W. (1980) The evolutionary biology of parasites. Princeton Univ. Press, Princeton,
NJ.
Promega (1996) Silver sequence D N A sequencing system: Technical Manual. Promega
Corporation.
Pungerl, N.B. (1984) Host preferences of Aphidius (Hymeoptera: Aphidiidae) populations
parasitising pea and cereal aphids (Hemiptera: Aphididae). Bull. Entomol. Res.
74:153-161.
Pungerl, N.B. (1986) Morphometric and electrophorectic study of Aphidius species
(Hymenoptera: Aphidiidae) reared from a variety of aphid hosts. Syst. Entomol.
11:327-354.
Rausher, M.D. (1979) Larval habitat suitability and oviposition preference in three related
butterflies. Ecology. 60:503-511.
Rausher, M.D. (1983) Alteration of oviposition behavior by Battus philenor butterflies in
response to variation in host-plant density. Ecology. 64:1028-1034.
Rausher, M.D. (1984) Tradeoffs in performance on different hosts: evidence from withinand between-site variation in the beetle Deloyala guttata. Evolution. 38:582-595.
Raychaudhuri, D. (1990) Aphidiids (Hymenoptera) of northeastern India. Indira Publishing
House, Mich. 155pp.
Raymond, M . & Rousset, F. (1995) G E N E O P : (vl.2) population genetic software for exact
tests and ecumenicism. J. Heredity. 86:246-249.
Read, D.P, Fenny, P.P. & Root, R.B. (1970) Habitat selection by the aphid parasitoid
Diaeretiella rapae (Hymeoptera:Braconidae) and hyperparasite Charps brassicae.
Can. Ent. 102:1567-1578.
Reed, H . C , Tan, S.H, Haapanen, K , Killmon, M , Reed, D.K. & Elliot, N.C. (1995)
Olfacory responses of the parasitoid Diaeretiella rapae (Hymenoptera: Aphidiidae)
to odor of plants, aphids, and plant-aphid complexes. J. Chem. Ecol. 21:407-418.
Reynolds J, Weir B.S. &

Cockerham CC.

(1983) Estimation of the co-ancestry

coefficient: basis for a short-term genetic distance. Genetics. 105:767-779.
Rice, W.R. (1984) Disruptive selection on habitat preference and the evolution of
reproductive isolation: a simulation study. Evolution 38:1251-1260.
120

Robinson, J. (1908) W o r k of the parasite. J. Dept. Agric. W. Aust. 17:682-683.
Roff, D.A. & Mousseau, T.A. (1987) Quantitative genetics and fitness: lessons from
Drosophila. Heredity. 58:103-118.
Ronquist, F. & Nylin, S. (1990) Process and patterns in the evolution of species
associations, Syst. Zool, 39:323-344.
Sanchis, A , Latorre, A , Gonzalez-Candelas, F. & Michelena, J.M. (2000) A n 18S r D N A based molecular phylogeny of Aphidiinae (Hymenoptera: Braconidae).

Moi.

Phylogenet. Evol 14:180-194.
Scharloo, W . (1987) Constraints in selection response, pp. 125-149 in Loesschcke, V. ed.
Genetic constraints in adaptive evolution. Springer, Berlin.
Schmalhausen, I.I. ([1942]1986) Factors of evolution: The theory of stabilizing selection.
Reprint. Univ. Chicago Press, Chicago.
Schneider, S.J, Kueffer, M , Roessli, D. & Excoffier, L. (1997) ARLEQUIN
Genetics

and

Biometry

Laboratory, Dept

Version 1.1

Anthropology, Univ.

Geneva,

Switzerland.
Scott J. A . (1986) The Butterflies of North America. Stanford Univ. Press, Stanford, C A .
Sequeira, R. & Mackauer, M . (1992) Quantitative genetics of body size and development
time in the parasitoid wasp Aphidius ervi (Hymenoptera: Aphidiidae). Can. J. Zool.
70: 1102-1108.
Shaltiel, L. & Ayal, Y. (1998) The use of kairomones for foraging decisions by an aphid
parasitoid in small host aggregations. Ecol. Entomol. 23:319-329.
Sheehan, W . & Shelton, A.M. (1989) The role of experience in plant foraging by the aphid
parasitoid Diaeretiella rapae (Hymenoptera: Aphidiidae). J. Insect Behav. 2:743759.
Simms, E.L. & Rausher, M . D . (1989) The evolution of resistance to herbivory in Ipomoea
purpurea. II. Natural selection by insects and costs of resistance. Evolution. 43:573585.
Singer, M . C , N g , D , Vasco, D. & Thomas, C D . (1992) Rapidly evolving associations
among oviposition preferences fail to constrain evolution of insect diet breadth.
Am. Nat. 139:9-20.
Slatkin, M . (1995) A measure of population subdivision based on microsatellite allele
frequencies. Genetics. 139457-462.

