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Abstract

The aim of this thesis was to investigate the evolution and ecology of parasitoid
chalcidoid wasps associated with two allopatric grass species, Leucopoa pseudosclerophylla
(Krivot.) Bor. and L. sclerophylla (Boiss. & Hohen.) V. Krecz & Bobrov in south-east,
south-west and northern Iran. The associated chalcidoid wasp genus Tetramesa (=Isosoma
Walk.; =Harmolita Motsch.) (Hymenoptera: Chalcidoidea: Eurytomidae) is considered
exclusively phytophagous during larval development with some species forming distinct
galls and some live without any indication of a galling habit. Multidisciplinary approaches
were used to clarify the morphological and molecular genetic variation of the chalcidoid
wasps: 1) morphometrics, 2) phylogenetic and phylogeographic relationships, 3) community
structure.

Morphometric analyses were carried out to study variation in morphological
characters among geographic populations of 7eframesa spp. The northern populations feed
on L. sclerophylla, while southern populations are restricted to L. pseudosclerophylla.
Morphometric analyses of 19 characters showed that 4 and 5 of these characters displayed
significant differences between populations of Tetramesa based on locality (3 sites) and
region (3 sites) respectively. Discriminant function and cluster analyses showed the strongest
distinction between geographic groups and exhibited geographically correlated variation in
size for some morphological characters.

The structure of the parasitoid communities associated with Tetramesa species in the
two grass species was also explored. A semi-quantitative food web was constructed based on
the total parasitism rates. The food web comprised two subcommunities, which contained 15
species organized into five trophic levels. The most striking characteristic of the food web
was the extreme specificity of most of the species in the community. The outcome of this
high level of specialization was a compartmentalized food web. The result also showed that
the parasitoids of most host species had relatively consistent dominant hierarchies.

The genetic structure of the Tetramesa parasitoids, Eurytoma spp., Sycophila spp.
(Eurytomidae), Pediobius spp. (Eulophidae), and Chlorocytus spp. (Pteromalidae) was
investigated using sequence data from the mitochondrial cytochrome oxidase subunits (CO)
I and II genes. Phylogeographic patterns of Sycophila spp. were investigated using a 778
base pair region of the COI gene which identified 5 haplogroups comprising 25 haplotypes
in 10 populations. Considerable genetic variation and divergence was observed within and
between haplogroups, especially haplogroups I and II which may comprise several new taxa.
The sequence divergences within haplogroups ranged between 0.1 and 1.0% and among
haplogroup values varied between 2.4 and 6.4%. Based on data from sequence divergence of
other taxa and estimated divergence times it is hypothesized that divergence between
haplogroups probably started from the late Pliocene and continued during the Pleistocene,
probably in refugial areas followed by colonization events during interglacial periods.
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CHAPTER 1

Introduction

1.1 Biological diversity of chalcid wasps

The superfamily Chalcidoidea, (commonly referred to as chalcids or chalcidoids),
is one of the most diverse groups of parasitic Hymenoptera biologically, numerically and
morphologically. It comprises about 21,250 described species in over 2000 genera
(Gaston 1991). It has been estimated that there may be more than 400,000 species and, if
so, this group would prove to be far more specious even than ichneumonoids (Noyes,
1978, 1990, 1998). The number of Chalcidoid families range from nine (Riek 1970) to 24
(Nikol’skaya 1952). This cosmopolitan superfamily is found in all zoogeographic regions
and in all habitats, but appears generally to be most diverse in the tropics. Despite their
omnipresence, they remain one of the poorest known groups of parasitic Hymenoptera,
possibly because of their small size, morphological similarities, biological diversity and
numerical abundance.

Parasitoid biology within Hymenoptera reaches its most elaborate development in
the Chalcidoidea. They have diverse host relationships and dietary specialisation and
their host range is thought to exceed all groups of insects except the order Diptera
(Grissel & Schauff 1997). Most species are parasitoids (see section 1.2 below). Some
species are phytophagous, either as seed-eaters or gall formers or develop in plant stems,
especially grasses. Phytophagous chalcidoids are known from six families. Some species
are both phytophagous and entomophagous (e.g. some Eurytoma species), but most
species are primary, secondary and tertiary parasitoids (Hyperparasitoids) (Gauld &
Bolton 1988). Biological control is dependent to a considerable extent for success on

correct identification of both pests and their parasites or predators (Miller & Rossman



1995). Some hymenopteran species are considered as pests (such as some gall wasps),
but most species are highly beneficial being regarded as enemies of insect pests and have
been used extensively in the biological control of insect pests (De Bach 1964; Greathead,
1986; Godfray 1994). For example the parasitoid wasp Apoanagyrus (Epidinocarsis)
lopezi De Santis (Hymenoptera: Encyrtidae) has been used in the biological control
programme against the Cassava mealybug, Phenacoccus manihoti Mat.-Ferr.
(Homoptera: Pseudococcidae) which is an important agricultural pest in Africa (Zeddies
et al. 2001).

The superfamily Chalcidoidea is almost certainly a holophyletic group, or if
including the Mymarommatidae, is likely to be monophyletic (Gibson, 1986). The current
classification of chalcid wasps is based mainly on adult morphology. There are many
problems among different taxa within chalcidoidea. Morphological examination alone is
thought likely to be inadequate for revising the taxonomy of chalcid wasps (Claridge
1989; Dawah 1986) because of the existence of species complexes within this group.
Additionally, intraspecific phenotypic variation in chalcid wasps potentially confounds
species boundaries and cryptic diversity, common in chalcid wasps, implies that there are
many more species than are currently identified.

Despite many efforts to resolve the taxonomy of chalcid wasps over a long period
of time, their situation remains remarkably poorly understood (Zerova 1978; Boudek
1988; Graham 1970; Bou¢ek and Rasplus 1991). Several techniques have been used to
resolve the taxonomic situation of cryptic and closely related species such as
morphometrics (see chapter 3 for references), mate choice (Khasimuddin & DeBach
1976; Dawah 1987, 1988a; Kennis & Mills 1998; Sundaralingman et al. 2001; Dawah et
al. 2002), protein electrophoresis (Pungerl 1986, Dawah 1987; Loxdale 1994; Kennis &

Mills 1998; Dawah et al. 2002, Al-Barrak et al. 2004), host preference studies (e.g.



Dawah 1988a; Sundaralingam et al. 2001; Dawah et al. 2002) and molecular genetics
(see Chapter 4).
1.2 The family Eurytomidae (Chalcidoidea)

The family Eurytomidae is the largest group among the Hymenoptera, comprising
approximately 1400 species in 87 genera (Noyes 1998). The most interesting genus of the
family Eurytomidae is Tetramesa Walker, which contains some 130 species world-wide
(Zerova 1976, 1978; Zerova et al 2003).

The family Eurytomidae display a wide range of habits. The majority of species
are parasitic attacking a great variety of immature insects including Diptera, Coleoptera,
Hymenoptera or Arachnida or eggs of Heteroptera and Orthoptera. Some species are
phytophagous, feeding on the tissues of at least 10 plant families, as seed-feeders, borers,
gall makers or as inquilines in other insects galls (Zerova 1978).

There is disagreement with regard to higher level classification especially at the
generic and subgeneric levels. For example, separation of some of the genera including
Eurytoma and Tetramesa is almost impossible (see Claridge 1961c; Boucek 1988).
Several studies have been carried out using morphological and biological characters to
separate different species in the family Eurytomidae (e.g. Claridge 1959 a, b, 1961 a, b;

Abdul-Rassoul 1976; Zerova 1978, 1989; Dawah 1987, 1988 b).

1.3 Hymenoptera associated with grasses

The grasses (Gramineae) make up 20% of the vegetation in the world (Heywood
1978). They are ecologically and economically the most important components of
agroecosystems because of their special significance in providing the cereal crops as well

as in providing grazing for livestock (Duffey ef al 1974; Crowder & Chneda 1982).



Many grasses and cereals are attacked by phytophagous Hymenoptera (e.g.
Tetramesa). These herbivores are themselves attacked by 11 genera of Hymenopteran
parasitoids in the U.K (Fig. 1.1) (Claridge & Dawah 1994). These parasitoids are highly
specific to Tetramesa and other phytophagous hosts belonging to the family
Eurytomidae, including species of the Eulophidae; Pediobius, the Pteromalidae;
Chlorocytus and Homoporus, and the Eurytomidae; Eurytoma and Sycophila. There are
also other species of the Eupelmidae; Eupelmus, and Macroneura and of the
ichneumonidae; Endromopoda that attack Tetramesa larvae and also other parasitoid
larvae. The biology, taxonomy and community structure of Tetramesa and of the major
parasitoid genera in Europe and other parts of the world have been studied, but little has

been done about Hymenoptera associated with grasses in Iran.

1.3.1 Tetramesa Walker

Tetramesa Walker (Eurytomidae: Chalcidoidea) is distributed mainly in the
temperate zones of the northern hemisphere (about 120 species), with a few species in the
southern hemisphere such as Africa (at least 8 species), New Guinea and Australia (2 or 3
species), and New Zealand (3 species, probably all introduced from Europe) (Bouéek
1988). There are about 75 species in the Palaearctic region (Abdul-Rassoul 1976); 37 in
the British Isles (Fitton et al. 1978); 63 in America north of Mexico (Peck 1963); 61 in
the former Soviet Union (Zerova 1976) and 30 in Hungary (Erdos 1960)

The larvae of Tetramesa, so far as it is known, are exclusively phytophagous and
associated with grasses (Poaceae). In many species they live in the central cavity of the
internodes and feed on the inner tissues of the wall. Some species cause swelling at the
places attacked resulting in the growth of characteristic galls on the stem, e.g. T.

calamagrostidis (Von Schlechtendal 1891) or flowering part, e.g. T. hyalipennis (Walk),



other species live singly in or above the nodes of flowering stems e.g. T. longicornis
(Walk) without formation of a distinct gall (Claridge & Dawah 1994). Some species
decrease the productivity of the flowering head or reduce the weight of the seed (Claridge
1961c; Spears 1978; Dawah 1987) and are regarded as serious pests of cereal crops
(Claridge 1961c; Bougek 1988). Other species show little external evidence of their
presence and no obvious galling.

Numerous species of Tetramesa have been reared from Poaceae in different parts
of the world. Many species have been regarded as major pests of cereals and range land
in North America (Phillips 1920; Spears & Barr 1985) and the former Soviet Union
(Zerova 1976). However, there is no evidence to show that they are serious agricultural
pest in the UK (Claridge 1961c). Members of this genus are extremely host specific
(Phillips 1920; Claridge 1961c; Dawah 1987). Tetramesa larvae are attacked by some
parasitoid species, including species of Pediobius Walker (Eulophidae), Eurytoma llliger
and Sycophila Walker (Eurytomidae), Chlorocytus Graham and Homoporus sp.
(Pteromalidae) and Enderomopoda sp. (Ichneumoidea) (Claridge & Dawah 1994).

Tetramesa species are difficult to identify because of their morphological
conservation and this problem is complicated by the fact that several species may live on
a single host plant. At the species level several features have been used by various
authors, such as sculpturing of the propodeum or petiole, shape of the abdomen, antenna,
head, pronotum and lateral profile of the female abdomen as diagnostic characters, but
most of these characters are subject to intraspecific variation and overlap between
different species (Dawah 1987). Moreover, Claridge (1958, 1961b) emphasised the
importance of biological characters particularly host specificity and mode of larval life in

the confirmation of the taxonomic status of closely related species of Tetramesa. All



published identification keys have been concerned mainly with the identification of
females since males have even fewer reliable external characters.

Several authors in various countries have studied the taxonomy and biology of
Tetramesa species (e.g. Claridge 1959a, 1961a, b; Erdds 1960, Zerova 1976, 1978;
Dawah 1987; Zerova et al. 2003a; Cam 2004). Zerova et al. (2003a) described new
species of Tetramesa from Turkey (Tetramesa anatolica sp. nov.). Roskam (1982) stated
that the taxonomic characters of the final instar larvae could be useful for identification
and separation of Tetramesa at generic and species level. Dawah (1987) believed that
because of slight structural diversity within the genus, other criteria must be used. He
attempted to solve this difficulty by using additional evidence such as host preference,
mate choice and protein electrophoresis. He confirmed the previous morphological

separation of eight species of Tetramesa by using starch gel electrophoresis of ten

enzyme systems.

1.3.2 Eurytoma 1lliger, 1807

Eurytoma (Eurytomidae: Chalcidoidea) is cosmopolitan in distribution (Burks
1971). About 450 species have been described worldwide (Bugbee 1967). Fitton et al.
(1978) lists forty described species of Eurytoma occurring in Britain. Attempts have been
made to delimit the genus from other genera within the family, but the extent of the genus
is still rather uncertain. Burks (1971) stated “Many species are placed in Eurytoma not
because they are greatly like the type species, but because it has not as yet been possible
to place them elsewhere.”

Some species of Eurytoma are phytophagous, but the majority of species are
either primary or secondary parasitoids on various orders such as Hymenoptera, some

Coleoptera, Lepidoptera and Diptera (Burks 1971). Some species are of biological and



economic importance. Phytophagous species such as E. suecica Von Rosen are pests of
wheat (Rosen 1956). Some species such as E.amygdali End are seed-eaters (Nikol’skaya
1952).

Because of the presence of many species within the genus, they have been
clustered into 17 groups (Abdul-Rassoul 1976). The Eurytoma appendigaster species
complex is one of these groups (Abdul-Rassoul 1976) which were first established under
E. appendigaster (Swederus) by Claridge (1959b). He included eight species in the
group, five of which were new (Dawah 1986). Several authors (Claridge 1959; Erdos
1960; Zerova 1976; Abdul-Rassoul 1976; Dawah 1988b) have studied the biology and
taxonomy of the appendigaster group. Abdul-Rassoul (1976) carried out a
comprehensive study of the Eurytoma species. All known species of the E. appendigaster
group are parasites on Tetramesa in grasses (Dawah 1986). Some of them are parasitic
only for a short period early in larval life. After consuming the host, the Eurytoma larvae
then feeds on plant tissue in the same way as phytophagous species (Dawah 1986).
Intraspecific variability of diagnostic morphological characters makes taxonomy of the
genus extremely difficult. A taxonomic study of the E. appendigaster group was carried
out by Claridge (1959b) who introduced the most important morphological characters to
identify the species of this group such as the shape of face, antennae and mesepisternum.
Taxonomic notes on some species of the E. appendigaster group were also presented by
Graham (1970). According to Roskam (1982), taxonomic characters of the final instar
larvae are useful for separation at the genus and species level. Claridge and Askew
(1960) showed that egg structure maybe useful for separation of some species groups of

Eurytoma such as the Eurytoma rosae Ferriéré group.



1.3.3 Sycophila Walker, 1871

The taxonomic status of the genus Sycophila has for a long time been a matter of
much controversy (Boucek 1974; Burks 1971; Zerova 1989). These difficulties originate
when taxonomists want to use the name Sycophila with regard to the synonymy. Little is
known about the early stages and biology of this genus. Most species are ectoparasitoids
of Diptera, Hymenoptera or Lepidoptera larvae living in plant galls (Claridge 1959b). Six
species of Sycophila are known to occur in Britain (Fitton et al 1978). Claridge (1959b)
first recorded Sycophila mellea attacking Tetramesa species in Festuca rubra (L.) and
Elymus repens (L.) in Britain. He described the genus as being probably the most distinct
genus of Eurytomidae within the Palaearctic region. This genus differs from Eurytoma in
the presence of a distinct stigma or submarginal band (Claridge 1951b).

Sycophila mellea (Curtis, 1831) attacks different species of Teframesa in grasses.
A taxonomic study of the S. mellea was carried out by Anga (1991) who used
morphometric analysis, enzeme electrophoresis and Scanning Electron Microscopy
(S.E.M.) techniques and concluded that Sycophila mellea is a species complex.

Two new species of Sycophila, S. emarginata sp. n. and S. gilva sp. n. were
described by Abdul-Rassoul (1980) during his studies on Iraqi chalcid wasps. The first
species was reared from Cynipid galls (genus Isocolus Foerster) in the flower bracts of
the safflower Carthamus oxyacanthus M. Bieberstein (Compositae). The second species

was reared from Cynipid galls on leaves of a Quercus spp. in Iraq.

1.3.4 Pediobius Walker
Pediobius (Eulophidae: Chalcidoidea) is a genus comprising species which are
usually small in size and often with brilliant metallic colouring. Some species of

Pediobius are reported as primary or secondary parasitoids of the larvae or pupae of



Lepidoptera, Coleoptera, Diptera and Hymenoptera, and also attack the egg sacs of
spiders (Araneae), Thysanoptera and egg cases of Mantidae (Mantodea). Several species
of Pediobius are hyperparasites (Gibson et al 1997). It is worldwide in distribution, but it
appears that Africa contains the largest number of species, while very few are known
from the Neotropical region (Kerrich 1973). Fitton er al (1978) listed 20 species of
Pediobius from Britain. Peck et al (1964), has described more than 20 species in C.S.R
(Czechoslovakia). About 32 species are known from the Nearctic region (Gibson et al
1997). It is a large group and amongst the most striking of the Chalcidoidea, and contains
many species of economic importance.

A group of closely related species of Pediobius known as the P. eubius complex
attack phytophagous chalcid wasps especially Tetramesa species and their parasitoids
(Dawah 1988a). The taxonomy of this complex is very complicated. Several attempts
have been made for resolving taxonomic situation of this complex in Europe (Graham
1959, 1963; Boucek 1965; Dawah 1986). Dawah (1988a) separated the P. eubius
complex into nine distinct species based on morphological studies, mate-choice
experiments and allozyme electrophoresis experiments. He produced a key to nine
species of Pediobius reared from different species of grasses. Based on these studies he
described six new species. Recently Dawah et al. (2002) described a new species, P.

obscurus attacking T. linearis in the grass E. repens in the U.K.

1.3.5 Chlorocytus Graham, 1956

The genus Chlorocytus forms part of the stenomalina group of genera within the
Pteromalidae. There are 15 species of Chlorocytus listed for the British Isles (Fitton et al
1978), at least 20 species in the West-Palaearctic region (Bouéek & Rasplus 1991), more

than 12 species in the Nearctic region (Gibson et al 1997) and at least two species in



Australia (Bou¢ek 1988). Chlorocytus species are entomophagous parasites of stem-
feeding Hymenoptera, Diptera and Coleoptera. Most species of Chlorocytus overwinter
as fully fed larvae within the host plant (Graham & Claridge 1965). Chlorocytus is a
difficult genus taxonomically, because members show a remarkable lack of useful
morphological characteristics for the separation of species. The taxonomy of the genus

has been studied by several workers (e.g. Graham & Claridge 1965; Dawah 1989).

1.4 Geographical variation

One of the major problems facing taxonomists is the failure to distinguish the
variation within and between species which leads in many cases to single species being
described and given different names, and also of different species considered as a single
species when relying exclusively on morphological characters. Geographic variation is a
major feature of many taxa. Variation among individuals of a population or among the
populations of a species and among different species is referred to respectively as
intraspecific and interspecific variation. Mayr (1963) pointed out that “every population
of a species differs from all others” and “the degree of differences between populations of
a species ranges from almost complete identity to distinctness almost of species”. The
populations of some species have a large geographical distribution while the populations
of other species have a restricted geographical range because some populations are able
to adapt to a wider interval of environmental conditions and extend their distribution
whilst other populations are not able to adapt to such diverse conditions, which results in
a restricted distribution. Several factors may influence the geographic distribution of a
species, ecological characteristics of a species and/or historical processes such as
dispersal and vicariance (Ridley 2004). Many species are expected to have a history of

range contractions and expansions which have occurred during the evolution of the
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species especially during the ice age, which led to great changes in their distribution so
that some species went extinct, some dispersed to new areas and some survived in refugia
and later expanded again (Hewitt 2000). The study of geographical variation is of
importance for determining the status of a given species. Understanding the nature of
genetic variation within species and levels of genetic divergence between species and
their phylogenetic relationships, studying population structure and the evolutionary forces
which shape it within species are fundamental issues in evolutionary studies and also an
important step toward developing effective conservation strategies (Zehr & Voytek
1999). The study of geographic variation has been very important in understanding
processes of speciation, since species revealing high degree of genetic variation are often
more likely to undergo speciation. Such studies have revealed that many species show
structuring among populations parallel to that observed among closely related species
(Avise et al. 1987; Avise, 1994, 2000).

Intraspecific divergence is promoted by partial or complete geographic isolation
in many taxa and this may lead to reproductive isolation (Mayr 1963). However
reproductive isolation can be considered as a by-product of divergence in allopatric
populations (Ridley 2004). Adjacent populations of a species may differ from each other
in a number of characteristics. Two different patterns of geographical distribution are
identified in geographically differentiated forms of a particular species: Allopatric, when
populations of a species are completely separated from one another and parapatric, when
populations are in contact but with nonoverlaping geographic ranges and that are
separated along a narrow border where interbreeding may occur (Futuyma 1998; Mayr &
Ashlock 1991).

A ‘subspecies’ has been defined as “a geographically defined aggregate of local

populations which differ taxonomically from other subdivisions of the species” (Mayr
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1940, 1963, 1970; Mayr & Ashlock 1991). Subspecific variation is spatially
circumscribed subdivision within a species, characterized by reduced gene flow with
other populations of the species. Each subspecies can be identifiable on the basis of its
phenotype and its geographic location (Mayr 1940; Mayr & Ashlock 1991). Different
subspecies are often reproductively compatible, forming a narrow or wide hybrid zone,
but interbreeding is expected to be reduced between subspecies compared with
interbreeding within subspecies. However there is controversy when applying this
concept to some taxa. Subspecies might have different geographic distributions
(parapatric or allopatric) and these are often thought of as equivalent to ‘geographical
races’, a term that has been used interchangeably by taxonomists who study mammals,
birds, and insects (Mayr & Ashlock 1991). A race is a population or group of populations
in a species which is located in a particular area and has gene frequencies that are
different from other races in the species. Phenotypic characteristics may differ among
races and the races of one species are capable of interbreeding with one another. As there
are few specific criteria to designate a population as a subspecies, some authors have
abandoned using this concept (Ridley 2004). Many characters display independent
patterns of geographic variation and many loci are polymorphic (heterozygous) and vary
in allele frequency from one population to another. There is no concordance among the
characters that could effectively lead to distinction among subspecies or races based on
one character, rather than a number of characters. Thus there is no obvious limit to the
possible number of subspecies within one species. Polytypic species are often referred to
as species that are divided into subspecies. Recently, the incorporation of genetic traits
for identifyting subspecies has been proposed (Avise & Ball 1990). Mayr and Ashlock
(1991) pointed out that members of a subspecies must share three features: first, to have a

unique geographic range; second, to have phylogenetically concordant phenotypic
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characters that can be described; and third, to have a unique natural history in comparison
to other subspecies within that species.

When there is a gradual change in a character (or frequency of an allele) along a
geographic range, the term ‘cline’ is given to such a series of contiguous populations in
which a certain character changes gradually (Mayr & Ashlock 1991; Futuyma 1998). An
example is clines in the frequency of the adh’ allele at the alcohol dehydrogenase locus of
Drosophila melanogaster in three continents (Oakeshott et a/ 1982). However, clines in
different characters are often discordant and they have different geographic patterns.

Geographic variation in morphological characters is not only due to the direct
effects of environmental processes on phenotypes (phenotypic plasticity), the heritability
of some morphological characters has been demonstrated in some species of birds (for
instance see: Alatalo & Gustafsson 1988; Martin 1991) and Hemiptera (Margaritopoulos
et al. 2000). However it is important to notice that the contribution of molecular
phylogenetics is an important criterion in order to test the relative contribution of factors,
such as selection and divergence in allopatry as causes of geographical variation in
morphological characters (Puorto et al. 2001; Malhotra et al. 1996). Several factors can
affect the genetic variation in populations such as mutation, gene flow, random genetic
drift, natural selection, and environmental factors like climate, resources, disease and
ecological processes. An example of geographic variation caused by genetic drift can be
seen in the house mouse (Mus Musculus L.) on the island of Maderia (Britton-Davidian et
al. 2000). This study showed rapid chromosomal evolution. Natural selection could not
be the only factor to explain the geographic variation observed and the variation was
better explained by genetic drift. However selection and drift can act simultaneously in

populations and measuring the contribution of theses forces requires detailed study.
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Gene flow is the movements of individuals among populations that have an
impact in changing the spatial distribution of genes (Slatkin 1985). Genetic differences
between populations can thus be decreased by migration. Reduction in gene flow among
populations leads to increased geographic differentiation. Geographic variation may exist
without restriction in gene flow, if selective differences among environments are high
enough to prevail over the effects of gene flow (Endler 1977). Estimation of population
parameters, such as gene flow can be helpful for understanding the dynamics and
evolution of populations. The rate of gene flow is associated with natural selection and
genetic drift and also determines whether local populations act as independent
evolutionary units. Although gene flow traditionally has been considered as a
homogenizing force, it can potentially give rise to divergence among subpopulations by
producing unique combinations of alleles (Slatkin 1987). Several studies have proven
that natural selection associated with shifts in ecology can give rise to rapid divergence
and affects the rate of evolution of reproductive isolation, even in the presence of gene
flow (Orr & Smith 1998).

Populations from different habitats that differ in some characteristics, make up
several different morphs. These morphological types are given the name ‘ecotypes’ which
are genetically distinct forms or locally adapted populations that are consistently found in
certain habitats (Futuyma 1998, Rolan-Alvares et al. 2004). This word has been mostly
applied by botanists to identify a phenotypic variant of a species that is located in a

particular habitat.

1.5 Species concepts
The concept of ‘species’ has been a controversial subject in biology over a long

period of time. Taxonomists have used morphological or phenetic characters to recognize
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species. However, often even diagnostic morphological characters are not completely
discriminatory and show some variation. Identifying species is a difficult task because as
yet there is no consensus on the definition of a species (Cracraft 1997). In practice
identifying the species using phenetic or morphological characters has been reasonably
successful, when taxonomists argue about species concepts, they are often not arguing
about how species are defined in practice (Blackman 1995).

It is clear to all that species show variation. This biological diversity has been the
subject of two schools of thinking, ‘population thinking’ and ‘typological thinking’
(Mayr 1976). In order to refer to typological thinking it is appropriate to define the
typological species concept. Mayden (1997) identified 24 species concepts, many of them
are variations on a ‘main’ concept (see Mayden 1997). Before the modern neo-Darwinian
synthesis, species had traditionally been defined by reference to a morphological ‘type’.
Based on the typological or morphological species concept a species is composed of all
individuals that are sufficiently similar to the type specimen of the species (Mayr 2001).

Phenetic species concepts (also known as classical species concepts,
morphospecies concepts, Linnean species concept) assert that a species is a set of
organisms that are phenotypically similar and that are different in some way from other
sets of organisms. Based on this concept phenotypic similarity is all that matters in
recognising separate species (see Cronquist 1978).

In fact the typological species concept is the old version of the phenetic species
concept. The phenetic species concept was later developed to the numerical species
concept. Several statistical techniques were used by numerical taxonomists for describing
the phenetic similarity of organisms. Based on this concept a species could then be
identified as a set of organisms of sufficient phenetic distinctness (Ridley 2004). One

advantage of the phenetic concept is that it includes both sexual and asexual organisms. It
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also could apply to past (extinct) species. The Biological Species Concept (BSC) (Mayr
1942, 1963, 2001) is based on the criterion of interbreeding. Based on this concept a
species is a population or a group of populations, whose members have the potential to
interbreed with one another in nature, producing viable and fertile offspring, and are
reproductively isolated of other such groups and thus can not produce viable, fertile
offspring with members of other species. (Dobzhansky 1935; Mayr 1942). This concept
applies only to organisms reproducing through sexual reproduction. How does
reproductive isolation between species happen? This phenomenon usually occurs by
isolating mechanisms (barriers) which are specific to each species and are defined by
Mayr (2001) as “biological properties of individual organisms that prevent the
interbreeding of populations of different species where they are sympatric”. Isolating
barriers ultimately give rise to genetic isolation between closely-related species. The BSC
fits within population genetics, defines species in terms of the presence or absence of
gene exchange and is completely concerned with the mechanisms by which sexually
reproducing animals maintain their independent existence in sympatry. A community of
interbreeding organisms can compose a gene pool. So in this concept the gene pool can
be identifiable as species (Ridley 2004). Although the BSC is the most widely species
concept, it has limitations, some of them irresolvable (Cracraft 1987, Donoghue 1985). It
is only applicable for extant species and it does not include the past evolutionary history
of the species and also only applicable to sexual organisms (Templeton 1989).

The problems associated with the biological species concept led to the creation of
phylogenetic species concept (PSC). The phylogenetic species concept is based on
Cracraft (1989) and a species is “an irreducible (basal) cluster of organisms, diagnosably
distinct from other such clusters, and within which there is a parental pattern of ancestry

and descent”. PSC considers the present status of species and also their phylogenetic
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history (see Nixon & Wheeler 1990; Baum 1992). In contrast to the BSC, the PSC can be
applicable to both sexual and asexual organisms. The PSC is experimentally valuable in
identifying recently diverged or otherwise cryptic species. It seems population genetics
and systematics can complement one another using phylogenetic techniques in the study

of populations and species (Goldstein & DeSalle 2003).

1.6 Molecular markers in phylogeographic studies of insects

Several molecular methods have been used by population geneticists and
systematists to address and resolve questions and hypotheses at the population level in
molecular systematics, population ecology and evolutionary biology (Parker et al 1998,
Hoy 1994). So far, many investigations have been limited to electrophoretic analysis of
proteins in different taxa of chalcid wasps associated with different host plant species
(e.g. Eurytomidae: Dawah 1987, 1988b; Eulophidae: Dawah 1988a, Dawah et al 2002,
Pteromalidae: Dawah 1989; Cynipidae: Stone & Sunnucks 1993, Stone et al 2001).

However recently DNA sequencing has become the most widely used method for
creating comparative molecular data and for phylogenetic reconstruction (Hillis et al
1996, Hoy 1994, Caterino et a/ 2000, Miaymoto and Cracraft 1991). Insect molecular
systematics has developed rapidly during recent years, especially the advent of the
polymerase chain reaction (PCR) (Mullis et al 1986, Saiki et al 1985) and its
development has had a major impact on systematics, making it possible to carry out
direct sequencing from complex genomic DNA (Klepp et al 1971, Mullis et al 1986,
Mullis and Faloona 1987, Hillis et al. 1996). This method is now recognized to be one of
the most powerful techniques in population biology when using different genes of the
mitochondrial genome (Parker et al. 1998). Most systematics questions can be explored

using DNA sequencing including the intraspecific variability and phylogeny of
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organisms, although this method is time consuming and expensive, particularly for
investigations where many samples must be studied (Hoy 1994).

Some applications of DNA sequencing to molecular systematics are:

Quantifying the scope of genetic variation and construction of molecular phylogenies
in populations and species;

Clarifying the sources of genetic variation and assessing evolutionary changes within
populations and species;

Explanation of the processes that are responsible in genetic variation; illuminating
timing of speciation events which can be used for reconstruction of evolutionary changes
in different species. (Hewitt 1998, Hoy 1994).

Animal mitochondrial DNA (mtDNA) has been the most commonly used genetic
marker for the first generation of phylogeographic investigations. The animal
mitochondrial genome is a small and closed circular molecule usually 14 kilobases (kb)
to more than 30 kb in size (Moritz et al. 1987; Brown 1985) and in most taxa has 37
genes including 2 ribosomal RNA (rRNA) genes, 22 transfer RNA (tRNA) genes, and 13
protein coding (messenger RNA) genes which code for subunits of enzymes functioning
in electron transport or ATP synthesis. In addition to these genes, a control region or “A+
T-rich” region (in insects), about 0.8 kilobase long, appears to exercise control over
mtDNA replication and RNA transcription. There are no introns, repetitive DNA,
pseudogenes and intergenic sequences (Avise et al 1987; Avise 1994; Harrison 1989;
Simon 1994).

MtDNA has several properties that make it particularly attractive as a genetic marker
in population biology (Avise et al 1987; Moritz et al 1987, Harrison 1989). The mtDNA
genome of animals is haploid, usually maternally inherited, and thus has an effective

population size approximately one-quarter that of the nuclear genome. Consequently
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demographic processes will be particularly important in determining frequencies of
mtDNA haplotypes (Avise et al. 1987; Avise et al 1984) and also most lines of evidence
confirm that it does not undergo recombination (Avise 1991).

The mtDNA genome has a relatively rapid rate of evolution, perhaps up to 10 times
faster than nuclear DNA (Brown et al 1979, 1982; Vawter and Brown 1986).
MtDNA is a mosaic molecule with faster and slower evolving DNA regions. The faster
evolving regions have been used in population genetic structure of many animals and
especially insects. Gene flow mediated by male dispersal will not affect spatial patterns
of variation for mtDNA (Avise 1991, 1994). The sequences located between these faster
evolving regions, allow the design of ‘conserved’ primers referred to as Universal
primers (Roehrdanz 1995; Simon et al 1994; Lunt et al 1998) and allow us to address
phylogenetic questions at various taxonomic levels and study variation within and
between closely related populations and species. Indeed a high resolution of intraspecific
patterns of geographical variation in phylogeographic investigations can be assessed
using mtDNA (Avise 2000).

The most popular genes in animal mtDNA which have been used extensively in
phylogeographic studies of insects are cytochrome oxidase I (COI), cytochrome oxidase
II (COII) and cytochrome b (cyt b). Other genes including NADH dehydrogenase subunit
2, isoleucine transferase RNA and the control region are less important. Because of the
properties mentioned above, mtDNA has been used in more than 80% of
phylogeographic studies (Avise 1998), relating the phylogenetic history of the taxa to
past and present geographical patterns (Bermingham & Moritz 1998; Kelt & Brown
2000). However in phylogeographic studies it is important to disentangle current
processes from historical events that influence population genetic structure of taxa.

Nested clade analysis is one approach that has been used to partially achieve this
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(Templeton 1998, 2001). Nested clade analysis was used to explore the current
population structure and population history of the populations of an Iberian peninsula
lizard, Lacerta schreiberi Bedriaga, in order to test several hypotheses about the history
of colonization and persistence (Paulo et al 2002).

A problem associated with mtDNA which has been explored through many
studies during the last decade, is the existence of mitochondrial-like sequences in the
nuclear genome of many organisms (nuclear mitochondrial pseudogenes or Numts) and
their contamination of mtDNA during PCR amplification (Zhang & Hewitt 1996). The
presence of Numts in the Hymenoptera has been reported for gallwasps (Antonis Rokas,

Graham Stone, see http://www.pseudogene.net). Many mitochondrial regions have been found

to be integrated into the nuclear genome, including protein-coding, rRNA-coding, and
noncoding regions- the control regions, rRNA genes, cytochrome b and genes for the
subunit I and II of the cytochrome oxidase (COI-COII) (Zhang & Hewitt 1996). It seems
that much larger proportion of Numts exists in plants than metazoans (Blanchard &
Schmidt 1995). Failure in discovering presence of Numts can produce robust, believable,
but incorrect genetic phylogenies (Bensasson et al. 2001). Among closely related species,
it is possible to find differences in Numts abundance, for instance Numts are very
abundant in Sitobion aphids, but occurred less often in four other aphid genera that were

studied (Sunnucks & Hales 1996).

1.7 Parasitoids and life history strategies

Parasitoids are insects whose larvae feed exclusively on the bodies of their hosts,
ultimately killing them (Godfray 1994). Parasitoidism has been observed in several insect
orders including Hymenoptera. It is estimated that about 80% of parasitoid species

belong to the Hymenoptera (Quicke 1997). The life history strategies of parasitoids have
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been investigated over the years by many researchers (e.g. Askew & Shaw 1986).
Researchers have attempted to divide the parasitoids by examining their life histories and
have described two main types, koinobionts and idiobionts. In the koinobionts type the
host is only partially paralysed by the wasp’s venom. The host continues to grow and is
only killed when the parasitoid reaches maturity. With idiobionts the host is completely
paralysed by the wasp’s venom and its development is stopped (Askew & Shaw 1986).
However there are several distinctions between these two types based on biological
characteristics and the most important ones are reviewed here (and see Quicke 1997):
koinobionts are endoparasitoids and they develop inside the body cavity of their hosts
(some ectoparasitoid koinobionts are known, but are unusual), while idiobionts are
ectoparasitoids and they develop outside of the body of their hosts, sucking nutrients
through the host’s skin. Idiobionts have broader host ranges than koinobionts. They
attack more host species and they often have highly developed means of locating and
reaching concealed hosts, while koinobionts have very precise physiological adaptations
to specific hosts. In koinobionts oviposition occurs on exposed hosts which means the
host is still active and is able to survive, while for idiobionts oviposition occurs on
concealed hosts and the host is totally paralysed and is unable to protect itself. In
koinobionts the development time is long, with larval development postponed in the early
stages to allow the host to develop. In idiobionts the development period is short, the host
is totally paralysed and the parasitoid consumes it rapidly. Egg production in koinobionts
is pro-ovigenic, that is, they produce many, small eggs that are fully developed at the
moment the wasp hatches, while egg production in idiobionts is synovigenic, in other
words they produce a few, large eggs that grow sequentially over the life of the adult

wasp. Koinobionts have specific venom that only applies to a small number of host
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species, while idiobionts have general venom that works on a variety of host species

(Quicke 1997).

1.8 Gall and gall forming wasps

Plant galls may be defined as any consistent plant deformation that occurs in
response to feeding or other stimuli by different organisms such as insects, mites, viruses,
bacteria, fungi, and nematodes. The organisms feed within these structures and are
identifiable from other insect-generated structures by having active differentiation and
growth of plant tissues (Gagné 1989; Crespi et al 1997; Williams 1994). The major
causes of galls are mites and insects. The gall making insects includes 6 orders:
Coleoptera (beetles), Lepidoptera (moths and butterflies), Homoptera (aphids),
Thysanoptera (thrips), Diptera (flies), and Hymenoptera (sawflies and wasps) (Figure
1.2). The three major groups of insects that cause galls are aphids and their relatives, gall
midges and gall wasps (Williams 1994; Claridge & Dawah 1994).

The most common group of gall making insects is the gall wasps. Most of these
belong to the family Cynipidae but a few sawflies and chalcid wasps also cause galls. The
gall wasps mostly attack oaks, roses and related plants. The galls may be found on any
part of the plant and in diverse forms or shapes. The gall serves both as a shelter and a
food source. The gall insect is also protected from parasites and predators, especially
general ones.

Among chalcid wasps, most species of the genus Teframesa (Family:
Eurytomidae) make distinct galls in grass stems. Some species of Tetramesa show little
external evidence of their occurrence and no obvious galling (Claridge & Dawah 1994).
Based on these differences Teframesa species could be divided into galling and non-

galling species. For example Tetramesa calamagrostidis (V. Schlecht) can cause stunting
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of grasses. In some species the galls contain only a single chamber occupied by one larva,
while in others the gall includes several chambers and a single Tetramesa larva lives in
each chamber. Some species such as 7. linearis (Walker) do not cause galls. The larvae
live in separated hardened cells in the stem wall and not in the central stem cavity, so
there are a number of larval cells together. As a result the stem is badly stunted reducing
plant development (Philips 1920).

The study of galls (as model systems) and their occupant insects is a valuable
approach in studies of population dynamics (species richness, gall diversity and the
factors responsible in the evolution of gall structure) and other evolutionary issues like
altruism (Stone & Schonrogge 2003). Gall induction in all insects at the molecular level
remains unknown; the only theory is that of Cornell (1983) which states insect introduce
foreign DNA or RNA into the plant’s genome near the galling sites. Secretions produced
by the insect make the plant tissue susceptible to viral attack. As a result of DNA/RNA
transmission, changes in growth structure will take place that result in creating the gall.
This theory has not yet been confirmed. Some gall-inducing stimuli that are located in
different parts of insect’s body are transferred by insect. For example in aphids they are
located in saliva and transfer at the time of feeding; in Pontania Costa sawflies, they are
located in maternal secretions and transfer during oviposition, in a species of cynipid gall
wasp they are located in larval secretions (Stone & Schoénrogge 2003). Other studies
show that galls on the leaves of Erythrina which are produced by chalcid wasp, are not
the result of chemicals secreted by chalcid wasp, but is the result of the plant’s chemicals

(Van staden & Davey 1994).
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1.9 Iranian biogeography

The following brief summary of present knowledge of Iranian biogeography is
based on the recent review by Zehzad et al. (2002).

The country of Iran covers an area of 1,623,779 km? and constitutes a large part of
the Iranian plateau. It is bordered in the north by the Caucasus mountains, the Middle
Asian natural regions and the Caspian Sea; in the east by the eastern part of the Iranian
plateau (Afghanistan and adjacent west Pakistan) and the Baluch-Sindian region; in the
west by the Anatolian and Mesopotamian regions; and in the south by the Persian Gulf
and Oman Sea, which are connected to the Indian Ocean. The principal highlands are
included of four distinct mountainous areas: Alburz in the north, the Zagros Mountains in
the West, the Kopet-Dagh and north Khorassan ranges in the north-east and the Jebal
Barez and Baluchestan Mountains in the central to southeast. In addition, the northwest
Iranian mountain area and the central Iranian mountain area constitute more or less
definite highlands in the inner part of the country.

Iran is predominantly an arid and semi-arid country, but the northern slope of the
Alburz ranges and the Caspian lowlands receive 800 to 2000 mm annual rainfall and are
the most humid part of the country. The Dasht-e Kavir and Dasht-e Lut deserts are the
driest parts with less than 150 mm annual precipitation. From a bioclimatic point-of-
view, SABETI divided the country into 14 bioclimatic types based on Emberger’s
method (Zehzad et al 2002).

From the zoogeographical point of view there is no absolute overall scientific
assignment. The mountain ranges divide the country into three separate climatic and
biotic regions: the Caspian Sea littoral; the central plateau and the Persian Gulf littoral

with the Khuzistan Plain.
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The Caspian Sea littoral comprises the northern slopes of the Alborz Mountains
and the Caspian Plain, a narrow strip of land, forest covered, with a Mediterranean
climate. The average temperature ranges between 10° and 35° C, and the average relative
humidity between 70% and 100%. Water sources are abundant, keeping the region green
throughout the year.

The central plateau, located between the Alborz and Zagros ranges of mountains,
is very mountainous in the northwest where the ranges originate and is a somewhat lower
desert in the east. The climate is dry, with average temperatures between 0° and 40° C,
with hot, dry summers and cold, snow-bound winters.

The Persian Gulf littoral and Khuzistan plain, to the south of the foothills of the
Zagros Mountains, has a tropical climate. The average temperature ranges between 12°
and 50° C. The average relative humidities range between 40% and 80%, the highest
values being along the coastal plain. The coastal plains become broader as the Zagros
Mountains lose height towards Pakistan.

There are seven desert plains and depressions: the Dasht-e Kavir in Central Iran,
the Dasht-e Lut Desert, the Sistan and Jazmurian depressions in the southeast, the
Khuzestan Plain in the southwest, the Moghan Steppe in the northwest and the Turkman-
Sahra steppe in the northeast. There are more than 20 lakes with the largest one, the
saline Urumia Lake, covering 4,868 km? in the northwest. Unfortunately, there is no
reliable picture of the zoogeographic relationships or of the degree of endemism of the
Iranian fauna.

Based on plant geography, Iran is divided into three distinct phytogeographic
regions: the Hyrcanian region in the north, the Nubo-Sindian region in the south, and the
Irano-Turanian region in the rest of the country, which occupies more than two-thirds of

the land-surface.
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About 5% of the national territory is under protection for conservation purposes.
The majority of the protected areas are located in the Irano-Turanian region (Zehzad et al

2002).

1.10 Morphological and molecular studies in Iran

Many morphological studies have been carried out on Iranian fauna but despite
the continuous investigations that have been made by Iranian and international zoologists,
Iran still is one of the least explored countries in the Middle East. The taxonomy, biology
and ecology of different taxa of invertebrates and vertebrates have been investigated by
Iranian and international zoologists.