121

Smiley, J. (1978) Plant chemistry and the evolution of host specificity: new evidence from
Heliconus and Passiflora. Science. 201:745-7'47.
Smith, P.T, Kambhampati, S. Volkl, W . & Mackauer, M . (1999) A phylogeny of Aphid
parasitoids (Hymenoptera: Bracnidae: Aphidiinae) inferred from mitochondrial
N A D H 1 dehydrogenase gene sequence. Moi Phylogenet. Evol. 11:236-245.
Stary, P. (1972a) Aphidius platensis Brethes, its distribution and host range (Hym:
Aphidiidae). Oriental Insects, 6: 359-370.
Stary, P. (1972b) Aphidius uzbekistanicus Luzhetzki ( H y m , Aphidiidae) a parasite of
graminicolous pest aphids. Annot. Zool. et Bot., 85: 1-7.
Stary, P. (1973) A review of the Aphidius - species (Hymenoptera, Aphidiidae) of Europe.
Annot. Zool. et Bot., 84: 1-85.
Stary, P. (1974) Taxonomy, origin, distribution and host range of Aphidius species ( H y m ,
Aphidiidae) in relation to biological control of the pea aphid in Europe and North
America. Z ang. Ent., 77: 141-171.
Stary, P. (1975a) A checklist of Far East Asian Aphidiidae (Hymenoptera). Beitr. Ent., 25:
53-76.
Stary, P. (1981) Biosystematic synopsis of parasitoids on cereal aphids in the western
Palaearctic (Hymenoptera, Aphidiidae; Homoptera, Aphidoidea).

Acta Ent.

Bohemoslov., 78: 382-396.
Stary, P. (1983a) N e w

species and records of aphid parasitoids from Mexico

(Hymenoptera, Aphidiidae). Acta Ent. Bohemoslov., 80: 35-48.
Stary, P. (1983b) The perennial stinging nettle (Urtica dioica) as a reservoir of aphid
parasitoids (Hymenoptera, Aphidiidae). Acta Ent. Bohemoslov., 80: 81-86.
Stary, P. (1993) The fate of released parasitoids (Hymenoptera: Braconidae, Aphidiinae)
for biological control of aphids in Chile. Bull. Entomol. Res., 83: 633-639.
Stary, P. & Choi,J-Y (2000) A n annotated review of tritrophic associations of aphid
parasitoids (Hymenoptera, Braconidae, Aphidiinae) in Korea. Ins. Koreana, 17: 91109.
StatSoft, Inc (1999) S T A T I S T I C A for Windows [Computer program manual]. Tulsa, O K .
Storeck, A , Poppy, G . M , van Emden, H.F.& Powell, W . (2000) The role of plant chemical
cues in determining host preference in the generalist aphid parasitoid Aphidius
colemani. Entomol. Exp. Appl. 97:41-46.
Strobeck, C. (1975) Selection in afine-grainedenvironment. Am. Nat. 109:419-425.
122

Strong, F.E. (1963) Studies on lipids in some homopterous insects. Hilgardia. 34: 42-61.
Strong, F.E. (1967) Observations on aphid cornicle secretions. Ann. Entomol. Soc. Am.
60:668-673.
Strong, K.L. (1993) Electrophoretic analysis of two strains of Aphelinus varipes (Foerster)
(Hymenoptera: Aphelinidae). J. Aust. Ent. Soc. 32:21-22.
Sunnucks, P. & Hales, D.F. (1996) Numerous transposed sequences of mitochondrial
Cytochrome oxidase I-II in aphids of the genus Sitobion (Hemiptera: Aphididae).
Moi Biol. Evol 13:510-524.
Swofford, D. (2001) P A U P : phylogenetic analysis using parsimony. Vers. 4.0b 10 Illinois
Natural History Survey, Champaign, IL.
Takezaki, N . & Nei, M . (1996) Genetic distances and reconstruction of phylogenetic trees
from microsatellite D N A . Genetics. 144:389-399.
Templeton, A. R. (1998) Nested clade analysis of phylogeographic data: testing hypotheses
about gene flow and population history. Moi Ecol 7:381-397.
Templeton, A . R , Crandall, K.A. & Phillips, C A . (1995) Separating population structure
from population history: a cladistic analysis of the geographic distribution of
mitochondrial D N A haplotypes in the tiger salamander, Ambystoma tigrinum.
Genetics. 140:767-782.
Titayavan, M . &

Altieri, M.A. (1990) Synonome-mediated interactions between the

parasitoid Diaeretiella rapae and Brevicoryne brassicae under field conditions.
Entomophaga. 14:499-507.
Thompson, J.N. (1988a) Evolutionary ecology of the relationship between oviposition
preference and performance of offspring in phytophagous insects. Entomol exp.
appl. 47:3-14.
Thompson, J.N. (1988b) Variation in preference and specificity in monophagous and
oligophagous swallowtail butterflies. Evolution. 42:118-128.
Thompson, J.N. (1988c) Evolutionary genetics of oviposition preference in swallowtail
butterflies. Evolution. 42:1223-1234.
Thompson, J.N. (1993) Preference hierarchies and the origin of geographic specialization
in host use in swallowtail butterflies. Evolution. 47:1585-1594.
Thompson, J.N. (1994) The coevolutionary process. Univ. Chicago Press, Chicago.
Thompson, J.N, Cunningham, B . M , Segraves, K. A , Wagner, D. (1997) Plant polyploidy
and insect/plant interactions. Am. Nat. 150:730-743.
123