Some morphological studies have been carried out on different taxa of
Hymenoptera, some examples are: recording six new parasitoid wasps (Ebrahimi 1993),
three new records of Symphyta (Ebrahimi 1995), and other studies (Lotfalizadeh &
Ebrahimi 2001; Ebrahimi 2002, 2004; Chahartaghi, Azmayeshfard & Ebrahini 2002a, b).
Although some molecular investigations have been carried out on the vertebrate fauna of
Iran, there are little combined morphological and molecular investigations on insect fauna
in Iran. Morphological and mitochondrial DNA variation of the sunn pest, Eurygaster
integriceps Put. (Heteropetra: Scutelleridae) which is an important pest on wheat and
barely in Iran, has recently been investigated using morphometrics and restriction
fragment length polymorphism (RFLP) analyses (Sarafrazi 2001). Nucleotide sequence
data from the gene regions COI, 16S, 28S, and B-tubulin has been carried out to
investigate genetic variation among the Palaearctic parasitoid, Microctonus aethiopoides
Loan (Hymenoptera: Brachonidae) which is a parasitoid of weevils in the genera Sitona
Germar and Hypera Germar (Coleoptera: Curculionidae) collected in Australia, Iran,

New Zealand, the United States, and 10 European countries (Vink et al 2003).
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The taxonomy, biology and ecology of Hymenoptera associated with grasses have
been little studied in Iran and there is no record for some taxa belonging to different
families of chalcid wasps. There has been no record of the presence of the genera
Tetramesa, Eurytoma and Sycophila (Family Eurytomidae), Pediobius (family
Eulophidae), and Chlorocytus (Family Pteromalidae) associated with grasses in Iran

(Ebrahimi pers. comm).

1.11 Aims

The overall aim of this Ph D thesis is to investigate the geographic and genetic
structure of the genus Tetramesa and its parasitoids associated with the grasses Leucopoa
pseudosclerophylla and L. sclerophylla, which are assemblages of species complexes
using morphometric and molecular analyses. The phylogeography of Tetramesa spp. and
its parasitoids will be assessed across different regions of Iran and some U.K species also
will be examined for comparative purposes. All chapters have their own reference lists
followed by tables and figures.

The detailed aims of this research are:

To investigate the geographic variation in morphological characters among
populations of Tetramesa using morphometric analysis (Chapter 3).

To study the genetic structure and phylogeography of Tetramesa and its
parasitoids associated with grasses across Iran using partial DNA sequences of the
mitochondrial cytochrome oxidase I (COI) and cytochrome oxidase II (COII) genes
(Chapter 4).

To investigate the community structure of Tetframesa and its parasitoids

associated with Leucopoa pseudosclerophylla and L. sclerophylla (Chapter 5).

27



1.12 References

Abdul-Rassoul, M. S. (1976) Taxonomic studies on the Eurytomidae (Hymenoptera:
Chalcidoidea). Ph.D. Thesis, University of Wales.

Abdul-Rassoul, M. S. (1980) New species of Sycophila Walker from Iraq (Hymenoptera,
Eurytomidae). Annales Historico-Naturales Musei Nationalis Hungarici, Tomus
72: 281-284.

Alatalo, R. V., & Gustafsson, L. (1988) Genetic component of morphological
differentiation in Coal Tits under competitive release. Evolution 42: 200-203.

Al-Barrak, M., Loxdale, H.D., Brookes, C. P., Dawah, H. A., Biron, D. G., and Alsagair,
O. (2004) Molecular evidence using enzyme and RAPD markers for sympatric
evolution in Britich species of Tetramesa (Hymenoptera: Eurytomidae).
Biological Journal of the Linnean Society 83: 509-525.

Andersen, N. M., Cheng, L., & Damgaard, J. (2000) Mitochondrial DNA sequence
variation and phylogeography of oceanic insects (Hemiptera: Gerridae: Halobates
spp.). Marine Biology 136: 421-430.

Anga Abo, J. M. (1991) An investigation into the taxonomic status of Sycophila mellea

Curtis (Hymenoptera: Eurytomidae) in grasses. M.Phil. Thesis, University of
Wales, Cardiff.

Askew, R.R.(1961) On the biology of the inhabitants of oak galls of Cynipidae
(Hymenoptera) in Britain. Transactions of the Society for British Entomology 14:
237-268.

Askew, R.R. (1980) The diversity of insect communities in leaf-miners and plant galls.
Journal of Animal Ecology 49: 817-829.

Askew, R.R. & Shaw,M.R. (1986) Parasitoid communities:their size, struture and
development. In: Insect Parasitoids. 225-264. Waage, ] & Greathead, D. (eds).

Academic Press, London.

Avise, J. C. (1991) Ten unorthodox perspectives on evolution prompted by comparative
population genetic findings on mitochondrial DNA. Annual Review of Genetics.
25:45-69.

28



Avise, J. C. (1994) Molecular Markers, Natural History and Evolution. Chapman &
Hall, London.

Avise, J. C. (1998) The history and purview of phylogeography: a personal reflection.
Molecular Ecology 7: 371-379.

Avise, J. C. (2000) Phylogeography, the History and Formation of Species. Harward
University Press, Cambridge, MA.

Avise, J. C & Ball, R. M. J. (1990) Principles of genealogical concordance in species
concepts and biological taxonomy. In Oxford Surveys in Evolutionary Biology, 7T:
45-67. Harvey, P. H. & Partridge, L. (Eds). Oxford University Press, New York.

Avise, J. C., Amold, J., Ball, R. M., Bermingham, E., Lamb, T., Neigel, J. E., Reeb, C.
A., and Saunders, C. (1987) Intraspecific phylogeography: the mitochondrial
DNA bridge between population genetics and systematics. Annual Review of
Ecology and Systematics 18: 489-522.

Avise, J. C., Bermingham, E., Kessler, L. G., & Saunders, N. C. (1984) Characterisation
of mitochondrial DNA variability in a hybrid swarm between subspecies of
bluegill sunfish (Lepomis marochirus). Evolution 38: 931-941.

Baum, D. A. (1992) Phylogenetic species. Trends in Ecology and Evolution 7: 1-2.

Bensasson D., Zhang, D.-X., Hartl, D. L., and Hewitt, G. M. (2001) Mitochondrial
pseudogenes: evolution’s missplaced witnesses. Trends in Ecology and Evolution
16(6): 314-321.

Bermingham, E. & Moritz, C. (1998) Comparative phylogeography: concepts and
applications. Molecular Ecology 7: 367-379.

Blackman, R. L. (1995) What in a name? Species concepts and realities. Bulletin of
Entomological Research 85: 1-4.

Blanchard, J. L., & Schmidt, G. W. (1995) Pervasive migration of organellar DNA to the
nucleus in plants. Journal of Molecular Evolution 41:397-406.

Bougek,Z. (1965) Studies of European Eulophidae, IV: Pediobius Walker and two allied
genera (Hymenoptera). Acta Entomologica Musei Pragae 36: 5-90.

29



Boutek,Z. (1974) On the Chalcidoidea (Hymenoptera) described by C. Rondani.
Publicazione N. 195 del Contro di Entomologia aplina e forestate del Consiglio
Nazionale dell Richerche, Redia 55: 241-285.

Boucek,Z. (1988) Australian Chalcidoidea (Hymenoptera). A Biosystematic Revision of

Genera of Fourteen Families, with a Reclassification. CAB International.
Wallingford, U K.

Bou¢ek,Z., & Rasplus, J. Y (1991) lllustrated key to West Palearctic genera of
Pteromalidae. Institute National de la Recherche Agronomique, Paris. 140 pp.

Britton-Davidian, J., Catalan, J., Ramalhinho, J. da. G., Ganem, G., Auffray, J. C,,
Capela, R., Biscoito, M., Searle, J. B., & Mathias, M. da L. (2000) Rapid

chromosomal evolution in island mice. Nature 403: 158.

Brown, W. M. (1985) The mitochondrial genome of animals.In: Molecular Evolutionary
Genetics: 95-130. Maclntyre,R. E. (ed.). Plenum, New York.

Brown, W. M., George Jr, M., & Wilson, A. C. (1979) Rapid evolution of animal
mitochondrial DNA. Proceedings of the Natural Academy of Sciences of USA 76:
1967-1971.

Bugbee, R. E. (1967) Revision of chalcid wasps of genus Eurytoma in America north of
Mexico. Proceeding of the United States Natural Museum 118: 433-552.

Burks, B.D. (1971) A synopsis of the genera of the family Eurytomidae (Hymenoptera,
Chalcidoidea). Transactions of the American Entomological Society 97: 1-89.

Cam, H. (2004) Five species of Tetramesa Walker, 1848 (Hymenoptera, Chalcidoidea,
Eurytomidae) new for the Turkish fauna. Zoology in the Middle Eeast 31: 113-
115.

Caterino, M. S., Cho, S., and Sperling, F. A. H. (2000) The current state of molecular
systematics: A thriving tower of Babel. Annual Review of Entomology 45: 1-54.

Chahartaghi, M., Azmayeshfard, P. & Ebrahimi, E. (2002a) Introduction of two new species
of tribe Campsomerini (Hym.: Scoliidae) in Iran. Proceedings of 15" Plant

Protection Congress of Iran p.165. (in Persian).

30



Chahartaghi, M., Azmayeshfard, P. & Ebrahimi, E. (2002b) Introduction of several new
species of scoliid wasps (Hym.: Scoliidae) in Iran. Proceedings of 15" Plant

Protection Congress of Iran p.165 (in Persian).

Claridge, M.F. & Askew, R.R (1960) Sibling species in the Eurytoma rosae group
(Hym., Eurytomidae). Entomophaga §: 141-153.

Claridge, M.F. & Dawah, H.A. (1994) Assemblages of herbivorous chalcid wasps and
their parasitoids associated with grasses—problem of species and specifity. In:
Plant Galls: Organisms, Interactions, populations: 313-329. Williams, M.A.J.
(Eds). Oxford University Press, Oxford.

Claridge, M.F. (1961a) An advance towards a natural classification of eurytomid genera
(Hymenoptera: Chalcidoidea ), with particular reference to British forms.
Transactions of the Society for British Entomology 14: 167-185.

Claridge, M.F. (1961b) Biological observations on some eurytomid (Hymenoptera:
Chalcidoidea) parasites associated with Compositae, and some taxonomic
implications. Proceedings of the Royal Entomological Society of London (A) 36:
153-158.

Claridge, M.F. (1961c) A contribution to the biology and taxonomy of some Palaearctic
species of Tetramesa Walker(= Isosoma Walker; Harmolita Motsch.)
(Hymenoptera: Eurytomidae),with particular reference to the British fauna.
Transactions of the Royal Entomological Society of London 113: 175-216.

Claridge, M.F. (1988) Species concepts and speciation in parasites. In: Prospects in
Systematics. (ed. Hawksworth, D.). Oxford University Press, Oxford. pp. 92-109.

Claridge, M.F. (1989) Electrophoresis in agricultural pest research- a technique of
evolutionary biology. In: Electrophoresis Studies on Agricultural Pests (eds. H.D
Loxdale & J. Hollander). Clarendon Press, Oxford. pp. 1-6.

Claridge,M.F. (1959a) A contribution to the biology and taxonomy of the British species
of the genus Fudecatoma Ashmead (= Decatoma auct. Nec. Spinola)
(Hymenoptera: Eurytomidae). Transactions of the Society for British Entomology
13: 149-168.

31



Claridge,M.F.(1959b) The identity of Eurytoma appendigaster (Swederus, 1795)
(Hymenoptera: Eurytomidae ), together with description of some closely Allied
species bred from Graminae. Entomologist’s Monthly Magazine 95: 2-13.

Cornell, H. V. (1983) The secondary chemistry and complex morphology of galls formed
by the Cynipina. Why and how? The American Midland Naturalist 110: 225-234,

Cracraft, J. (1987) Species concepts and the ontology of evolution. Biological Philosophi
2:63-80.

Cracraft, J. (1989) Speciation and its ontology: the empirical consequences of alternative
species concepts for understanding patterns and processes of differentiation. In:
Speciation and its Consequences: 28-59. Otte, D. & Endler, J. A. (Eds). Sinauer

Associates, Sunderland, MA.

Cracraft, J. (1997) Species concepts in systematics and conservation biology- an
omnithological viewpoint. In Species: The Units of Biodiversity: 325-339.
Claridge, M. F., Dawah, H.A. & Wilson, M. R. (Eds). Chapman & Hall, London.

Crespi, B. J.,, Carmean, D. A., & Chapman, T. W. (1997) Ecology and evolution of
galling thrips and their allies. Annual Review of Entomology. 42: 51-71.

Cronquist, A. (1978) Once again, what is a species? In: Biosystematics in Agriculture: 3-
20. Knutson, L. V. (Ed). Allenheld Osmun, Montclair, New Jersey.

Crowder, L. V. & Chheda, H. R. (1982) Tropical grassland husbandry. United States of
America, Longman, New York.

Dawah, H.A., (1986) The Biology and Taxonomy of some Chalcidoidea Associated with
Gramineae. Ph.D. Thesis, University of Wales.

Dawah, H.A., (1987) Biological species problems in some Tetramesa (Hymenoptera:
Eurytomidae) Biological Journal of the Linnean Society 32: 237-245.

Dawah, H.A., (1988a) Taxonomic studies on the Pediobius eubius complex
(Hymenoptera: Chalcidoidea: Eulophidae) in Britain, parasitoids of Eurytomidae
in Gramineae, Journal of Natural History 22: 1147-1171.

Dawah, H.A., (1988b) Differentiation between the Eurytoma appendigater group
(Hymenoptera: Eurytomidae) using electrophoretic esterase patterns. Journal of

Applied Entomology 105: 144-148.

32



Dawah, H.A., (1989) Separation of four Chlorocytus species (Hymenoptera:
Pteromalidae), parasitoids of stem-boring Hymenoptera (Eurytomidae and
Cephidae) using electrophoresis. The Entomologist 108: 216-222.

Dawah, H.A., Al-Haddad, F.H., Jervis, M. A. (2002) Morphological and biological
characterization of three closely related species of Pediobius Walker
(Hymenoptera: Eulophidae). Journal of Natural History 36: 423-433.

Dawah, H.A., Hawkins, B.A. & Claridge, M.F. (1995) Structure of the parasitoid
communities of grass-feeding chalcid wasps, Journal of Animal Ecology 64: 708-
720.

DeBach, P. (1974) Biological Control by Natural Enemies. Cambridge University Press,
London. 323 pp.

Dobzhansky, Th. (1935) A critique of the species concept in biology. Philosophical
Science 2:344-355.

Donoghue, M. J. (1985) A critique of the biological species concept and
recommendations for a phylogenetic alternative. The Bryologist 88: 172-181.

Dubbert, M. Tscharntke, T. Vidal, S.(1998) Stem-boring insects of fragmented
Calamagrostis habitats: herbivore-parasitoid Community structure and the

unpredictability of grass shoot abundance. Ecological Entomology, 23, 271-280.

Duffey, E., Morris, M. G.,Sheail, J., Ward, L. K., Wells, D. A., Wells, T. C. E. (1974)

Grassland ecology and wildlife management. Chapman & Hall, London.

Ebrahimi E. (2002) Report of Podagrion pachymerum (Hym., Torymidae) from Iran.
Proceedings of 15" Plant Protection Congress of Iran, p.166 (in Persian).

Ebrahimi E. (2004) Study and identification the species of Trichogramma in Iran (5-71), In:
Issues on Different Aspects of Applying Natural Enemies for Biological Conrtol,
Sepehr Publication, Tehran, 213 pp. (in Persian).

Ebrahimi, E. (1993) An introduction to the new six parasitoid wasps for the fauna of Iran.

Journal of Entomological Society of Iran 12&13: 113 (in Persian).

Ebrahimi, E. (1995) Three new records of Symphyta from Iran, Proceedings of 1 2" plant

protection congress of Iran, p.337 (in Persian).

33



Endler, J. A.(1977) Geographic Variation, Speciation, and Clines. Princeton University

Press, Princeton, New Jersey.
Erdés, J. (1960) Chalcidoidea 11. Fauna Hungariae, Budapest, 12 (3) 230 pp. (In
Hungarian).

Fitton, M.G., Graham, M.W.R.de V., Boucek, Z.R.J., Fergusson, N.D.M., Huddleston,
T., Quinlan, J. & Richards. O.W.(1978) A check list of British insects. Hand book
for the identification of British insects. The Royal Entomological Society of
London, 22, 159 pp.

Futuyma, D. J. (1998) Evolutionary biology. 3" Edition. Sinauer Associates, Inc.
Sunderland, Massachusette. 763 pp.

Gagné, R. J. (1989) The Plant-Feeding Gall Midges of North America. Corell
University Press, Ithaca, New York, 356 pp.

Garnery, L., Cornuet, J.M., & Solignac, M. (1992) Evolutionary history of the honey bee
Apis mellifera inferred from mithochondrial DNA analysis. Molecular Ecology 1:
145-154.

Gaston, K. J. (1991) The magnitude of global insect species richness. Conservation
Biology §5: 283-296.

Gauld, I. D. & Bolton, B (1988) The Hymenoptera. British Museum (Natural History) &
Oxford University Press, Oxford 332pp.

Gibson, G. A. P. (1986) Evidence for monophyly and relationships of Chalcidoidea,
Mymaridae and Mymarommatidae (Hymenoptera: Terebrantes). Canadian
Entomology 118: 205-240.

Gibson, G. A. P., Huber, J., & Woolley, J. B. (1997) Annotated Keys to the Genera of
Nearctic Chalcidoidea (Hymenoptera). Monograph 1. National Research Council,
Ottawa, 794 pp.

Godfray, H. C. J., (1994) Parasitoids: Behavioral and Evolutionary Ecology. Princeton

University Press, New Jersy.

Goldstein, P. Z. & DeSalle, R. (2003) Calibrating phylogenetic species formation in a
threatened insect using DNA from historical specimens. Molecular Ecology 12:
1993-1998.

34



Graham, M.W.R. de V. & Claridge, M.F. (1965) Studies on the Stenomalina-group of
Pteromalidae (Hymenoptera: Chalcidoidea). Transactions of the Royal
Entomological Society of London 117: 263-311.

Graham, M.W.R. de V. (1957) A revision of the Walker types of Pteromalidae
(Hymenoptera: Chalcidoidea). Part 3 (including descriptions of new species).
Entomologist’s Monthly Magazine 93: 217-36.

Graham, M.W.R. de V.(1959) Key to the British genera and species of Elachertinae,
Eulophinae, Entedontinac and Euderinaec (Hymenoptera: Chalcidoidea).

Transactions of the Society for British Entomology 13: 187-195.

Graham, M.W.R. de V.(1963) Additions and contribution to the British list of Eulophidae
(Hymenoptera: Chalcidoidea) with description of some new species. Transactions

of the society for British Entomology 15: 167-205.

Graham, M.W.R. de V.(1970) Taxonomic notes on some western Palearctic Eurytomidae
(Hym.,Chalcidoidea). Proceedings of the Royal Entomological Society of
London(b) 39: 139-152.

Greathead, D. (1986) Parasitoids in classical biological control. In: J. Waage and D.
Greathead. (eds), Insect Parasitoids. 13" Symposium of the Royal Entomological
Society of London, 18-19 September. Academic Press, London. pp. 289-318.

Grissell, E. & Schauff, M. (1997) Chalcidoidea,. In: Gibson, G., Huber, J., & J. Wooley
(eds.), Annotated Keys to the Genera of Nearctic Chalcidoidea (Hymenoptera).
NRC Research Press, pp. 45-116.

Gunasekera, M.B., de Silva, B.G.D.N.K., Abeyewickreme, W., Subbarao, S.K., Nandasa,
H.G., Karunanayake, E.H. (1995) Development of DNA probes for the
identification of sibling species A of the Anopheles culicifacies (Diptera:
Culicidae) complex. Bulletin of the Entomological Research 85: 345-353.

Halliday, R.B.(1982) Heterozigosity and Genetic Distance in sibling species of meat ants
(Iridomyrmex purpureus group ). Evolution 35: 234-242.

Harrison, R. G. (1989) Animal mitochondrial DNA as a genetic marker in population and
evolutionary biology Trends in Evolution and Ecology 4(1): 6-11.

35



Hawkins, B.A. & Goeden, R.D. (1984) Organization of a parasitoid community
associated with a complex of galls on Atriplex spp. in Southern California.

Ecological Entomology 9: 271-292.

Henneicke, K. (1990) The taxonomy and biology of final instar larvae of some
Eurytomidae (Hymenoptera: Chalcidoidea) associated with grasses. M Phil
Thesis, University of Wales Cardiff.

Hewitt, G. M. (1998) Diversity in insect species using DNA sequences. In: Molecular
tools for screening biodiversity. (eds. Karp, A., Isaac, P. G. Ingram, D. S.)
Chapman & Hall, London. pp. 418-425.

Hewitt, G. M. (2000) The genetic legacy of the Quaternary ice ages. Nature 405: 907-
913.

Hillis, D. M., Moritz, C., & Mable, B. K. (1996) Molecular systematics. Sinauer

Associates, Massachusetts.

Holler, C. (1991) Evidence for existence of a species closely related to the cereal aphid
parasitoid Aphidius rhopalosiphi De Stefani-Perez based on host ranges,
morphological characters, isoelectric focusing banding patterns, crossbreeding
experiments and sex pheromone specifities (Hymenoptera, Braconidae,

Aphidiinae). Systematic Entomology 16: 15-28.

Hoy, M. A. (1994) Insect molecular genetics. An introduction to principles and

applications. Academic Press, Inc, New York.

Juan, C., Oromi, P., & Hewitt, G. M. (1996) Phylogeny of the genus Hegeter
(Tenebrionidae, Coleoptera) and its colonization of the Canary Islands deduced
from the Cytochrome Oxidase I mitochondrial DNA sequences. Heredity 76: 392-
403.

Kelt, D. A., and J. H. Brown. (2000) Species as units of analysis in ecology and
biogeography: are the blind leading the blind? Global Ecology and Biogeography
9:213-217.

Kenis, M. & Mills,N.J. (1998) Evidence for the occurance of sibling species in Eubasus
spp.(Hymenoptera: Braconidae),Parasitoids of Pissodes spp.Weevil (Coleoptera:

Curculionidae). Bulletin of Entomological Research 88, 149-163.

36



Kerrich, G. J. (1973) A revision of the tropical and subtropical species of the eulophid
genus Pediobius Walker (Hymeniptera: Chalcidoidea). Bulletin of the British
Museum (Natural History), Entomology 29: 113-199.

Khasmoddin, S. & Debach, P. (1976) Hybridization test: a method for establishing
biosystematic status of cryptic species of parasitic Hymenoptera. Annals of the
Entomological Society of America, 69, 15-20.

Kleppe, K., Ohtsuka, E., Kleppe, R., Molineux, 1., & Khorana, H. G. (1971) Stidies on
polynucleotides XCVI. Repair replication of short synthetic DNA’s as catalyzed
by DNA polymerase. Journal of Molecular Biology 56: 341-361.

Landry, B.S., Dextraze, L. and Boiving, G. (1993) Random amplified polymorphic DNA
markers for DNA fingerprinting and genetic variability assessment of minute
parasitic wasp species (Hymenoptera, Mymaridae and Trichogrammatidae) used
in biological control programs of phytophagous insects. Genome 36, 580-587.

Lotfalizadeh, H. & Ebrahimi, E. (2001) New report of Homalotylus nigricornis Mercet
(Hym.: Encyrtidae) in Iran. Journal of Entomological Society of Iran 21(1): 116 (in

Persian).

Loxdale, H.D & den Hollander,(Eds)(1989) Electrophoretic studies on agricultural pests.
Systematics Association Special Volume No.39, Oxford.

Loxdale,H.D & Lushai, G. (1998) Molecular markers in entomology. Bulletin of
Entomological Research, 88 577-600.

Loxdale,H.D. (1994) Isozyme and protein profiles of insects of agricultural and
horticultural importance. In: The Identification and Characterization of Pest
Organisms (Ed. D. L. Hawksworth) CAB International, Wallingford, pp. 337-
375.

Lunt, D. H., Whipple, L.E., Hyman, B.C. (1998) Mitochondrial DNA variable number
tandem repeats (VNTRs): utility and problems in molecular ecology. Molecular
Ecology 7: 1441-1455.

Margaritopoulos, J. A., Tsitsipis, J. A., Zintzaras, E., & Blackman, R. L. (2000) Host-
correlated morphological variation of Myzus persicae (Hemiptera: Aphididae)

populations in Greece. Bulletin of Entomological Research 90: 233-244.

37



Martin, j. L. (1991) Patterns and significance of geographical variation in the blue tit
(Parus caeruleus). The Auk 108: 820-832.

Martinez, N. D., Hawkins, B.A., Dawah, H.A., & Feifarek, B.P. (1999). Effect of
Sampling Effort on chracterization of food-web structure. Ecological Society of
America 80, 1044-1055.

Mayden, R. L. (1997) A hierarchy of species concepts. In Species: The Units of
Biodiversity: (Eds Claridge, M. F., Dawah, H.A. & Wilson, M. R.). Chapman &
Hall, London, pp. 381-424.

Mayr, E. & Ashlock, P. D. (1991) Principles of systematic zoology. 2™ edition. McGraw
Hill, International Edition.

Mayr, E. (1942) Systematics and the Origin of Species. Columbia University Press, New
York.

Mayr, E. (1963) Animal Species and Evolution. Harward University Press, Cambridge,
MA.

Mayr, E. (1976) Evolution and the Diversity of Life. Harward University Press,
Cambridge, MA.

Mayr, E. (2001) What Evolution Is. Basic Books, New York and Weidenfeld & Nicolson,

London.

Miller, D. R. & Rossman, A. Y. (1995) Systematics, Biodiversity, and Agriculture.
BioScience 45(10): 680-686.

Miyamoto, M. M., &. Cracraft, J. (1991) Phylogenetic inference, DNA sequence
analysis, and the future of molecular systematics. In: Phylogenetic analysis of
DNA sequences (eds.M. M. Miyamoto & J. Cracraft,). Oxford University. Press,
New York. pp. 3-17.

Moritz, C., Dowling, T. E., & Brown, W. M. (1987) Evolution of animal mitochondrial
DNA: relevance for population biology and systematics. Annual Review of

Ecology and Systematics 18: 269-292.

Mullis, K., Falloona, F. A., Scharf, S., Saiki, R., Horn, G., & Erlich, H. (1986) Specific
enzymatic amplification of DNA Invitro- the polymerase chain-reaction. Cold

Spring Harbor Symposia on Quantitative Biology 51: 263-273.

38



Mullis, K.,& Falloona, F. A. (1987) Specific synthesis of DNA in vitro via a polymerase
catalyzed chain reaction. Methodological Enzymology 155: 335-350.

Nikol’skaya, M. N. (1952) The Chalcid Fauna of the U.S.S.R. (Chalcidoidea). Translated
from the Russian by A. Birron & Z . S. Cole in 1963. Published for the National
Sciences Foundation, Washington, D. C. and the Smithsonian Institute by the

Israel Program for Scientific Transactions. 593 pp.

Nixon, K. C. & Wheeler, Q. D. (1990) An amplification of the phylogenetic species
concept. Cladistics 6: 211-223.

Noyes, J.S. (1978) On the number of genera and species of Chalcidoidea (Hymenoptera)
in the world. Entomologist’s Gazette 29: 163-164.

Noyes, J.S. (1990) The number of described chalcidoid taxa in the world that are
currently regarded as valid. Chalid Forum 13: 9-10

Noyes, J.S. (1998) Catalogue of the Chalcidoidea of the world. [Cd ROM.] ETI,
Amsterdam. (A).

Oakeshott, J. G., Gibson, J. B., Anderson, P. R., Knib, W.R., Anderson, D.G., &
Chambers, G. K. (1982) Alcohol dehydrogenase and glycerol-3-phosphate
dehydrogenase cline in Drosophila melanogaster on different continents.

Evolution 36: 86-96.

Orr, M. R.,, & Smith, T. B (1998) Ecology and speciation. Trends in Ecology and
Evolution 13: 502-506.

Parker, P. G., Snow, A. A., Schug, M. D., Booton, G. C., & Fuerst P. A. (1998) What
molecules can tell us about populations: choosing and using a molecular marker.
Ecology 79(2): 361-382.

Paulo, O. S., Jordan, W. C., Bruford, M. W. & Nocholas, R. A. (2002) Using nested
clade analysis to assess the history of colonization and the persistence of

populations of an Iberain lizard. Molecular Ecology 11(4): 809-819.

Peck, O (1963) A catalogue of the Nearctic Chalcidoidea (Insecta: Hymenoptera).
Canadian Entomology Suppl. 30, 1092 pp.

39



Peck, O (1985) The taxonomy of the Nearctic species of Pediobius (Hymenoptera:
Eulophidae) especially Canadian and Alaskan forms. Canadian Entomology 117:
647-704.

Peck, O., Boudek, Z., & Hoffner, A. (1964) Keys to the Chalcidoidea of Czechoslovakia
(Insecta, Hymenoptera). Memoirs of the Entomological Society of Canada 34: 1-
120.

Philips, W. J. (1920) Studies on the life history and habitat of the genus Harmolita
(Isosoma), with recommendations for control. United States Department of
Agriculture Bulletin 808: 1-27.

Pungerl, N. B. (1986) Morphometric and electrophoretic study of Aphidius species
(Hymenoptera: Aphidiidae) reared from a variety of aphid hosts. Systematic
Entomology 11: 327-354.

Purto, G., Salomao, M. D. G., Theakstone, R. D. G., Thorpe, R. S., Warrell, D. A. &
Wuster, W. (2001) Combining mitochondrial DNA sequences and morphological
data to infer species boundaries: Phylogeography of lanceheaded pivipers in the
Brazilian Atlantic forest, and the status of Bothrops pradoi (Squamata: Serpentes:
Viperidae). Journal of Evolutionary Biology 14: 527-538.

Quicke, D. J. J. (1997) Parasitic wasps. Chapman & Hall, London. 470 pp.
Ridley, M. (2004) Evolution. 3" Edition. Blackwell Science Ltd.751 pp.

Riek, E. (1970) Chalcidoidea, In: The Insects of Australia. CSIRO, Melbourne University
Press, Carlton, Victoria. pp. 913-924 (Hymenoptera).

Roehrdanz, R. L. (1995) Amplification of complete insect mitochondrial genome in two
easy pieces. Insect Molecular Biology 4(3): 169-172.

Rolan-Alvarez, E., Carballo, M., Galindo, J., Moran, P., Fernandez, B., Caballero, A.,
Cruz, R., & Boulding, E. G. (2004) Nonallopatric and parallel origin of local
reproductive barriers between two snail ecotypes. Molecular Ecology 13: 3415-
3424.

Rosen Von, H. (1956) Eine Phytophage Eurytoma in Mittel. — und Nordschweden (Hym.,
Chalc.). Entomologica 21: 16-20.

40



Roskam, J. C. (1982) Larval characters of some Eurytomid species (Hymenoptera,
Chalcidoidea). Proceedings of the Koninklijke Nederlandse Akademie van
Wetenschappen 85: 293-305.

Saiki, R. K., Scharf, S., Faloona, F., Mullis, K. B., Horn, G. T., Erlich, H. A., &
Arnheim, N. (1985) Enzymatic amplification of beta-globin genomic sequences
and restriction site analyses for diagnosis of sickle cell anemia. Science 230:1350-
1354.

Sarafrazi, A. (2001) Molecular and morphological structures and host associations of the
Iranian sunn pest, Eurygaster integriceps (Heteropters: Scutelleridae)
populations. Ph. D. Thesis. University of Wales.

Simon, C., Frati, F., Beckenbach, A., Crespi, B., Liu, H., and Flook, P. (1994) Evolution,
weighting, and phylogenetic utility of mitochondrial gene sequences and a
compilation of conserved polymerase chain reaction primers. Annuals of the

Entomological Society of America 87: 1-51.

Slatkin, M. (1985) Gene flow in natural populations. Annual Review of Ecology and
Systematics 16: 393-430.

Slatkin, M. (1987) The average number of sites separating DNA sequences drawn from a
subdivided population. Theoretical Population Biology 32:42-49.

Spears, B. M. & Barr, W.F. (1985) Effect of joint worms on the growth and reproduction
of four native range grasses of Idaho. Journal of Range Management 38: 44-46.

Spears, B. M. (1978) Taxonomy and Bionomics of Tetramesa (Hymenoptera:
Eurytomidae) Associated with Certain Native Grass of Idaho. Ph.D. Dissertation,
University of Idaho.

Stone, G. N. & Schénrogge, K. (2003) The adaptive significance of insect gall
morphology. Trends in Ecology and Evolution 18(10): 512-522.

Stone, G. N. & Sunnucks, P. J. (1993) Genetic consequences of an invasion through a
patchy environment- the cynipid gallwasp Andricus quercuscalicis

(Hymenoptera: Cynipidae) Molecular ecology 2: 251-268.

Stone, G. N., Atkinson, R., Rokas, A., Cso6ka, G., & Nieves-Aldrey, JL. (2001)

Differential success in northwards range expansion between ecotypes of the

41



marble gallwasp Andricus kollari: a tale of two lifecycles. Molecular Ecology
10:761-778.

Sundaralingam, S., Hower, A. A. & Kim, K. C. (2001) Host selection and reproductive
success of French and Moroccan populations of the parasitoid, Microctonus

aethiopoides (Hymenoptera: Braconidae). Journal of Biocontrol 46: 25-41.

Sunnucks, P., & Hales, D. F. (1996). Numerous transposed sequences of mitochondrial
cytochrome oxidase I-II in aphids of the Genus Sitobion (Hemiptera: Aphididae).
Molecular Biology and Evolution 13: 510-524.

Templeton, A. R. (1989) The meaning of species and speciation. In: Speciation and its
Consequences: 3-27. Otte, D. & Endler, J. A. (Eds). Sinauer Associates,
Sunderland, MA.

Templeton, A. R. (1998) Nested clade analysis of phylogeographic data: testing
hypothesis about gene flow and population history. Molecular Ecology 7: 381-
397.

Templeton, A. R. (2001) Using phylogeographic analysis of gene trees to test species
status and processes. Molecular ecology 10(3): 779-791.

Van staden, J. & Davey, J. E. (1978) Endogenous cytokinius in the laminae and galls of
Erythrina latissima leaves. Botanical Gazette 139: 36-41.

Vawter, L., Brown, W. M. (1986) Nuclear and mitochondrial DNA comparisons reveal

extreme rate variation in the molecular clock. Science 234: 194-46.

Vink, C. J., Phillips, C. B, Michell, A. D., Winder, L. M., & Cane, R. P. (2003) Genetic
variation in Microctonus aethopoides (Hymenoptera: Brachonidae). Biological
Control 28: 251-264.

Williams, A. J. M. (1994) Plant galls: a perspective. In: Plant Galls. (ed. Williams, M. A.
J.). Clarendon Press, Oxford. pp. 1-8.

Zeddies, J., Schaab, R. P., Neuenschwander, P. & Herren, H. R. (2001) Economics of
biological control of cassava mealybug in Africa. Agricultural Economics 24:
209-219.

Zehr, J. P. & Voytek, M. A. (1999) Molecular ecology of aquatic communities:
reflections and future directions. Hydrobiologia 401: 1-8.

42



Zehzad, B., Kiabi, B. H., & Madjnoonian, H. (2002) The natural areas and landscape of
Iran: an overview. Zoology in the Middle East 26:7-10.

Zerova, M.D. (1976) Hymenoptera, Chalcidoidea family Eurytomidae, subfamilies
Rileyinae and Harmolitinae. Fauna SSSR 7: 1-23.

Zerova, M.D. (1978) Parasitic Hymenoptera, Chalcidoidea, Eurytomidae. Fauna Ukraini
11: 1-465.

Zerova, M.D. (1989) Main trends in the evolution and systematics of the Eurytomidae
(Hymenoptera: Chalcidoidea). Entomological Review, 68: 102-128 (Originally
published in Entomologicheskoye Obozreniye 1988, 3: 649-674).

Zerova, M.D., Seryogina, L. & Cam, H. (2003) New species of Eurytomidae
(Hymenoptera: Chalcidoidea) from Turkey. Zoologische Mededelingen 77(14):
259-266, Leiden.

Zhang, D.-X and Hewitt, G. M.(1996) Assesment of the universality and utility of a set
of conserved mitochondrial COI primers in insects. Insect Molecular Biology
6(2): 143-150.

43



Table 1.1 Principal groups of gall-causing organisms. (After Williams 1994)

Organisms Order

Family

Viruses

Bacteria

Mycoplasmas

Actinomycetes

Fungi (16 orders)

Angiosperms

Protozoa

Rotifera

Nematoda

Arachnida Acarina:

Insecta: Thysanoptera:
Homoptera:

Lepidoptera: (17 families)

Coleoptera:

Diptera:

Hymenoptera:

Eriophyidae
Tarsonemidae
Tetranychidae
Thripidae
Adelgidae
Aphalaridae
Aphididae
Cercopidae
Coccidae
Pemphigidae
Phylloxeridae -
Psyllidae
Triozidae

Apionidae
Cerambycidae
Chrysomelidae
Curculionidae
Scolytidae
Agromyziae
Anthomyidae
Cecidomyiidae
Chloropidae
Tephritidae
Blasticotomidae
Cynipidae
Tenthredinidae
Eurytomidae
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Figure 1.1 Generalized food web of the UK phytophagous Eurytomidae and their parasitoids
associated with grasses in the U.K. Parasitism relationships are shown by different line
conventions which indicate frequency of attack: thick solid lines indicate relationships
observed on more than 60 separate occasions, thin solid lines between 30 and 50, dashed
lines between 20 and 30, and dot-dashed lines between 5 and 10. (Source: Claridge and
Dawah 1994).
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CHAPTER 2

Materials and Methods

2.1 Materials and specimen preparation

2.1.1 Grass collection

As there was no information on the presence of chalcid wasps associated with the
grasses (Gramineae) in Iran, a wide range of localities were initially considered in South-
east, South-west and the north of Iran and different grass species were collected from
these localities (Figure 2.1, see Appendix 3.1 in chapter 3). The sampling sites were
chosen according to known records of these grass species in the sampling regions (Bor
1970; Ghahreman 1987, 1989). Two samples were carried out a year from each site, one
early summer (June) and the other in September. The first sample was taken in order to
study the host-parasitoid relationships and to discover which species attack which. The
second sample was taken in order to obtain the parasitoids which already have eaten the

host body.

2.1.2 Identification of the grass species

Different species of grasses were kept separately in large polythene bags. Each
polythene bag was tagged with the name of the locality, the date of collection and the
name of the species of grass. The bags were kept outdoors in open air to simulate natural
conditions. Samples of grasses were mounted on sheets of paper (40x29 cm) and
preserved for recording and accurate identification. The grasses were identified using Bor
(1970) and Ghahreman (1987, 1989 in Persian). Names of Iranian grasses were taken
from Flora Iranica (Bor 1970) and Flora of Iran (Ghahreman 1987, 1989 in Persian).

Grass identifications were confirmed by Dr. F. Termeh (Plant Pests and Disease
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Research Institute, Tehran, Iran); S.M.Mirtadjaddini (Department of Biology, Shahid-
Bahonar University of Kerman, Iran) and B. Hamzeh (Research Institute of Forests and

Rangelands, Tehran, Iran).

2.1.3 Insect rearing

The rearing method of Tetramesa and their parasitoids was as described by
Varley (1947). This method has been employed by other researchers (Claridge 1961;
Graham and Claridge 1965; Abdul-Rassoul 1976; Dawah 1986; Henneicke et al.. 1992)
for rearing parasitic Hymenoptera from grasses. Each grass stem was dissected with a
scalpel in the lab, during winter (from Mid October onward) when the larvae within were
in final instar stage and were fully fed. The advantage of using final instar larvae is that
they are in diapause and that the insect spends most of its life in this stage (Henneicke et
al. 1992). During dissection care was taken not to damage or injure the larvae inside the
stem. The larvae and pupae of the parasitoids were removed from the grass stems
together with cuticle exuviae and any remains of 7Teframesa. Larvae and pupae were
labelled with a code number and placed individually in small gelatine capsules (10 mm X
7 mm) through to the adult stage (see Noyes 1982). The gelatine capsules were stored in
a cool place outdoors, to facilitate pupation and emergence. Regular fortnightly checks
were made to check for the growth of mould. During May to August each year, the
gelatine capsules were checked daily for emerging adults. Adults were removed from the
gelatine capsules after emergence and kept isolated in 75x25 mm glass vials which were
covered with nylon net or muslin tops. Each vial contained a strip of filter paper and 25%
honey-water solution was used for feeding emerged adults.

There was high mortality of Tetramesa and its parasitoids (range from 33.8%-
100%) (see appendices 2.1 and 2.2). Therefore, the number of emerged specimens of

Tetramesa and its parasitoids does not reflect the number of specimens reared. Some
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adults were obtained using emergence boxes of different sizes. Some grass stems were
placed in emergence boxes and were left outdoors in natural conditions. A small hole
was made on the top of each box and a glass tube (75 x 25 mm) was placed inversely on
the hole. The emerging insects were trapped into the glass vial, as they were attracted by
the light coming through the hole. This technique was effective for obtaining some adult

insects (Dawah 1986).

2.1.4 Identification of the insect larvae and adults

All the larvae of parasitic wasps obtained from the grass stems were studied using
an Olympus binocular dissecting microscope. The larvae were identified to genus level
based on morphological characters and descriptions (Henneicke et al. 1992; Dawah and
Rothfritz 1996). The adult insects were also identified to genus level. All the specimens
were compared with species of the same genus in the Professor M. F. Claridge and H.A.

Dawah collections.

2.2 Molecular methods

2.2.1 DNA extraction

Initially it was necessary to examine several different methods of extracting DNA
from chalcid wasp adults with regard to yield, amplification of DNA and quality of
sequence. Two different extraction methods were tested and compared including high
salt precipitation and an extraction kit [QIAamp DNA Mini Kit (Qiagen)]. Pilot studies
were carried out to test the efficiency of these methods using other parasitic wasps,
Nasonia sp. and Spalangia camerouni (family: Pteromalidae) due to the paucity of

specimens. DNA was extracted from individual specimens (frozen, ethanol preserved and
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dried). For each set of extractions a negative control was used to check for

contamination.

2.2.1.1 High salt precipitation

This method is a modification by Collins et al. (1987) of a technique developed
by Livak (1984) and hereafter called the Collins’ method. Individual specimens were
homogenised in a total volume of 100 pl of preheated high salt extraction (Livak) buffer
containing 0.8M Nacl, 0.16 M Sucrose, 0.06M EDTA, 0.5% SDS, 0.1 M Tris Base (pH
8.6). Homogenisation was carried out in 1.5-ml microfuge tubes using a hand held pellet
mixer. A separate pestle was used for each sample. The homogenates were incubated in a
water bath at 65°C for 30 min followed by addition of 14 ul 8M potassium acetate to a
final concentration of 1M. After incubating on ice for 30 min, samples were centrifuged
at room temperature for 15 min at 13000 rpm. Supernatant was transferred to a clean
Eppendorf tube to which 200ul ice-cold 100% ethanol was added and the samples were
incubated at —20°C for 1.5-2 hours to precipitate the DNA. Centrifugation was carried
out at 13000 rpm for 15 min to pellet the precipitated DNA. The supernatant was
discarded and the DNA pellet was then washed with 70% ethanol by centrifugation at
13000 rpm for 5 min. The supernatant was discarded and the pellets were air-dried for 20
min at room temperature, or vacuum dried for 5 minutes. The pellet was re-suspended in

20-50ul TE buffer (10mM Tris-HCL, ImM EDTA, pH 8.0) by heating at 65°C for 10

min in a water bath. Samples were stored at 4°C.

2.2.1.2 QIAamp DNA extraction kit

DNA extraction was carried out using the Tissue Protocol (QlAamp DNA Mini

Kit (Qiagen). Individual specimens were homogenised in 180ul of ATL buffer.