Thompson, J.M. & Pellmyr, O. (1991) Evolution of oviposition behavior and host
preference in Lepidoptera. Annu. Rev. Entomol. 36:65-89.
Tremblay, E. & Pennacchio, F. (1988) Speciation in aphidiine Hymenoptera. Adv. Paras.
Hym. Res. 1988:139-146.
Unruh, T.R, White, W , Gonzalez, D. & Woolley, J.B. (1989) Genetic relationships among
seventeen Aphidius (Hymenoptera: Aphidiidae) populations, including six species.
Ann. Entomol. Soc. Am. 82:754-768.
Van Zandt, P.A. & Mopper, S. (1998) A meta-analysis of adaptive deme formation in
phytophagous insect populations. Am. Nat. 152:595-604.
Vaughn, T.T, Antolin, M.F. & Bjostad, L.B. (1996) Behavioral and physiological
responses of Diaeretiella rapae to semiochemicals. Entomol. exp. appl. 78:187196.
Vaughn, T.T. & Antolin, M.F. (1998) Population genetics of an opportunistic parasitoid in
an agricultural landscape. Heredity. 80:152-162.
Vet, L.E.M, Lewis, W.J, Papaj, D.R. & van Lenteren, J.C. (1990) A variable-response
model for parasitoid foraging behavior. J. Insect Behav. 3:471-490.
Via S (1984a) The quantitative genetics of polyphagy in an insect herbivore. I. Genotypeenvironment interaction in larval performance on different host species. Evolution.
38:881-895.
Via, S. (1984b) The quantitative genetics of polyphagy in an insect herbivore. II. Genetic
correlations in performance within and among host plants. Evolution. 38:896-905.
Via, S. (1990) Ecological genetics and host adaptation in herbivorous insects: the
experimental study of evolution in natural and agricultural systems. Annu. Rev.
Entomol. 35:421-446.
Via; S. (1991) The genetic structure of host plant adaptation in a spatial patchwork:
Demographic variability among reciprocally transplanted pea aphid clones.
Evolution. 45:827-852.
Via, S. (2001) Sympatric speciation in animals: the ugly duckling grows up. Trends. Ecol.
Evol. 16:381-390.
Via, S. & Henter, H.J. (1995) The potential for coevolution in a host-parasitoid system: I.
Genetic variation within an aphid population in susceptibility to a parasitic wasp.
Evolution. 49:427-445.

124

Via, S. & Lande, R. (1985) Genotype-environment interaction and the evolution of
phenotypic plasticity. Evolution. 39:505-523.
Villablanca, F.X, Roderick, G.K. & Palumbi, S.R. (1998) Invasion genetics of the
Mediterranean fruitfly:variation in multiple nuclear introns. Moi Ecol. 7:547-560.
Vinson, S.B. (1976) Host selection by insect parasitoids. Annu. Rev. Entomol. 21:109-134.
Wackers, F.L. (1994) The effect of food deprivation on the innate visual and olfactory
preferences in the parasitoid Cotesia rubecula. J. Insect Physiol 40:641-649.
Wahlberg, N . (2001) The phylogenetics and biochemistry of host plant specialization in
melitaeine butterflies (Lepidoptera: Nymphalidae) Evolution 55:522-537.
Wardle, A.R. (1990) Learning of host microhabitat colour by Exeristes roborator (F.)
(Hymenoptera: Ichneumonidae). Anim. Behav. 39:914-923.
Wasserman, S.S. (1986) Genetic variation in adaptation to foodplants among populations of
the southern cowpea weevil, Callosobruchus maculates: Evolution of oviposition
preference. Entomol. Exp. Appl. 42:21-212.
Weir, B.S. & Cockerham, C C (1984) Estimating F-statistics for the analysis of population
structure. Evolution. 38:1358-1370.
Wickremasinghe, M.G.V. & van Emden, H.F. (1992) Reactions of adult female parasitoids,
particularly Aphidius rhopalosiphi, to volatile chemical cues from the host plants of
their prey. Physio. Entomol 17:297-304.
Wilson, F. (1960) A review of the biological control of insects and weeds in Australia and
Australian N e w Guinea. Tech. Commun. Commonw.

Inst. Biol. Control 1:102pp.

Wilson, I.J. & Balding, D.J. (1998) Genealogical inference from microsatellite data.
Genetics. 150:499-510.
Wiklund, C (1975) The evolutionary relationship between adult oviposition preference and
larval host plant range in Papilio machaon L. Oecologia. 18:185-197.
Wright, S. (1943) Isolation by distance. Genetics. 28:139-156.

125