49



Homogenisation was carried out in 1.5-ml plastic microcentrifuge tubes using a hand
held pellet mixer followed by addition of 20 pl proteinase K. A separate pestle was used
for each sample. The samples were then mixed by vortexing and incubated in a
hybridisation oven containing a rocking platform at 56°C overnight. After incubation the
samples were centrifuged briefly to remove drops from the inside of the lids. Two
hundred pl AL buffer was added to the samples and mixed by pulse-vortexing for 15
seconds followed by incubation at 70°for 10 minutes. The solutions were briefly
centrifuged to remove drops from inside the lids. Two hundred pl of 100% ethanol was
added to each tube, and mixed by pulse-vortexing for 15 seconds. After mixing, the 1.5-
ml microcentrifuge tubes were briefly centrifuged to remove drops from inside the lids.
The mixtures (including the precipitate), but not insect remains were carefully
applied to the QIAamp spin columns (in a 2-ml collection tube) without wetting the rim.
Centrifugation was carried out at 6000 g (8000 rpm) for 1 minute. The QlAamp spin
Columns were placed in the clean 2-ml collection tubes and the tubes containing the
filtrate were discarded. Five hundred ul AW1 buffer was added to the columns without
wetting the rim and were centrifuged at 6000 g (8000 rpm) for 1 minute. The columns
were placed in the clean 2-ml collection tubes and the collection tubes containing the
filtrate were discarded. Five hundred ul AW2 buffer was then added to the columns
without wetting the rim, which was centrifuged at full speed (13,000 rpm) for 3 minutes.
The QIAamp spin columns were placed in clean 1.5-ml microcentrifuge tubes and the
collection tubes containing the filtrate were discarded. The columns were spun for 1 min
at 13000 rpm to remove excess buffer AW2 and placed in clean collection tubes. Two
hundred pl AE buffer was added to the QIAamp spin columns and was incubated at room
temperature for 5 minutes and then centrifuged at 6000 g (8000 rpm) for 1 minute. The

last step was repeated again, so the DNA was extracted in two sets. All DNA extractions

50



were run on 1.3% agarose gel stained with Ethidium-bromide (0.5 pg/ml) at 90 V for 1

hr, viewed under a UV transilluminator and then amplified using mitochondrial primers.

2.2.2 Laboratory techniques for developing a mitochondrial marker
2.2.2.1 Selecting primers

General insect mitochondrial primers for COI, COII, and Cyt b were used to
amplify wasp DNA. A list of primers, which were used in this study together with the
original reference, is shown in Table 2.2.

The location of oligonucleotide primers used for amplification and sequencing of

the mitochondrial COI and COII and Cyt b genes are shown in Figures 2.2 and 2.3.

2.2.2.1.1 Cytochrome Oxidase Subunit I (COI) primers

For amplifying a partial fragment of the COI gene (831 bp), “Jerry” (Forward)
and “Pat” (Reverse) primers were used (Simon ef al. 1994). “Jerry” has been used to
amplify coleopterans, thysanopterans, homopterans, psocopterans, lepidopterans, and
hemipterans (Simon et al. 1994). “Pat” works for gerrids, weevils, mosquitoes, flies, and
lepidopterans (Simon et al. 1994).

For amplifying a partial fragment of the COI gene (473 bp), the primers “Ron”
(Forward) and “Nancy” (Reverse) were used (Simon et al. 1994). These primers has been
reported to work well with virtually all insects tested, including lepidopterans, dipterans,
coleopterans, thysanopterans, hemipterans, homopterans and collembolans (Simon et al.

1994).

2.2.2.1.2 Cytochrome Oxidase Subunit II (COII) primers
Several pairs of primers were used for amplifying different parts of the COII gene

as follows:
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A region of COII mtDNA (825 bp long) was amplified using the primers “StLeu”
(Forward) (Machado et al. 1996) and “AtAsp” (Reverse) (Willis et al. 1992, Machado et
al. 1996). Machado et al. (1996) utilized these primers to amplify this gene in fig wasps.
Willis et al. (1992) used “AtAsp” for amplifying the entire COII gene in honey bees
(Genus Apis). For amplifying a specific region of the gene (748 bp) the primers “A-
tLEU” (Forward) and “B-tLYS” (Reverse) (Liu and Beckenbach 1992) were used. These
primers were utilized by Liu and Beckenbach (1992) for amplifying the COII gene of
five orders of insects.

A fragment of approximately 830 bp was amplified using the primers “tRNA-
LEU” (Forward) (Willis et al. 1992) and “At-Asp” (Reverse) (Machado et al. 1996). For
amplifying a fragment, 877 bp, the primers “A-tLEU” (Forward) (Liu and Beckenbach
1992) and “B-ATPase 8” (Reverse) (Simon et al. 1994) were used. These primers
amplify the COII gene successfully for the ants (genus Lasius niger). (Simon et al. 1994).
A region of COIl mtDNA, 385 bp long, was amplified using the primers “A-298”
(Forward) and “B-tLYS” (Reverse) (Liu and Beckenbach 1992). The first primer is well
conserved in all insects studied (Simon et al. 1994). For amplifying a fragment (523 bp)
the primers “Pierre” (Forward) and “Barbara” (Reverse) (Simon et al. 1994) were
utilized. The first primer is well conserved in wasps (Simon et al. 1994). For amplifying
a region (514 bp) the primers “A-298” (Forward) (Liu and Beckenbach 1992) and “B-

ATPase8” (Reverse) (Simon et al. 1994) were used.

2.2.2.1.3 Cytochrome Oxidase Subunit I (COI) and subunit II (COII) primers

For amplification of a target region of mtDNA (COI-COII) (625 bp), the primers
“S2792” (Forward) and “Muscid” (Reverse) were used (Taylor et al. 1997).

The 5’ ends of these primers are located at bp 2773 and 3400 of the Drosophila

yakuba Burla mtDNA map (Clary & Wolstenholme 1985), respectively. These primers
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have been used in amplifying a partial fragment of the COI-COII region of Muscidifurax

spp. (Hymenoptera: Pteromalidae) (Taylor et al. 1997).

2.2.2.1.4 Cytochrome b (Cyt b)

Several pairs of primers were used for amplifying different parts of the Cyt b
gene. A region of Cyt b mtDNA (1071 bp) was amplified using the primers “CB1L”
(Forward) (Simon et al. 1994) and “TRs” (Reverse). As Simon et al. (1994) pointed out,
the first primer works in insects. The second primer was used for the ant Tetraponera
rufoniger Lowe (Simon et al. 1994).

A 750 bp fragment long was amplified using the primers “CB1” (Forward) and
“TRs” (Reverse). These primers were successfully used for the ant T rufoniger (Jermiin
and Crozier 1994). For amplifying a fragment (755 bp) the primers “CB1L” (Forward)
and “CB2” (Reverse) were used. A fragment of (434 bp) long was amplified using the
primers “CB1” (Forward) and “TRs” (Reverse). These primers work in bees, ants and

Drosophila (Simon et al. 1994).

2.2.2.2 PCR amplification

All the primers mentioned above (listed in Table 2.1) were tested on DNA
extracted from Tetramesa sp., Eurytoma sp., Sycophila sp., Pediobius sp., and
Chlorocytus sp. from Iran and also some UK chalcid wasps. PCR conditions and

thermocycling programmes for all primers pairs were optimised.

2.2.2.2 1 Cytochrome Oxidase Subunit I (COI) primers

2.2.2.2 1.1 “Jerry” and “Pat”
For optimisation of these primers a combination of methods were used for each

population, such as changing concentrations of reaction mixture components, using
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touchdown programmes and using different annealing temperatures in the PCR
programme. These reaction conditions and PCR programmes for populations of
Tetramesa spp., Eurytoma spp., Sycophila spp., Pediobius spp., and Chlorocytus spp.
from Iran and also some UK populations (Eurytoma. flavimana Boheman, E.
appendigaster (Swederus), E. pollux Claridge, E. sp. nr. apicalis Walker, Chlrocytus
phalaridis Graham, Pediobius claridgei Dawah, P. deschampia Dawah, P. planiventris

(Thomson), P. sp. nr. claridgei Dawah) are given in Table 2.3.

2.2.2.2 1.2 “Ron” and “Nancy”

PCR reaction conditions and thermocycling programmes which were performed for
populations of Tetramesa, Eurytoma, Sycophila, Pediobius and Chlorocytus from Iran and
UK are shown in Table 2.4.

PCR reaction conditions and thermocycling programmes were performed for
other primers in cytochrome oxidase subunits I and II and cytochrome b that represented

in Tables 2. 5. to 2. 15.

2.2.2.3 Agarose gel electrophoresis

PCR’s were run on 1.3% agarose gel stained with EtBr (0.5 pg/ml) at 90 V for 1
hr and viewed under a UV transilluminator. All PCRs contained a negative control. A
100 bp ladder size standard (MBI Fermentas) was run on each gel with the PCR to give

an indication of the size of the target band that was being amplified.
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2.2.2.4 Sequencing

2.2.2.4 1 Purifying PCR samples

PCR samples for sequencing were cleaned to remove inhibitors using the
GeneClean Turbo for PCR Kit (BIO 101). The process of cleaning up carried out in three
stages:
1. Twenty pl PCR reaction was placed in a microcentrifuge tube. Five volumes (100 pl)
of GENECLEAN Turbo salt was added and mixed well. The microcentrifuge tubes were
labelled and then vortexed briefly. After vortexing, the tubes were microcentrifuged. The
solutions were transferred to a GENECLEAN Turbo Cartridge and labelled. The liquids
were spun at 13,000 rpm for S seconds.
2. 500ul of GENECLEAN Turbo wash solution was added to the filter. The solution was
spun for 5 seconds. The catch tubes were emptied and the washing was repeated again.
The catch tubes were then emptied and spun for 4 minutes to dry GENECLEAN Turbo
Cartridge.
3. The GENECLEAN Turbo Cartridge were transferred to a 1.5 ml GENECLEAN
Turbo Catch Tube. The caps were removed from the GENECLEAN Turbo Catch Tube
and were set aside. Thirty pl GENECLEAN Turbo Elution Solution was added and left
for 5 minutes in room temperature. The solution was spun for 1 minute to transfer eluted
DNA to the Catch Tube. The GENECLEAN Turbo Cartridges were discarded and the
tubes were capped.

The cleaned PCR products were sequenced using the ABI Prism® BigDye™
Terminator Cycle Sequencing Ready Reaction Kit. The sequencing kit was diluted, to
produce a master mix containing 2 parts sequencing kit: 1 part 5X buffer: 1 part sterile

water (see Chippindale et al. 1998). The sequencing PCR was carried out with 2 pl of
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DNA, 2 pl of the sequencing mix and 1 pl of either forward or reverse primers at 1.6
pmol/pl concentration. The sequencing PCR programme with a total reaction volume of
5 pl per sample was as follows: 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4

minutes for 25 cycles.

2.2.2.4 2 Purification of sequencing product

Different purification methods were used for ABI 377 and ABI 3100.

2.2.2.4.2.1 Cleaning up the sequencing PCR using ethanol/sodium acetate
precipitation (for the ABI 377)

Thirteen pl of 3M sodium acetate and 12.5 pl of 95% ethanol was mixed and was
added to each 0.5 ml eppendorf tube. Five pl of PCR sample was then added to the tube
and vortexed for about 10 seconds. The tubes were left at room temperature for 15
minutes. The samples were centrifuged at 13,000 r.p.m for 25 minutes, and the
supernatant discarded. Sixty two and half pl of 70% ethanol was added to the tube,
vortexed briefly so that the pellets were rinsed with the ethanol. The samples were then
centrifuged at 13,000 r.p.m for 5 minutes. The supernatant was discarded and the pellets

were vacuum dried for around 15 minutes. The pellets were stored at —20°C.

2.2.2.4.2 2 Purification of sequencing product using isopropanol (for the ABI 3100)
Twenty seven ml 100% Isopropanol and 15.75 ml polished water were mixed.
This mixture is sufficient for about 40 samples. 90 pl of the Isopropanol mix was placed
to each 0.5 ml eppendorf tube. Five pul of PCR samples were transferred from 0.2 ml
PCR strips to the Isopropanol mix and vortexed for 20-30 seconds. The samples were left

to precipitate at room temperature for 10 minutes. The samples were centrifuged for 30
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minutes at 13,000 r.p.m. The supernatant was removed carefully and 150 pl of 70%
isopropanol was added to each sample. The samples were mixed by inverting the
eppendorf tubes. The samples were then spun for 10-12 minutes at 13,000 r.p.m. The
supernatant was removed and the pellets vacuum dried for 10-15 minutes. The pellets
were stored at —20°C.

Analytical methods and their results are presented in chapter 4.
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Table 2.1 Location, coordinates (longitude and latitude) and elevation for sample sites of
grass species, Leucopoa pseudosclerophylla, Leucopoa sclerophylla and Festuca
arundinacea across Iran during 3 years from 1997 to 1999.

Province Collection latitude Longitude Elevation
Sites and codes (m)
Kerman 1a Sirch 300715N 572710E 3750
(South-east) F2a Bidouieh 301140N 573130E 3520
2b Deh-Salah 302000 N 571700 E 2300
2d Deh Lo-Lo, Kouhpayeh 300315N 571512E 3620
4b Seyahbenouieh, Rabour 291510N 56 1707 E 4250
Fars 7 Dasht-e-Morghab 29 1508 N 521707 E 2300
(South-west) 7a Sheshpir (Shiraz-Sepidan Rd.) 3010 10N 522502E 2150
7b Sepidan-Yasuj Rd. 301506 N 511012E 2780
Tehran 9b Gachsar (Karaj-Chalous Rd) 364511 N 504530 E 3940
(North) 9¢ Sirachal (Karaj-Chalous Rd.) 354307 N 504020 E 4100

Table 2.2. List of the PCR primers utilised for amplifying the COI, COII, Cytochrome b
genes.

Primer Sequence Direction Reference

COl1

$2792 5’-ATACCTCGACGTTATTCAGA-3’ Forward Taylor et al. 1997

Jerry 5’-CAACATTTATTTTGATTTTTITGG-3’ Forward  Simon et al. 1994

Pat 5’-TCCAATGCACTAATCTGCCATATTA-3’ Reverse Simon ef al. 1994

Ron 5’-GGATCACCTGATATAGCATTCCC-3’ Forward  Simon et al. 1994
Nancy 5’-CCCGGTAAAATTAAAATATAAACTTTC-3’ Reverse  Simon et al. 1994

coll

Muscid 5’-TCAATATCATTGATGACCAAT-3’ Reverse  Taylor et al. 1997

StLeu 5’-ATGGCAGATTAGTGCAAT-3’ Forward Machado et al. 1996
A-tAsp 5’-GGCCGTCTGACAAACTAATGTTAT-3’ Reverse  Willis ef al. 1992

tLeu 5’-CCGGGAATTCGAATGAGTGCATTGAACTTA-OH-3> Forward  Willis ef al. 1992
A-tLEU 5’-ATGGCAGATTAGTGCAATGG-3’ Forward Liu & Beckenbach 1992
B-tLYS 5’-GTTTAAGAGACCAGTACTTG-3’ Reverse  Liu & Beckenbach 1992
B-ATPase8 5’-TCATCTTATAGGTACTATTTGAGG-3’ Reverse Simon ef al. 1994
A-298 5’-ATTGGACATCAATGATATTGA-3’ Forward Liu & Beckenbach 1992
Pierre 5’-AGCGCCTCTCCTTTAATAGAACA-3’ Forward  Simon et al. 1994
Barbara 5’-CCACAAATTTCTGAACATTGACCA-3’ Reverse Simon ef al. 1994

Cytb

CBI 5’-TATGTACTACCATGAGGACAAATATC-3’ Forward  Simon ef al. 1994

TRs S-TATTTCTTTATTATGTTTTCAAAAC-3’ Reverse Simon ef al. 1994
CBIL 5’-CCATCCAACATCTCAGCATGATGAAA-3’ Forward  Simon ef al. 1994

CB2 5’-ATTACACCTCCTAATTTATTAGGAAT-3’ Reverse  Simon ef al. 1994
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Table 2.3. PCR reaction parameters for the primers “Jerry” and “Pat” (COI). (T: touchdown
programme; E: Eurytoma; C; Chlorocytus; P: Pediobius; ).

Population

Primer

(xM)

MgClz
(mM)

dNTPs
(mM)

Taq
(Urph

DNA
()

BSA
mg/ml

Tann
°C (Cycles)

Tetramesa spp.

0.5

1.5-3

0.4-0.8

0.03;0.04

0.75-2

0.1

52 (35)

53(5) 51(5) 49(25) T

53(5) 51(5) 49(24) T

55(5) 53(5) 5115) T

54(5) 52(5) 50(25) T

60(5) 58(5) 55(25) T

60(5) 57(5) 55(5) 53(20) T
60(2) 58(2) 56(2) 52(2) 50(32) T

Eurytoma spp.

E. flavimana

E. appendigaster
E. pollux

E. sp. nr. apicalis

0.5

1.5-6

0.4-0.8

0.03-0.05

1-3.5

0.1

52 (35); 48(35)
57(5) 54(5) S1(35) T

57(5) 54(10) 51(30) T

57(5) 54(5) 51(20) T

57(5) 54(5) 51(15) T

54(5) 52(10) 50(30) T

57(5) 54(5) 51(15) 49(20) T
57(3) 54(3) 51(44) T

53(5) 51(5) 4935) T

60(5) 58(5) 55(25) T

60(2) 58(2) 56(2) 52(2) 50(32) T

Sycophila spp.

0.5

2-4

0.4-0.8

0.03;0.04

1-3

0.1

52 (35)

53(5) 51(5)49(24) T

53(5) 51(5) 49(25) T

60(5) 58(5) 55(25) T

60(5) 58(5) 55(30) T

60(5) 57(5) 55(5) 53 (20) T
60(2) 58(2) 56(2) 52(2) 50(32) T

Chlorocytus spp.
C. phalaridis

0.5

2-7

0.4-0.8

0.03-0.05

1-3.5

0.1

52(35, 40, 50), 48(35, 40), 50(35)
53(5) 51(5) 49(24) T

53(5) 51(5)49(25) T

55(5) 53(5) 51(25) T

55(5) 53(5) 51(30) T

60(5) 58(5) 55(25) T

53(5) 51(5) 49(35) T

57(5) 54(5) S1(45) T

57(5) 54(10) 51(30) T

57(5) 54(10) S1(35) T

57(3) 54(3) S1(55) T

54(10) 52(35) T

57(5) 54(5) 51(15) 49(20) T
57(5) 54(5) 51(5) 49(35) T
57(5) 54(5) 51(5) 49(40) T
55(5) 53(5) S1(15) 49(15) T
60(2) 58(2) 56(2) 52(2) 50(32) T

Pediobius spp.
P. claridgei

P. deschampia
P. planiventris
P.sp.nr.
claridgei

0.5

2-5

0.4-0.8

0.03;0.04

1-5

0.1

52 (35), 50(35)

55(5) 53(5) 51(25) T

53(5) 51(5) 49(24) T

55(5) 53(5) 5130) T

60(2) 58(2) 56(2) 52(2) 5027) T
60(2) 58(2) 56(2) 52(2) 50(32) T
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Table 2.4 PCR reaction parameters for the primers “Ron” and “Nancy” (COI). (T:
touchdown programme; S: set up programme; P: Pediobius; E: Eurytoma,; C; Chlorocytus).

Population Primer MgCl, dNTPs Taq DNA Tann
@M)  (mM)  (m@M)  (U/pl)  (ul) °C (Cycles)
Tetramesa spp. 0.5 24 0.2-08 0.04 1-2 56 (30), 54 (30)
Sycophila spp. 54(5)52(5)50(24) T
Pediobius spp. 60 (2) 58(2) 56 (2)52(2)5032) T
P. claridgei 45(5)55(39%5)S
P. deschampia
P. planiventris
P. sp. nr. claridgei
Eurytoma pollux 0.5 2-4 0.2-08 0.04 1-2 56 (30)
E. flavimana 54(5)52(5)50(24) T
Chlorocytus spp. 60 (2)58(2)56(2)52(2)50(32) T

C. phalaridis

Table 2.5 PCR reaction parameters for the primers “StLeu” and “AtAsp” (COII) (T:

touchdown programme; C; Chlorocytus).

Population Primer MgCl, dNTPs Taq DNA TannN
(M) (mM)  (mM) U/ @) °C (Cycles)
Tetramesa spp. 1.0 1.5,2 0.8 0.025 2 50(35),47(35),52(35)
47(1)47(30)47 (1) T
Chlorocytus spp. 1.0 1.5 0.8 0.025 2 4AT(H41G60)4aT(DT
C. phalaridis
Pediobius spp. 1.0 2 0.8 0.025 2 47(1)4730)47(HT

52 (35)

Table 2.6 PCR reaction parameters for the primers “A-298” and “B-ATPase 8” (COII) (T:

touchdown programme, S: set up programme; P: Pediobius).

Population Primer MgCl, dNTPs Taq DNA Tann
M) (mM) (mM) (U/ul) (ul) °C (Cycles)
Tetramesa spp. 05,10 154 04-0.8 0.0250.03 1-3 50(30),50(35)
Eurytoma spp. 45(5)55(35)S
Sycophila spp 60 (2)58(2)56(2)52(2)50332)T
Chlorocytus spp. 56(2)54(2)52(2)50(2)48(32) T
Pediobius spp. 0.5 156 0.4-0.8 0.03,0.04 2 50 (30), 50 (35), 52(30)

P. claridgei
P. planiventris
P. sp. nr. claridgei

58 (10) 51 (25) T

54 (3)52(3)50 (3)48 (3) T

56 (4) 53 (4)50 (32) T

60 (2) 58 (2) 56 (2) 52 (2) S0 (32) T
56 (2) 54 (2)52(2)50 (2) 48 (32) T
45 (5) 55 (35) S
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Table 2.7 PCR reaction parameters for the primers “A-298” and “B-tLys” (COII) (P:
Pediobius).

Population Primer MgCl,  dNTPs Taq DNA Tann
@M)  (mM) (mM) (U (uh) °C (Cycles)
Tetramesa spp. 1.0 1.5,2.5 0.8 0.025 2 48.5 (35)
Eurytoma spp.
Sycophila spp.
Chlorocytus spp.
Pediobius spp.
P. claridgei
P. planiventris
P. sp. nr. claridgei

Table 2.8 PCR reaction parameters for the primers “A-tLeu” and “B-ATP,.8” (COII) (C;
Chlorocytus).

Population Primer MgCl, dNTPs Taq DNA Tann
M) mM) mM) W) @) °C (Cycles)
Chlorocytus spp. 1.0 2 0.8 0.025 2 50 (35), 54 (35)
C. phalaridis

Table 2.9 PCR reaction parameters for the primers “tLeu” and “AtAsp” (COIl) (C;
Chlorocytus).

Population Primer MgCl, dNTPs Taq DNA Tann
@M)  (mM)  (mM) (Ul  (u) °C (Cycles)

Chlorocytus spp. 1.0 1.5 0.8 0.025 2 52 (30), 47 (30)

C. phalaridis 47 (1) 47 (30) 47 (1)
56 (1) 56 (30) 56 (1)
59 (1) 59(30) 59 (1)
60 (1) 60 (30) 60 (1)
62 (1) 62 (30)62 (1)
65.7 (1) 65.7 (30)
65.7 (1)

Table 2.10 PCR reaction parameters for the primers “B-tLYS” and “A-tLEU” (COIl) (C;
Chlorocytus).

Population Primer MgCl, dNTPs Taq DNA Tann
(M) (mM) (mM)  Up) @) °C (Cycles)
Tetramesa spp. 1.0 2 0.8 0.025 2 50 (35)
Chlorocytus spp. 1.0 2,3 0.8 0.025 2 45 (35), 51 (35), 57
C. phalaridis (35), 51 (30), 52 (30),
54 (30)
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Table 2.11 PCR reaction parameters for the primers “Pierre” and “Barbara” (COII) (P:
Pediobius).

Population Primer  MgCl, dNTPs Taq DNA Tann
(M)  (@M)  (mM) (U @) °C(Cycles)
Tetramesa spp. 1.0 4 0.8 0.04 2,5 48.5(35),60(35)
Eurytoma spp.
Sycophila spp.
Chlorocytus spp.

Pediobius spp. (IR)
Pediobius spp. (UK)
P. planiventris

P. sp. nr. claridgei

Table 2.12 PCR reaction parameters for the primers “S2792” and “Muscid” (COI-COII) (E:
Eurytoma; C; Chlorocytus; P: Pediobius).

Population Primer MgCl, dNTPs Taq DNA BSA Tann
(M) (mM) (mM) (U/ub u) mg/ml °C (Cycles)
Tetramesa spp 0.8;1 1.5-25 0.2-0.8 0.04,0.025 2 - 48 (35), 48 (30),
48 (55), 55 (35),
Eurytoma spp. 0.8 2.5-3  0.2-0.6 0.04,0.025 2 - 55 (35)
Eurytoma pollux

E. flavimana
E. appendigaster
E. sp. nr. apicalis

Sycophila spp 0.8 2-3 0.2-0.6  0.04, 0.025 2 - 55 (30), 55 (35)
Chlorocytus spp. 0.8 1.5-3  0.2-0.8 0.04,0.025 1,2 BSA:0.004 43(35)

C. phalaridis Bataine:0.05 M

Pediobius spp. 0.8 225 04-0.8 0.04,0.025 2 - 48 (35), 55 (35)
P. claridgei

P. deschampia
P. planiventris
P. sp. nr. claridgei
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Table 2.13 PCR reaction parameters for the primers “CB1” and “TR;” (Cytochrome b) (P:

Pediobius).
Population Primer MgCl, dNTPs Taq DNA BSA TanN
(M) (mM) (mM) (U/pl) (u) Mg/ml °C (Cycles)
Tetramesa spp. 05,1.0 3-6 0.6,0.8 0.03, 2,3 0.1 52 (35),45 (35),
Eurytoma spp. 0.05 45 (5) 55(30) S
Sycophila spp. 45 (5) 50 (5) 55(30) S
Chlorocytus spp. 58 (2) 56 (2) 54 (2) 52
Pediobius spp (IR) (2)5032) T
Pediobius spp (UK)

P. planiventris
P. sp. nr. claridgei

Table 2.14 PCR reaction parameters for the primers “CB1L” and “CB2” (Cytochrome b) (P:

Pediobius).
Population Primer MgCl, dNTPs Taq DNA BSA Tann
(uM) (mM) (mM) (U/ul) (u) mg/ml °C (Cycles)

Tetramesa spp. 0.5,1.0 3-6 0.8 0.03,005 2,3 0.1 45 (10) 50(25) S

Chlorocytus spp. 45 (5) 50 (5)55(30) S
60 (2) 58 (2) 56 (2) 52
25032 T

Eurytoma spp. 05,1.0 3-6 0.8 0.03,005 2,3 0.1 45 (35),

Sycophila spp. 45 (10) 50(25) S

Pediobius spp. 45 (5) 50 (5)55(30) S

P. claridgei 60 (2) 58 (2) 56 (2) 52

P. deschampia 25032 T

P. planiventris
P. sp. nr. claridgei

Table 2.15 PCR reaction parameters for the primers “CB1” and “CB2” (Cytochrome b) (P:

Pediobius).
Population Primer MgCl, dNTPs Taq DNA BSA Tann
M)  (mM) (mM) (U/pu) (u) Mg/ml °C (Cycles)
Tetramesa spp. 0.5 25,3 0.8 0.03, 2 0.1 45 (35), 53 (35),
Eurytoma spp. 0.04 52 (5) 50 (5) 48 (5) 45
Sycophila spp. 0T
Chlorocytus spp.

Pediobius spp. (IR)
Pediobius spp. (UK)
P. planiventris

P. sp. nr. Claridgei
P. deschanpia
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Table 2.16 The chalcid wasps which reared from two grass species, Leucopoa

pseudosclerophylla and Leucopoa sclerophylia in south-east, south-west and northern Iran

during 1997 to 1999.

Grass species Parasitic wasp (Family) Taxon
Leucopoa pseudosclerophylla Eurytomidae Tetramesa spp.
Eurytoma spp.
Sycophila spp.
Eulophidae Pediobius spp.
Pteromalidae Homoporus spp.
Chlorocytus spp.
Eupelmidae Macroneura vesicularis
Torymidae Syntomaspis baudysi
Leucopoa sclerophylla Eurytomidae Tetramesa spp.
Eurytoma spp.
Sycophila spp.
Eulophidae Pediobius spp.
Pteromalidae Chlorocytus spp.
Eupelmidae Macroneura vesicularis
Torymidae Syntomaspis baudysi
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Figure 2.1: Map of the grass sampling sites in south-east, south-west and north in Iran.

Abbreviations are given in Table 2.1.
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Figure 2.2 The relative location of oligonucleotide primers used for amplification and
sequencing of different regions of mitochondrial COI and COII genes (Adapted from Simon
et al 1994).

~—— Ron
— $2792
— Jerry
— A-tLEU
—— Pierre . A-298
W| C| Y (00) | coll K | D | Atp

Muscid +—

Nancy Pat «— Barbara ¢«—

B-tLYS «—
At-Asp ¢——

B-ATPase § +—

Figure 2.3. The relative location of oligonucleotide primers used for amplification and

sequencing of the mitochondrial cytochrome b gene (Adapted from Simon et al 1994).

— CBIL

—— CBI1

CYT-b S1

TRs ¢+—

CB2 «—
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Figure 2.4 QIAamp DNA extraction checking gel of individuals of Tetramesa sp. from
southeast, southwest and northern Iran.
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Appendix 2.1

Number of the specimens of Tetramesa and its parasitoids reared from the grass Leucopa
pseudosclerophylla together with the number of specimens that died and percentage of

mortality for all the sampling sites (southern Iran).

Species Year No. of specimens No. of specimens % of mortality
reared died
Tetramesa spp. 1997 653 315 46.0
1998 662 250 37.7
1999 445 180 40.4
Eurytoma spp. 1997 162 70 43.2
1998 174 80 46.0
1999 124 50 40.3
Sycophila spp. 1997 121 55 454
1998 142 55 38.7
1999 87 37 42.5
Homoporus spp. 1997 36 14 38.8
1998 40 15 37.5
1999 29 13 44.8
Syntomaspis baudysi 1997 13 6 46.2
1998 24 11 45.8
1999 11 6 54.5
Pediobius spp. 1997 66 29 44.0
1998 62 24 38.7
1999 57 24 42.1
Chlorocytus spp. 1997 212 100 47.2
1998 238 99 41.6
1999 166 65 39.2
Macroneura vesicularis | 1997 24 9 37.5
1998 59 20 33.8
1999 97 45 46.4
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Appendix 2.2

Number of the specimens of Tetramesa and its parasitoids reared from the grass Leucopa
sclerophylla together with the number of specimens that died and percentage of mortality for

all the sampling sites (northern Iran).

Species Year No. of specimens No. of specimens % of mortality
reared died
Tetramesa spp. 1997 487 227 46.6
1998 496 220 444
1999 235 93 39.5
Eurytoma spp. 1997 23 10 43.5
1998 19 8 42.1
1999 14 5 35.7
Sycophila spp. 1997 61 25 41.0
1998 61 20 32.8
1999 63 22 35.0
Syntomaspis baudysi 1997 25 25 100
1998 33 33 100
1999 50 50 100
Pediobius spp. 1997 21 10 48.0
1998 32 13 40.6
1999 15 7 46.7
Chlorocytus spp. 1997 187 85 45.5
1998 151 60 39.7
1999 85 33 38.8
Macroneura vesicularis | 1997 61 30 49.2
1998 40 17 42.5
1999 74 25 33.8
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CHAPTER 3
Geographical variation in morphological characters among Tetramesa populations

in Iran as derived from a morphometric analysis

3.1 Introduction
Parasitic Hymenoptera are among the most difficult taxa of insects to identify and
classify because of their uniform morphology. Some described species are comprised of
complexes of morphologically closely related species or sibling species (Claridge 1961;
Claridge & Askew 1960; Abdul-Rassoul 1976; Dawah 1986, 1987, 1988a; Dawah et al.
2002; Albarrak 2001). Among natural populations of these insects, morphological
similarity occurs so much that often no single character is diagnostic and sufficient to
separate them. Even within a genus, species show extremely uniform morphology while
genetic differentiation may have occurred (Dawah et al. 2002). Lack of distinguishable
morphological characters among closely related species, the presence of sibling species
and intraspecific variability make their separation based on morphological characters
alone very difficult (Claridge et al. 1997). The taxonomic status of cryptic species is,
however, of importance for evolutionary biologists, ecologists and applied biologists who
seek the evolutionary and genetic relationships of the nominal species under study.
Different explanations may be inferred, for example with regard to intraspecific
differentiation in host use and other ecological patterns, when nominally conspecific
populations are classified as separate host-specific sibling species (Adams & Funk 1997).
The above-mentioned difficulties have made it necessary for taxonomists to look for
other methods and complementary studies to delimit species (Gauld 1986, Powell &
Walton 1989).

In this study, populations of Tetramesa were reared from two grass species, L.

pseudosclerophylla and L. sclerophylla collected from several localities in Iran (see
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Table 3.1). As populations of Tetramesa were obtained from two host grass species, the
aim of this chapter was to test the hypothesis that geographical and host associated
populations are differentiated from each other and can be detected as sibling species. The
study was performed in order to determine whether there had been significant
morphological differentiation between the populations (based on locality and region-host
plant) especially northern populations, which were obtained from the grass, L.
sclerophylla compared to the southern populations (S.E and S.W) which were obtained
from the grass L. pseudosclerophylla. The results obtained will be compared with the
results of the molecular phylogeny of populations

One of the approaches used to establish the relative taxonomic status of species
and populations is morphometric analysis. Morphometrics continue to play a significant
role in the rapidly expanding fields of evolutionary biology, quantitative genetics and
evolutionary studies of development (Reyment et al. 1984; James & McCulloch 1990;
Roth & Mercer 2000). The word morphometric comes from two Greek words, ‘morpho’
meaning form and ‘metrien’ meaning to measure. It involves the quantitative analysis of
form using measurements of morphological structures. Morphological data can be
summarised numerically and expressed graphically to show possible morphological
relationships between populations. (Daly 1985). Multivariate morphometric analyses are
carried out either to group organisms together (cluster) or separate them (discriminate)
and provide statistical methods which allow the interrelationships between many
variables to be studied (Gauch 1982, James & McCulloch 1990, Reyment er al. 1984,
Sneath & Sokal 1973, Sokal & Rohlf 1981). Multivariate morphometric studies have
been carried out on different insect taxa to analyse population variation because insect
exoskeletons retain their form throughout adult life and can be easily measured (Sneath

& Sokal 1973). Examples of morphometric approaches to the study of morphological
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variation in different insect populations include morphological variation between
populations of Apis cerana (Fabricius) in Thailand and the Malaysian peninsula
(Sylvester et al. 1998), morphometric analyses on populations of Eubazus (Nees)
(Hymenoptera: Braconidae), parasitoids of European Pissodes spp. weevils (Coleoptera:
Curculionidae) (Kenis & Mills 1998) and morphometrics of selected allopatric
populations of Cotesia flavipes Cameron (Hymenoptera: Braconidae) (Kimani-Njogu et
al. 1997).

Species discrimination in host associated populations has been studied using
morphometric techniques in four species of Tetramesa in the UK (Albarrak 2001) and in
some genera of leathoppers and planthoppers, e.g. Alnetoidia Dlabola (Gillham, 1989),
Oncopsis Burmeister (Claridge & Nixon 1986), Nephotettix spp. (Haslam, 1984;
Ramakrishnan 1983), Mullerianella complex species (Booji 1981) and Alebra spp.
(Wilson 1979). Examples of a multivariate morphometric approach for studying
morphological variation in different insect species include morphometric and molecular
analysis of the Encarsia inaron species-group (Hymenoptera: Aphelinidae), parasitoids
of whiteflies (Hemiptera: Aleyrodidae) (Manzari et al. 2002), identification of the
Diadegma Foerster species (Hymenoptera: Ichneumonidae, Campopleginae) attacking
the diamondback moth, Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae) (Azidah
et al. 2000), discrimination of three species of phlebotomine sand flies (Diptera:
Psychodidae) (Aiiez et al. 1997), revision of the Indo-Australian parasitic wasp genus
Macrobracon Szépligeti (Hymenoptera: Braconidae) (Chishti & Quicke 1994),
morphological variation of Aphidius Nees species (Hymenoptera: Aphididae) reared
from seventeen aphid-hosts species (Pungerl 1986).

In light of these earlier morphometric studies, it was assumed that an analysis of

the extent of morphological variation between populations of Tetramesa could therefore
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be very useful using morphometric approaches with some expectation of discriminatory
power. So far no morphometric studies had been carried out on populations of Tetramesa
in Iran, so little is known about the morphological variation in this taxon. Thus, the aim
of this part of study was to investigate morphological variation in Tetramesa populations
using traditional multivariate analysis of distance measurements among morphological
landmarks. It was also important to see whether morphometrics can be used as a useful

method to population discrimination.

3.2 Materials and Methods

3.2.1 Specimens and sample size

Morphometric analyses were carried out on eight populations of Tetramesa reared
from two grass species L. pseudosclerophylla (Southeastern and Southwestern Iran) and
L. sclerophylla (Northern Iran) during three years from 1997 to 1999. In total, 80 females
were measured in this study. Sample sizes for each population and their geographical
region are shown in Table 3.1. For the map of collection sites see Figure 2.1 in chapter 2.
The largest distance between sampling sites was 979 km (between sites 9b and 4b) and

the smallest distance was 20 km (between sites 2d and 1a).

3.2.2 Character choice

Nineteen morphological characters were scored altogether, four from the head,
three from the thorax, five from the antennae, one from the wing, two from the fore leg,
two from the mid leg, and 2 from the hind leg. Some characters have been previously
used in the taxonomy of Chalcidoidea which is standard practice in traditional
morphometric study on this group of insects (Claridge 1961: Graham 1969, 1970;

Boucdek 1988; Boudek & Rasplus 1991; Zerova 1978, 1989) and others were chosen
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specifically for taxonomic analysis of Tetramesa (H.A. Dawah pers. comm.). Other
characters were selected on the basis of being convenient to measure and would give
accurate and reliable results. This is standard practice in morphometric work on this
group of insects. Description and illustrations of all measurements are given in Table 3.2

and Figure 3.1.

3.2.3 Sample preparation and measurement

The adult female insects used in this study were euthanased by putting them in
the freezer at —20° for about 20 minutes. The antennae, legs and wings were removed
under a binocular microscope using an entomological pin. Measurements were made
from the right-hand side of the body for all insects. All body parts were cleaned using
water and 70% ethanol. The head, thorax, antennae, wing, fore leg, mid leg and hind legs
were mounted with water-soluble adhesive onto a slide. Five adult insects were mounted
on each slide. When mounting samples, care was taken to arrange all the parts in a line
and the same position.

Photographs of all specimens were taken at National Museum and Galleries of
Wales (NMGW), Entomology Department using a video camera and binocular
microscope with a ring light connected to a PC running the programme Auto-Montage
v3.04 Syncroscopy. A standard lighting setting, iris opening and magnification were used
throughout. Images were then analyzed with Aequitas IA v1.32 Dynamic Data Links
calibrated with a micrometer (Figure 3.2). Before the measurements were made, the
microscope magnification was calibrated and kept unchanged throughout the
measurements. Before doing the measurements, land marks were selected. The

morphological characters used had very clear measuring landmarks.
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3.2.4 Consistency test

Consistency and accuracy of measurements is the most important point in
morphometric analysis, so before doing any measurement, a test to establish the
consistency and accuracy of the procedure was performed. For this reason, a few
specimens were first observed in order to determine appropriate landmark points for use
in measuring. Once the points were determined, the procedure of measurements was
performed. A character was selected and the measurement was performed for ten insects
on the first day and the same character was measured on the second day using the same
samples in order to check the accuracy and consistency of measurements. In this case, the
length of stigmal vein was measured. The data were analyzed using Analysis of
Variances (ANOVA). Consistency was also achieved in that one person performed all of
the measurements and all measurements were taken from the right-hand side of body. All
measurements were recorded in millimeters. The analyses were all carried out on

untransformed data. (Appendix 3.1).

3.2.5 Data analysis

Statistical analyses were conducted using the statistical package SPSS Base 10
(SPSS Ink 1999). Three common multivariate methods have primarily been used in
morphometric analysis: principal components analysis (PCA), discriminant function

analysis (DFA) and cluster analysis (CA).

3.2.5.1 Principal components analysis (PCA)

Principal components analysis is used as a data reduction technique to analyse
relationships among variables and among individuals within a single sample, to
discriminate size and shape components and because it attributes no a priori subdivision

of the sample into discrete units, to identify groups in the sample (Sneath & Sokal 1973,
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Reyment et al. 1984). PCA explains the maximum amount of total variation by
decreasing the original variables to a limited set of independent variables or principal
components, which are linear combinations of the original variables (Quicke 1993, Wiley
1981). PCA has often been used to analyse both intrapopulation (Kharusy 2000, Bilton
1993) and interpopulation morphological variation (Kimani-Njogu 1997, Haas & Tolley
1998). In PCA the first component accounts for the highest amount of the total variance
in the data set. The following component accounts for the next highest amounts of the
total variance and so on. Most of the variation can usually be summarised with only a
few components, therefore a two-dimensional graph can be constructed from the data
with many variables and the graph uses the components as axes. Here we used PCA to
analyse interpopulation morphological variation in size among Teframesa populations
reared from L. pseudosclerophylla (in South-east and South-west Iran) and L.

sclerophylla (in Northern Iran) based on locality and also region analysis.

3.2.5.2 Discriminant function analysis (DFA)

Discriminant function analysis (DFA) or Canonical discriminant analysis on
distance measurements is a statistical method for comparing two or more groups
(populations). The objective is to find a linear combination of characters that can
maximise the morphological variation present among populations and discriminate
between them (James & McCulloch 1990, Lubishew 1962, Gillham & Claridge 1994).
Discriminant function analysis has proved to be a powerful tool for discriminating taxa in
parasitic Hymenoptera (Krzanowski 1990, Chishti & Quicke 1994). Like principal
components analysis, discriminant function analysis summarises variation in a data set
and can be used to produce transformed axes, which yield maximum discrimination
between groups (Reyment et al. 1984, Pungerl 1986). Discriminant function analysis is

used to assign specimens in a sample to a group which they most resemble (Norusis
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1994). This method requires a priori designation of groups and is used to allocate
doubtful specimens to the group which they most closely resemble (Blackith & Reyment
1971) and is useful for studies of geographical variation (Claridge & Gillham 1992). In
the discriminant function analysis, the eigenvalue represents a measure of a function’s
ability to discriminate between groups (populations) (Norusis 1994). Records show that
components bigger than one are of special importance. Wilks’ Lambda represents the
discriminatory power of a variable, as the discriminatory power of a variable increases,
the smaller Wilks’ Lambda become. Its values range from 0.0 to 1.0. Small values
indicate strong group differences, while values close to 1.0, show no differences.

In this study DFA was used to discriminate between Tetramesa populations
(interpopulation morphological variation) reared from L. pseudosclerophylla (in south-
east and south-west Iran) and L. sclerophylla (in Northern Iran) once based on locality

and also based on region-host plant (Geographical and host-associated populations).

3.2.5.3 Cluster analysis

Cluster analysis is a technique used to classify populations or taxa based on their
similarity or dissimilarity using matrices of coefficients of similarity or dissimilarity
(Euclidean distance). Cluster analysis methods can be used as an “accuracy tool” to
detect the similarity of closely related groups especially when other techniques are not
helpful for classifying them. Relationships among the groups are usually expressed in a
dendrogram. The hierarchical cluster analysis uses different distances to define the
differences or similarities between groups. The squared Euclidean distance is used
frequently as a distance measure for clustering groups (SPSS Base 10). The table of
proximity matrix shows the matrix of proximities between groups (populations). In this
section squared Euclidean distance was used which is a measure of dissimilarity. Larger

values show populations which are very different and smaller values indicate populations
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which are very similar. Here we used hierarchical cluster analysis to detect
interrelationships among Teframesa populations reared from L. pseudosclerophylla (in
South-east and South-west Iran) and L. sclerophylla (in Northern Iran) once based on

locality and also based on region-host plant.

3.3 Results

3.3 1 Grass collection and identification

Nine species of grasses were identified which are shown in Appendix 3.2. When
the grass species Leucopoa pseudosclerophylla and Lecopoa sclerophylla were dissected
initially, a reasonable number of chalcid wasps belonging to different taxa were collected
from them, so this study was focused on these two grass species. These two grass species
were collected regularly from south-east, south-west and north of Iran in 1997, 1998 and

1999 (see Table 2.1 in chapter 2).

3.3 2 Insect rearing and identification

The larvae of parasitic wasps were identified to genus level using the
identification key and general characters as described by Dawah & Rothfritz (1996). The
adults were identified at the genus level using the identification key by Peck (1964) and
Bouéek & Rasplus (1991). The result of identifications showed the presence of eight
genera belonging to five families of chalcidoid wasps: Eurytomidae, Pteromalidae,
Eulophidae Eupelmidac and Torymidae. Three Genera (ZTetramesa, Eurytoma and
Sycophila) belonging to family Eurytomidae; two genera (Chlorocytus and Homoporus)
belonging to family Pteromalidae; one genus (Pediobius) belonging to family
Eulophidae; one genus (Macroneura) belonging to family Eupelmidae and one genus

(Syntomaspis) belonging to family Torymidae were identified. The Chalcid wasps (larvae
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and adult) collected from L. pseudosclerophylla and L. sclerophylla, during three years
(from 1997 to 1999) are shown in Table 2.16. Dr. H. A. Dawah confirmed all the

identifications of all the Hymenoptera reared from grasses.

3.3.3 Consistency test
The result of consistency test using analysis of variances (ANOVA) showed that
there were no significant differences between measurements (P = 0.870) (Table 3.3),

indicating that all measurements were consistent and accurate.

3.3.4 Data analysis

The analysis was conducted in two ways: first based on locality (topic A) and
second based on region (topic B). In A, eight populations were considered, (Table 3.4).
In B, three populations were considered (Table 3.5). In B analysis three subpopulations
from southeast Iran were considered as a single population (which were reared from the
grass L. pseudosclerophylla), three subpopulations from southwest Iran were considered
as population two (which were reared from L. pseudosclerophylla) and two
subpopulations from northern Iran were considered as population three (which were

reared from L. sclerophylla) and the statistical methods were performed separately.

A. Morphometric analysis in Tetramesa populations based on locality

3.3.5. Principal components analysis (PCA)

Principal components analysis was performed for all morphological characters.
Five components were extracted for the analysis. A scatter diagram of female Tetramesa
with respect to the first and second principal components obtained using all 19 characters

is presented in Figure 3.3. Component matrix (factor loading) for first two principal
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components is presented in Table 3.6 which is the same for both locality and region
analyses. The component score coefficient matrix show the contribution of characters;
i.e. the characters which have high scores, they have more contribution on different
principal components. In other words, these scores help us to find the variables, which
may be more important in the separation of populations. Length of antennal segment 1,
distance between lower left pronotum and lower right mesoscutum, bread of thorax and
tarsal segment 1 of hindleg had the highest influences on first principal component (see
Table 3.6).The specimens of population eight (code 9c¢, northern Iran) which were reared
from L. sclerophylla are weakly separated from other seven populations with some
overlap, while the individuals of other populations show much overlap with each other
(Fig. 3.3). The first two principal components together accounted for 73.3% of the total
variance. Therefore we were unable to detect clear isolated clusters in Tetramesa
populations reared from L. psudosclerophylla and L. sclerophilla from eight localities in
South-eastern, South-western and Northern Iran, although population eight was partially

separated from the other seven populations.

3.3.6 Discriminant function analysis (DFA)

A summary of canonical discriminant functions considering 19 variables for
female Tetramesa across the eight localities across Iran is given in Table 3.6, including
the levels of variance and the significance for seven functions. Low values of Wilks’
Lambda test (the smaller the lambda, the greater the difference among groups) and
statistically significance Chi-square values (Table 3.7) show that, in particular the first
three functions are significant predictors. The first function accounted for 67.8% of the
total variation a, the second function for 19.0%, and the third function for 6.8% which

together accounted for 93.6% of the total variation in the data.
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Table 3.8 shows the standardised canonical discriminant function coefficients that
determine the relative importance of the characters in discriminating the populations. The
characters HL2 (tarsal segment 2 of hind leg) and W1 (stigmal length) show the highest
magnitudes (1.330 and —1.135 respectively) at function 1; whereas the characters H1
(distance between two top ocelli) and T3 (length of petiolar foramen) show the highest
magnitudes (1.636 and —1.119 respectively) at function 2. These functions contribute
most to the separation between populations. A plot of the first two canonical variates for
the Tetramesa populations is shown in Fig. 3.4 showing the degree of inter-population
difference. Population 8 (code 9c, northern Iran) is completely separated from other
populations. Population 7 (code 9b, northern Iran) seems also to be somewhat separated
from other populations, but the separation is not complete.

Table 3.9 shows the result of reclassification of individuals according to the
original discriminant functions, derived with a priori specified group membership. The
table indicates that in population 8 (code 9c, north Iran), 100% of individuals are
reclassified correctly into their original group. The individuals of populations 2 (code 2d,
S.E), 4 (code 7, S.W), 5 (code 7a, S.W), 6 (code 7b, S.W), and 7 (code 9b, North)
resembled each other, since 80% of individuals of these populations are reclassified
correctly into their original groups. In populations 1 (code 1a, S.E) and 3 (code 4b, S.E)
50% and 60% of individuals are reclassified correctly into their original groups

respectively. In total, 76.3% of original grouped cases were correctly classified.

3.3.7 Cluster analysis

Table 3.10 shows a population proximity matrix between Tetramesa populations
based on squared Euclidean distance. This is a dissimilarity matrix. Higher values
indicate populations which are very different, while smaller values indicate populations

which are very similar. The dendrogram of cluster analysis based on data of squared
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Euclidean distances between populations of Tetramesa which were reared from two
allopatric host plants, L. pseudosclerophylla and L. sclerophylla across eight locations in
Northern, South-eastern and South-western Iran is shown in Fig. 3.5. Two main branches
are shown, one that combines seven populations from South-eastern, South-western and
Northern Iran and the other that represents one Northern population (9¢c). The population
9c from North that were reared from L. sclerophylla, showed a relatively large
phenotypic distance from those collected from southeast, southwest and also northern

Iran.

B. Morphometric analysis in Teframesa populations based on region

Three populations were studied, southeast samples (subpopulations) as population
1, Southwest samples (subpopulations) as population 2 and Northern samples
(subpopulations) as population 3. The multivariate statistical tests were performed and

the results are given below.

3.3.8 Principal Components Analysis (PCA)

Five components were extracted for the analysis. A scatter diagram of female
Tetramesa with respect to first and second principal components obtained using all 19
characters. The results were similar to the locality analysis so they are not presented

again.

3.3.9 Discriminant function analysis (DFA)

Summary of canonical discriminant function is shown in Table 3.11 which
considers 19 morphological characters for female individuals from the three geographic
regions across Iran including the levels of variance and the significance for two

functions. The table indicates that function 1 carries 94.9% of the variance and function 2
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shows 5.1% variance. Both functions together therefore accounted for 100% of total
variation in the data.

Table 3.12 represents the standardised canonical discriminant function
coefficients. As the table shows the characters T3 (length of petiolar foramen), H1
(distance between two top ocelli), H3 (length of compound eye) and HL2 (tarsal segment
2 of hindleg) show the highest magnitudes (-1.399, 1.296, -1.268, and 1.255 respectively)
at function 1 and the character T3 (length of petiolar foramen) show the highest
magnitude (-1.297) at function 2 that contribute more to the separation between
populations.

A graphical presentation of the first two canonical variates is shown in Figure 3.6,
indicating the degree of inter-population differences. Here we can see that populations of
Tetramesa can largely be classified into geographic groups based on region-host plant.
Also as the graph shows, the northern population is separated from the southern
populations.

Table 3.13 shows the results of reclassification of individuals according to the
original discriminant functions, derived with a priori specified group membership. The
correct self-classification rate is 83.3% for populations 1 and 2 (Southern populations)
and 85% for population 3 (Northern populations). As a whole about 84% of original

grouped cases were correctly classified.

3.3.10 Cluster analysis

Table 3.14 shows the population proximity matrix between Tetramesa
populations based on squared Euclidean distance. The dendrogram of cluster analysis
based on data of squared Euclidean distances between three populations of Tetramesa
which were reared from two allopatric host plants, L. pseudosclerophylla and L.

sclerophylla in three regions in Iran is shown in Figure 3.7. Two main branches are
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recovered, one that combines populations one and two from the southeast and southwest
respectively and the other that represent northern population (population three). The
northern population that was reared from L. sclerophylla shows a very large phenotypic

distance from Southern populations (south-eastern and south-western populations).

3.4 Discussion

There are no studies concerning multivariate analysis of morphological characters
in Tetramesa populations associated with grasses in Iran. The aim of this study was to
investigate morphological variation in eight Teframesa populations collected from
Southeast, Southwest and Northern Iran based on two analyses, locality and region-host
plant. The result of this morphometric analysis reveals variation for size in some
morphological characters among geographic and host associated populations of
Tetramesa (northern and southern populations) based on region analysis.

Considering the canonical discriminant analysis based on locality, population 9¢
(Northern Iran) is completely separated from other populations at function 1, while the
other northern population (9b) is almost completely separated from other populations
(except one individual). This can again be seen on the dendrogram of cluster analysis,
when the population 9c does not cluster with any other population, revealing a clear
separation. Canonical discriminant function analysis produces the strongest separation
between geographic (allopatric) populations based on region analysis. Since the
separation of Northern and Southern populations can be confirmed by cluster analysis it
is possible to discriminate clearly the two geographic clusters. For example, Georgini &
Baldanza (2004) measured 20 morphological characters of two populations of Encarsia
Sophia (Girault and Dodd) (Hymenoptera: Aphelinidae) from different geographical

areas (Pakistan and Spain), which are parasitoids of greenhouse whitefly 7Trialeurodes
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vaporariorum (Westwood), and the sweetpotato whitefly Bemisia tabaci (Gennadius)
species-complexes (Hemiptera: Aleyrodidae). As with the present study, they were able
to discriminate completely between Pakistani and Spanish individuals using the
canonical discriminant function analysis.

Albarrak (2001) carried out morphometrics using relevant morphological
characters of the head, thorax, wing and leg measurements to study differentiation
between four Tetramesa species in the UK. Although he provided evidence to separate
these taxa, the approach was not successful in discriminating between the host associated
sympatric populations of 7. hyalipennis (Walker) reared from two host grasses, Elymus
repens (L.) and E. farctus (Viv.). The result of the present study demonstrates that
according to locality analysis, the tarsal segment 2 of the hind leg, stigmal vein, distance
between the two top ocelli, length of petiolar foramen and, for region analysis the length
of the petiolar foramen and distance between two top ocelli, length of compound eye and
tarsal segment 2 of hindleg were the most important characters that showed
differentiation between Teframesa populations in Iran. This agrees with the finding of
Al-Barrak (2001), Ghajarieh (2003) and Claridge (1961) who showed that the leg, wing
and head characters are among the most important in separating eurytomid wasps.

The first two canonical variates for Tetramesa populations accounted for 93.6%
and 100% of total variation based on location and region-host plant respectively so it can
be concluded following Reyment et al. (1984) the variation, since it is more than 80%, is
biologically meaningful in this case.

Overall 24% and 16% of individuals based on locality and region-host plant
respectively were misclassified into different groups. This result indicates some degree of
intrapopulation variation; for example Kharusy (2000) and Bilton (1993) found similar

results on their work on the grain borer, Prostephanus truncatus (Horn) (Coleoptera:
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Bostrichidae) and the Diving beetle, Hydroporus glabriusculus Aubé (Coleoptera:
Dytiscidae) respectively.

This study demonstrates that morphometric analysis of morphological characters
can discriminate among geographic groups based on size variation and accurately
classify individuals of Northern and Southern populations of Tetramesa in Iran (Fig. 3.7).
These populations can be separated into two main morphological groups corresponding
to northern and southern populations on the basis of selected morphological characters,
their geographical distribution (regions) and host plants. Geographic variation is
widespread in animal populations that have a large geographic distribution (Mayr 1963).
As a result the populations located in different geographical areas which may subdivided
by geographical barriers are locally adapted to the physical and biotic factors of their
environment (Futuyma 1998). The morphological variation among northern and southern
populations of Tetramesa may be due to environmental pressures that gave rise to
selection for certain morphological characters. Margaritopoulos et al. (2000) found that
morphological variation between clones of aphid Myzus persicae (Sulzer) (Hemiptera:
Aphididae) reared from tobacco and other hosts were likely to be under genetic control,
and the effect of temperature also on morphological variation in aphids has been
demonstrated (Blackman & Spence 1994). As northern and southern populations of
Tetramesa were reared from two host plant species, L. sclerophylla and L.
pseudosclerophylla respectively, this implies that each geographic and host associated
population is restricted to one grass species. However it remains possible that phenotypic
plasticity between northern and southern populations of Tetramesa has been induced.
Other evidence is needed to support the existence of morphological and genetic
differentiation in Northern and Southern populations of Tetramesa in Iran. For example,

host-shift experiments could be done to investigate the effect of host food plant.
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Investigations at the molecular level such as phylogeographic analysis among the
Tetramesa populations are also necessary in order to achieve an additional non

phenotypic perspective of the variation among populations.
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Table 3.1. Collection sites of eight populations of Tetramesa from Iran. (L. p: Leucopoa
pseudosclerophylia; L. s: Leucopoa sclerophylla).

Province Collection Longitude Latitude Sample Host
Sites and codes size plant

Kerman la Sirch 30071SN 572710E 10 Lp
(South-east) 2d Deh Lo-Lo, Kouhpayeh 300315N 571512E 10 Lp
4b Seyahbenouieh, Rabour 291510N 561707E 10 Lp

Fars 7 Dasht-e-Morghab 291508 N 521707E 10 Lp
(South-west) 7a Sheshpir (Shiraz-Sepidan Rd.) 301010N 522502E 10 Lp
7b Sepidan-Yasuj Rd. 301506 N 511012E 10 Lp

Tehran 9b Gachsar (Karaj-Chalous Rd) 364511 N 504530E 10 L s
(North) 9c Sirachal (Karaj-Chalous Rd.) 354307 N 504020 E 10 L s

Table 3.2 Morphological characters used for populations of Tetramesa from Iran.

Character Description

H1 Distance between two top ocelli
H2 Distance between compound eye and ocellus
H3 Length of compound eye
H4 Distance between the lower corner of compound eye and ocellus
Tl Distance between lower left pronotum and lower right mesoscutum
T2 Breadth of thorax
T3 Length of petiolar foramen

Wi Stigmal vein (from start of postmarginal vein to uncus)

ANI1 Length of scape

AN2 Length of antennal segment 1

AN3 Length of antennal segment 2

AN4 Length of antennal segment 3

ANS Length of clava (club)

FL1 Tarsal segment 1 of foreleg

FL2 Tarsal segment 2 of foreleg

MLI Tarsal segment 1 of midleg

ML2 Tarsal segment 2 of midleg

HL1 Tarsal segment 1 of hindleg

HL2 Tarsal segment 2 of hindleg

Table 3.3 Test of consistency which used to determine accuracy of the measurements.

Sum of Squares df Mean Square F Sig.
Between Groups 1.467 9 .163 461 .870
Within Groups 3.533 10 353
Total 5.000 19
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Table 3.4 Population grouping used for locality analysis. Site and collection data for
eight populations of Tetramesa from Iran are shown.

Collection site Population  Province  Geographic = Sample Host plant

Code location size
Sirch la Kerman S.E Iran 10 L. pseudosclerophylla
Deh Lo Lo, 2d Kerman S.E Iran 10 L. pseudosclerophylla
Koohpayeh
Seyahbenouieh, 4b Kerman S.E Iran 10 L. pseudosclerophylla
Rabor
Ghader-Abad, 7 Fars S.W Iran 10 L. pseudosclerophylla
Dasht-e-Morghab
Sheshpir, Shiraz- 7a Fars S.W Iran 10 L. pseudosclerophylla
Sepidan Road.
Sepidan-Yasuj 7b Fars S.W Iran 10 L. pseudosclerophylla
Road.
Karaj-Chalus Road. 9% Tehran North Iran 10 L. sclerophylla
Sirachal, Karaj- 9c Tehran North Iran 10 L. sclerophylla
Chalus Road.

Total 80
samples

Table 3.5 Population grouping used for region-host plant analysis. Site and collection
data for three geographic populations of Tetramesa from Iran are shown.

Population  Subpopulations Geographic Sample Host plant
number region size
1 1a,2d,4b S.E Iran 30 L. pseudosclerophylia
2 7,7a,7b S.W Iran 30 L. pseudosclerophylia
3 9b,9¢ N. Iran 20 L. sclerophylla
Total samples 80
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Table 3.6 Component matrix (factor loading) for two principal components extracted

based on all morphological characters for female Tetramesa sp.

Component
1 2
H1 .804 .258
H2 628 -.001
H3 .802 406
H4 .796 .349
T .861 274
T2 .866 .258
T3 721 .351
Wi .320 .553
AN1 .925 | 9.876E-02
AN2 837 145
AN3 .802 | 6.225E-02
AN4 712 -.025
AN5 .760 .299
FL1 .762 -.451
FL2 .766 -.507
ML1 847 -.428
ML2 77 -.485
HL1 .865 -.365
HL2 .836 -.459

Table 3.7 Summary of canonical discriminant function for female Tetramesa based on

locality analysis (p < 0.001).
Test of functions  Eigenvalue % of Variance = Wilks' Lambda  Chi-square df  Significance
1 7.127 67.8 0.013 304.670 63 0.000
2 1.997 19.0 0.108 156.955 48 0.000
3 0.713 6.8 0.323 79.572 35 0.000
4 0.357 34 0.554 41.619 24 0.014
5 0.246 23 0.752 20.072 15 0.169
6 0.048 0.5 0.937 4.594 8 0.800
7 0.018 0.2 0.982 1.261 3 0.738
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Table 3.8 Standardised canonical discriminant function coefficients for the first three
functions on the basis of locality analysis. Asterisks represent those values that contribute
most strongly to the separation among populations.

Character Function
1 2 3
H1 0.183 1.636* -0.112
H2 0.344 0.325 0.605
H4 -0.768 -0.477 -1.342
T2 0.252 0.845 0.679
T3 -0.481 -1.119* -1.204
wi -1.135* 0.393 0.743
AN2 0.322 -0.929 0.763
HL1 0.072 -0.901 -0.527
HL2 1.330* 0.480 0.448

Table 3.9 Results of a reclassification of individuals of Tetramesa populations using the
original discriminant functions. 76.3% of original grouped cases were correctly
classified. Percentage of individuals correctly classified are in the diagonal.

Population Predicted group membership (%)

la 2d 4b 7 7a 7b 9b 9c
la 50 10 0 10 20 10 0 0
2d 20 80 0 0 0 0 0 0
4b 10 20 60 0 0 10 0 0
7 10 10 0 80 0 0 0 0
Ta 10 10 0 0 80 0 0 0
7b 10 0 0 0 10 80 0 0
9b 0 0 0 0 10 10 80 0
9¢ 0 0 0 0 0 0 0 100

Table 3.10 Population proximity matrix based on squared Euclidean distance between
eight Tetramesa populations according to locality analysis (dissimilarity matrix).

Pop 1 2 3 4 5 6 7 8
1
2 0.400
3 2.407 1.777
4 0.221 0.215 2.759
5 0.786 1.589 4.892 0.966
6 1.663 1.140 0.754 1.762 4.288
7 0.730 0.662 1.735 0.728 1.859 0.909
8 4.748 6.226 10.275 5.316 2.736 9.092 4.803

Table 3.11 Summary of canonical discriminant function for female Tetframesa based on
region-host plant analysis (p < 0.001).

Test of functions | Eigenvalue % ofVariance Wilks' Lambda | Chi-square df | Significance
1 4.229 94.9 .156 138.508 12 .000
2 0.228 5.1 815 15.274 5 .009
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Table 3.12 Standardised canonical discriminant function coefficients for the first three
functions on the basis of region-host plant analysis. Asterisks represent those values that
contribute most strongly to the separation among populations.

Function
Character 1 2
Hi 1.296* 659
H3 -1.268* .054
T2 758 944
T3 -1.399* -1.297*
Wi -.521 323
HL2 1.255* -.624

Table 3.13 Results of a reclassification of individuals of Tetramesa populations using the
original discriminant functions. 83.8% of original grouped cases were correctly
classified. Percentage of individuals correctly classified are shown in the diagonal.

Predicted Group Membership

Population 1 2 3
1 83.3 16.7 .0
2 16.7 83.3 .0
3 .0 15.0 85.0

Table 3.14 Population proximity matrix based on squared Euclidean distance between
three Tetramesa populations according to region-host plant analysis.

Pop 1 2 3
1
2 2421
3 404.685 455.390
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Figure 3.1 Morphological characters used for the morphometric analysis of populations
of Tetramesa (A. head, B. thorax, C. wing (stigmal vein), D. antenna, E. fore, mid and
hind legs).
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Figure 3.1 (continued) Morphological characters used for the morphometric analysis of

populations of Tetramesa (A. head. B. thorax, C. wing, D. antenna, E. fore, mid and hind
legs).
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Figure 3.2 The video camera, binocular microscope, and computer which was used for

morphometric analysis of morphological characters among Tetramesa populations (see
text for the details).
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Figure 3.3 Plot of the first two principal components for eight Tetramesa populations
based on Locality using all nineteen morphological characters. The first two components
accounted for 73% of the total variance. Although the population 8 from northern Iran
(Circled) partially separated from other seven populations, there is no clear isolated
cluster among populations.
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Figure 3.4 Group centroids of the first two discriminant funtions for females of eight
Tetramesa populations which reared from two grass species, Leucopa
pseudosclerophvlla and Leucopa sclerophylla in Iran. Population 8 from northern Iran
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Figure 3.6 Group centroids of the first two discriminant functions for females of three
Tetramesa populations which were reared from two grass species, Leucopa
pseudosclerophyila and Leucopa sclerophyila in Iran. Northern population is separated
from southern populations.
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Figure 3.7 Dendrogram of hierarchical cluster analysis based on Euclidean distances
using average linkage between geographic popuiations of Tetramesa reared from two
host-plant species in three regions of Iran. The numbers indicate the populations. The
geographical region of each population are given te the left of the population identifier.
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Appendix 3.1 Morphometric data of eight Tetramesa populations from Iran.

Population  HI1 H2 H3 H4 T1 T2 T3 Wi ANl AN2 AN3 AN4 ANS FL1 FL2 ML1 ML2 HL1 HL2
1.00 0.59 0.21 0.67 0.79 1.30 1.32 0.32 0.37 0.60 021 0.16 0.14 0.46 022 0.14 0.24 0.14 0.36 0.18
1.00 0.56 0.19 0.62 0.74 1.23 125 0.31 0.34 0.59 0.20 0.17 0.13 041 0.22 0.14 0.28 0.17 0.33 0.18
1.00 0.55 0.21 0.62 0.75 1.22 121 0.29 035 0.58 0.21 0.16 0.15 041 0.23 0.13 0.23 0.13 0.33 0.17
1.00 0.58 022 0.65 0.78 127 1.29 0.31 0.38 0.58 0.21 0.15 0.13 0.40 0.21 0.13 0.22 0.14 0.36 0.18
1.00 0.46 0.18 0.55 0.65 0.96 097 0.24 031 048 0.15 0.11 0.09 0.34 0.19 0.13 0.19 0.12 0.27 0.15
1.00 0.51 0.19 0.57 0.66 1.05 1.06 0.28 033 0.51 0.17 0.12 0.10 0.40 0.23 0.11 0.20 0.13 0.27 0.15
1.00 047 0.19 0.55 0.68 1.39 1.41 0.35 032 047 0.15 0.12 0.13 038 0.19 0.10 0.17 0.12 0.27 0.16
1.00 0.53 020 0.59 0.70 1.08 1.09 0.26 0.32 0.55 0.17 0.15 0.13 0.38 0.20 0.11 0.19 0.12 0.29 0.15
1.00 0.59 021 0.61 0.75 1.22 124 0.32 0.37 0.57 0.21 0.14 0.13 037 0.23 0.14 0.24 0.14 0.35 0.17
1.00 0.59 0.22 0.63 0.77 1.25 1.28 033 037 0.60 023 0.15 0.14 0.40 0.21 0.14 0.26 0.15 0.38 0.19
2.00 0.53 021 0.62 0.76 1.24 1.29 0.31 0.36 0.56 0.18 0.14 0.11 0.44 0.22 0.12 0.22 0.13 033 0.16
2.00 0.50 0.19 0.56 0.68 1.03 1.05 0.28 033 0.49 0.17 0.14 0.13 0.39 0.19 0.11 0.20 0.1 0.29 0.16
2.00 0.50 0.20 0.56 0.69 1.04 1.07 0.27 0.34 0.51 0.17 0.13 0.13 037 0.19 0.13 0.20 0.12 0.28 0.14
2.00 0.59 021 0.67 0.79 1.25 1.30 0.32 0.40 0.58 021 0.16 0.15 043 0.23 0.13 0.23 0.13 033 0.17
2.00 0.56 0.20 0.66 0.77 1.21 1.24 0.31 0.37 0.58 0.21 0.16 0.16 0.42 0.20 0.12 0.22 0.12 0.32 0.16
2,00 0.54 0.21 0.59 0.74 1.14 117 031 037 0.55 0.20 0.15 0.13 0.40 0.27 0.16 0.23 0.14 0.32 0.16
2.00 0.61 022 0.68 0.79 127 133 035 043 0.62 0.22 0.18 0.16 045 0.30 0.19 0.32 0.16 0.42 0.22
2.00 0.57 0.20 0.62 0.75 1.21 1.22 0.31 0.39 0.58 0.21 0.15 0.14 0.42 0.19 0.13 0.23 0.13 0.35 0.17
2.00 0.47 0.19 0.57 0.68 0.99 1.00 0.26 0.33 0.48 0.17 0.12 0.12 0.39 0.17 0.11 0.16 0.12 0.25 0.14
2.00 0.54 0.21 0.60 0.73 1.15 115 0.29 0.35 0.54 0.18 0.14 0.14 0.40 0.22 0.13 0.21 0.11 032 0.16
3.00 0.50 022 0.56 0.72 1.08 1.09 0.29 0.34 0.52 0.19 0.14 0.13 0.38 0.19 0.12 0.21 0.12 032 0.15
3.00 0.54 0.20 0.61 0.73 115 1.18 0.30 0.35 0.54 0.21 0.15 0.15 041 0.22 0.12 0.23 0.14 033 0.17
3.00 0.52 021 0.61 0.74 1.08 1.09 0.30 0.39 0.57 0.21 0.14 0.13 0.42 0.20 0.14 023 0.14 033 0.17
3.00 0.49 022 0.57 0.70 1.08 1.09 0.28 035 0.53 0.20 0.15 0.12 0.38 0.20 0.13 0.22 0.14 0.42 0.20
3.00 0.44 0.18 0.53 0.64 091 0.90 0.24 0.32 0.48 0.16 0.11 0.11 0.35 0.17 0.11 0.20 0.12 0.28 0.16
3.00 0.52 0.21 0.58 0.70 1.12 1.17 0.30 033 0.54 0.20 0.14 0.13 0.40 0.17 0.11 0.21 0.12 031 0.15
3.00 044 0.16 0.52 0.62 1.24 1.26 0.31 0.38 0.57 0.21 0.15 0.12 0.42 0.24 0.13 0.24 0.14 0.33 0.17
3.00 043 0.17 0.50 0.60 1.19 1.19 0.30 0.36 0.58 0.19 0.15 0.15 041 023 0.13 0.24 0.14 0.31 0.17
3.00 0.44 0.15 0.52 0.61 1.18 1.20 0.29 035 0.56 0.19 0.16 0.16 041 0.30 0.17 0.22 0.13 032 0.18
3.00 043 0.16 0.50 0.60 1.16 1.18 0.30 0.35 0.56 0.20 0.15 0.15 0.40 0.20 0.13 0.21 0.10 0.31 0.16
4.00 0.49 0.20 0.58 0.70 1.04 1.07 0.26 0.33 0.49 0.17 0.13 0.13 0.39 0.18 0.11 0.21 0.12 0.26 0.14
4.00 0.51 0.19 0.56 0.71 1.05 1.08 0.26 0.34 0.49 0.17 0.12 0.13 041 0.18 0.11 0.20 0.12 0.28 0.15
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Appendix 3.2

Different grass species collected preliminary from localities in south-east, south-west and

north Iran.
Host plant Province Collection Collection Geographical
sites Site code region
L. Kerman Sirch la Southeastern Iran
pseudosclerophylla Deh-Salah, Kouhpayeh 2b Southeastern Iran
Deh Lo-Lo, Kouhpayeh 2d Southeastern Iran
Seyahbenouieh, Rabour 4b Southeastern Iran
Fars Dasht-e-Morghab, Shiraz 7 Southwestern Iran
Sheshpir (Shiraz-Sepidan Rd. Ta Southwestern Iran
Sepidan-Yasuj Rd. 7b Southwestern Iran
Khorasan Dizbad, Neishbour 8 Northeastern Iran
L sclerophylla Tehran  Karaj-Chalous Rd. 9% Northern Iran
Sirachal (Karaj-Chalous Rd.) 9¢ Northern Iran
Stipa arabica Trin. Kerman Kerman-Sirch Rd. 1b Southeastern Iran
& Rupr. Kerman-Kouhpayeh Rd. 2c Southeastern Iran
Simk, Kouhpayeh 2e Southeastern Iran
Vamegh-Abad, Kouhpayeh 2f Southeastern Iran
Pabdana, Zarand 6 Southeastern Iran
Calamagrostis Kerman Sirch la Southeastern Iran
pseudophragmites Kerman-Sirch Rd. 1b Southeastern Iran
(Haller f.) Koeler Bidouieh, Kouhpayeh 2a Southeastern Iran
Deh Lo-Lo, Kouhpayeh 2d Southeastern Iran
Dahmardan (Negar-Qaleaskar Rd.) 3a Southeastern Iran
Hararon (Kerman-Baft Rd.) 3c Southeastern Iran
Elymus Kerman Sirch la Southeastern Iran
elongatiformis Dahmardan (Negar-Qaleaskar Rd.) 3a Southeastern Iran
(Drobow) Assadi Hararon (Kerman-Baft Rd.) 3c Southeastern Iran
Alopecurus Kerman Hararon (Kerman-Baft Rd.) 3c Southeastern Iran
arundinaceus Poir.
Alopecurus Kerman Dar-e-Nem, Sardouieh 5 Southeastern Iran
pratensis L.
Festuca Kerman Bidouieh, Kouhpayeh 2a Southeastern Iran
arundinacea
(Schreb)
Dactylis glomerata Kerman Dahmardan (Negar-Qaleaskar Rd.) 3a Southeastern Iran
L. Tehran  Karaj 10a Northern Iran

110



CHAPTER 4
Genetic variation and mitochondrial DNA phylogeography of chalcid wasp

populations in Iran

4.1 Introduction

Phylogeography is a powerful approach for exploring historical demographic events
associated with biogeography, including the relative roles of gene flow, population
bottlenecks, population expansions and vicariance in shaping current geographical
patterns of genetic variation (Avise 1994). Patterns of genetic differentiation at any
geographical scale may reveal valuable information pertaining to contemporary processes
such as secondary contact, hybridization and also processes such as past fragmentation
and range expansion (Zink 1994; Templeton et al. 1995).

Advances in molecular genetic markers particularly mitochondrial DNA
(mtDNA) have in particular revolutionised insect population genetic studies and have
made it possible to reveal sequential patterns of population differentiation, reflecting
these historical links in geographical space in order to make spatio-temporal inferences
about the evolutionary processes at the population level (Templeton 1998; Alexandrino
2002) which is the subject of intraspecific phylogeography (Avise et al. 1987; Roderick
1996). Although this approach has been recently investigated for a large number of insect
species (e.g. Gomez-Zurita et al. 2000; Brunner et al. 2004; Mardulyn 2001; Andersen et
al. 2000; Cooper et al. 1995; Ibrahim et al. 1996), surprisingly little is known about
population structure and rates of gene flow between local populations of insect natural
enemies (Roderick 1996; Hopper et al 1993).

Highlighting the importance of evolutionary processes (contemporary and
historical) is less well established in the order Hymenoptera and especially in the genus

Tetramesa and their parasitoids. Intraspecific phenotypic variation and the existence of
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many aggregate sibling species in a number of taxa within the chalcidoidea (Dawah
1986; Dawah et al. 2002; Boucek 1988; Graham 1970) have excited taxonomists to find
other criteria in the field of molecular systematics for resolving these taxonomic issues.
However, few molecular studies have been carried out on eurytomid wasps and their
parasitoids to date.

Studies so far have been limited to protein electrophoresis analysis on the British
Tetramesa species complex (Dawah 1987) and the British Eurytoma species complex
(Eurytomidae) (Dawah 1988b), the British Pediobius species complex (Eulophidae)
(Dawah 1988a; Dawah et al. 2002), the British Chlorocytus species complex
(Pteromalidae) (Dawah 1989), the marble gallwasp, Andricus kollari (Hartig) (Stone et
al. 2001), A. quercuscalicis (Cynipidae) (Stone & Sunnucks 1993), and the
Trichogramma minutum Riley complex (Trichogrammatidae) (Pinto et al 1992).
Phylogenetic studies have been done recently on British wasps including the Tetramesa
species complex (Al-Barrak 2001) using random amplified polymorphic DNA markers
(RAPD-PCR), on the Sycophila species complex (Ghajariech 2003) and the Pediobius
species complex (Shamie 2004) using DNA sequencing.

There are no phylogenetic and phylogeographic studies on assemblages of
Tetramesa (Fa: Eurytomidae) and their parasitoids including the genera Eurytoma and
Sycophila (Fa: Eurytomidae), Pediobius (Fa: Eulophidae) and Chlorocytus (Fa:
Pteromalidae) in Iran and the regional chalcid wasp fauna of Iran and surrounding states
is very poorly known. The present study represents the first record of these taxa in the
country. The herbivore group Tetramesa is associated with host grass species L.
pseudosclerophylla, L. sclerophylla and F arundinacea in Iran. Tetramesa is attacked by
several taxa of parasitoids mentioned above. The distribution of Tetramesa is related to

the distribution of its host plants, L. pseudosclerophylla and L. sclerophylla. The first
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host plant is distributed through southeastern and southwestern Iran, while L.
sclerophylla is restricted to northern areas of Iran. These grass species are restricted to
mountain slopes at different elevations between 2000m to more than 4000 m and are
geographically isolated.

The climatic fluctuations of the Pleistocene and Holocene in the Middle East has
had a major effect on the geographical distribution of taxa. Evidence suggests that
Quaternary climatic-vegetational changes were the most likely phenomena affecting for
example, avian geographic differentiation in the Palearctic region (Moreau 1954. 1955).
The paleoclimate of Iran is not very well understood, because of paucity of studies in the
region. Data come from two sites in the Zagros Mountains: Lakes Zeribar and Mirabad
(western Iran) and few data on Alborz Mountains (northern Iran). There is no data on
eastern and south-eastern Iran and eastern Iran may have had a different climate than the
west.

During the last glacial period (70,000-10,000 YBP), the climate was cold and dry
and a relatively arid climatic condition has been suggested for the western Iran based on
information obtained from Lake Zeribar (Snyder et al. 2001). Vegetation composed of a
“desert steppe” and grasses made up to 10-20%. The grasses were present at a higher
percentage during 50-35 KYBP and the climate was slightly wetter (and possibly
warmer) than the interval from 35 to 11.5 KYBP. During 15-17 KYBP (Heinrich 1) and
13 to 11.5 KY BP (Younger Dryas) the climate was drier and severe climatic conditions
occurred during these two periods. In the early Holocene (~ 11 to 7 KY BP) the climate
changed to a considerably warmer phase and the percentage of the grasses went up to
50% of vegetation at Lake Zeribar.

Based on the seasonality hypothesis (Stevens et al. 2001), the early Holocene was

slightly drier than the late Holocene and contained wet winters and protracted dry
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summers (similar to the modern Mediterranean climate) and as a result Pistachio trees
were present. During the mid Holocene, changes happened so that there were wetter
springs (and thus shorter summers) and as a result oak trees (Quercus spp.) became
dominant over pistachio (similar to the present day). Wright Jr & Thorpe (2003 ) based
on pollen studies confirmed the abundance of grasses in Lake Zeribar in Southwestern
Iran both before and after the transition from the last glacial to the Holocene as the
climate changed from cold and dry to warmer and not quite so dry.

Palynological and geomorphological studies suggest that during the last glacial
period (Wiirm) the climate was cold and dry and some lakes were formed in central Iran
as a result of lower evaporation rates (Haffer 1997). During the last glacial stage (Wiirm,
maximum 20 KY BP) the temperature was at least 5 to 8°C lower than today in the
northern part of Iran and was 3-4°C in the Zagros Mountains. During the early Wiirm
glacial period there was a brackish lake and of shallow freshwater and oligohaline waters
in the Kerman region in Central Iran which showed temporarily increased precipitation
(Haffer 1977). A humid-cold climatic condition was dominant throughout the Middle
East during the early Wiirm glacial period. Based on pollen studies (Wright Jr & Thorpe
2003), the grasses (Poaceae) were abundant in southwest Iran both before and after the
transition from the last glaciation to the Holocene, as the climate changed from cold and
dry to warmer and not quite so dry. The uplift of the Alburz Mountains extended into the
Pleistocene (Haffer 1977) and the formation of the Zagros Mountains in the southern part
of the Iranian Plateau dates back to the late Miocene (10 MYBP) (Macey et al. 1998).

In this chapter, phylogenetic and phylogeographic patterns and population
differentiation of Tetramesa and their parasitoids, Eurytoma, Sycophila, Pediobius and
Chlorocytus reared from host grass species L. pseudosclerophylla, and F. arundinacea in

ten sampling localities in south-eastern and south-western Iran and L. sclerophylla in
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northern Iran, was investigated for the first time using partial mitochondrial cytochrome
oxidase subunit I (COI) and cytochrome oxidase subunit II (COII) DNA sequencing. The
aim of this chapter is to investigate the genetic structure of the taxa under study and also
to elucidate the contribution of population structure and/or population history as
processes explaining the geographical distribution of mtDNA haplotypes in the genus
Tetramesa and its parasitoids. Some questions addressed in this chapter include: (i) Is
there any variability in mtDNA within and between wasps populations for each taxon?;
(i) Is there any genetic differentiation in mtDNA between wasps from different host
plant species and region (especially southern and northern populations) with regard to the
formation of Zagros and Alburs Mountains?; (iii) what are the relative contributions of
contemporary and historical processes in shaping the present day geographical patterns

of genetic variation?

4.2 Materials and Methods

4.2.1 Grass collections and sample preparation

The grass stems were collected from several localities in Iran (Figure 4.1) and
were dissected and the larvae and pupae of chalcid wasps were removed. The larvae and
pupae were labelled and placed individually in small gelatine capsules through to adult
stage (see chapter 2). Some adults were stored in 95% ethanol. Some live adults from
each taxon, about 4-5 days after emergence, were labelled and placed individually in
small plastic tubes and deep-frozen at —70°C. Some U.K grasses (Table 4.2) were also
dissected in the lab and the chalcid wasps that were reared from them were labelled and
placed individually in gelatine capsules in the same way. Live adults a few days after

emergence were placed in small plastic tubes and deep-frozen at —70°C. The samples
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from each genus, from Iran and the U.K, which were used for DNA extraction, are listed

in Tables 4.1 and 4.2 respectively.

4.2.2 DNA Extraction and amplification

DNA was extracted from individual adults (Frozen, ethanol preserved and dried
specimens) using the Tissue Protocol, QIAamp DNA Mini Kit, (Qiagen) following the
manufacturer’s recommendations, (see chapter 2). PCR amplification was performed in a
GeneAmp 9700 thermal cycler (PE Applied Biosystems). The final optimised PCR
condition and thermocyclying programmes for each taxon and primers pairs are
summarised in Tables 4.3 to 4.5. Although several primers, were tested (either general
insect primers or Hymenoptera-specific): “Ron” and “Nancy” (Simon et al. 1994);
“StLeu” (Forward) (Machado ef al. 1996) and “AtAsp”(Reverse) (Willis et al. 1992,
Machado et al. 1996); “A-tLEU” (Forward) and “B-tLYS” (Reverse) (Liu and
Beckenbach 1992); “tRNA-LEU” (Forward) (Willis et al.1992) and “At-Asp” (Reverse)
(Machado et al. 1996); “A-tLEU” (Forward) (Liu and Beckenbach 1992) and “B-ATPase
8” (Reverse) (Simon et al. 1994); “A-298” (Forward) and “B-tLYS” (Reverse) (Liu and
Beckenbach 1992); “Pierre” (Forward) and “Barbara” (Reverse) (Simon et al. 1994); “A-
298” (Forward) (Liu and Beckenbach 1992) and “B-ATPase8” (Reverse) (Simon ef al.
1994) and several primers pairs for Cytochrome b as well, it was not possible to obtain a
regular and reliable amplification of the target fragments, corresponding to complete or
partial COIl and Cytochrome b sequences, in Tetramesa, Eurytoma, Sycophila,
Chlorocytus and Pediobius populations (see chapter 2).

For amplifying a partial fragment of the COI gene (831 bp), the “Jerry” and “Pat”
primers were used (Simon et al 1994). For amplification of another target region of
mtDNA (COI-COII) (625 bp), the primers “S2792” and “Muscid” were used (Taylor et

al 1997). The 5’ ends of these primers are located at bp 2773 and 3400 of the Drosophila
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yakuba mtDNA map (Clary & Wolstenholme 1985), respectively. These primers have
been used in amplifying a partial fragment of the COI-COII region of Muscidifurax spp.
(Hymenoptera: Pteromalidae) (Taylor et al. 1997). These primers are shown in Table 4.3.
For optimisation of these primers and the others mentioned above, a combination of
methods were used for each population, such as changing concentrations of reaction
mixture components, using touchdown PCR programmes and using different annealing
temperatures in the PCR programme (see chapter 2) (Tables 4.4 and 4.5 in this chapter).
PCR products were run on a 1.3% agarose gel and stained with ethidium-bromide
at 90 V for 1 hr (0.5 pg/ml) and viewed under a UV transilluminator. All PCR’s
contained a negative control. A 100 bp ladder size standard (MBI Fermentas) was run on
each gel with the PCR to give an indication of the size of the target band that was being

amplified.

4.2.3 Sequencing

PCR products were purified to remove inhibitors using the GeneClean Turbo for
PCR Kit (BIO101), and sequenced in the forward and reverse direction with the ABI
Prism® BigDye™ Terminator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems) using a 9700 thermal cycler (Perkin-Elmer). The sequencing kit was diluted,
to produce a master mix containing 2 parts sequencing kit: 1 part 5X buffer: 1 part sterile
water. The sequencing PCR was carried out in 5 pl reaction volumes containing 2 pl of
purified DNA , 2 ul of the sequencing mix and 1 pl of either forward or reverse primers
at 1.6 pmol/ul concentration. The sequencing PCR programme with a total reaction
volume of 5 pl per sample was as follows: 96°C for 10 seconds, 50°C for 5 seconds and
60°C for 4 minutes for 25 cycles. Purification of the sequencing products was carried out

by Ethanol/Sodium Acetate and isopropanol precipitation as recommended by PE
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Biosystems (see chapter 2). Fragments were separated on ABI 377 and ABI 3100

Automated Sequencers.

4.2.4 Sequence alignment and tRNA| gy secondary structure

COI and COII sequences were aligned and edited using the program Sequencher
v.3.1.2 (GENECODES™). Gaps were treated as fifth character state in all analyses.The
secondary structure of tRNA sequences was determined using an existing arthropod

tRNA, gy secondary structure model (Nardi et al.. 2001).

4.2.5 Amino acid translation

COI and COII sequences translated into amino acid codons with the invertebrate
genetic code (Drosophila), using the appropriate reading frame (2™ for COI and 1* for
COIIl). The reading frame of COI and COII was obtained by aligning the existing chalcid
wasp sequences, Ceratosolen capensis (Grandi) (Hymenoptera: Agaonidae) (AF200377),
C. bisulcatus (AF200375), Blastophaga malayana (AF200373) and B. intermedia
(AF200372) (Weiblen 2001) from GenBank to existing sequences. The above chalcid

species were used as outgroups for the subsequent analysis.

4.2.6 Molecular characterization of MtDNA

Base composition, pairwise uncorrected and corrected sequence divergences were
calculated using PAUP 4.0b10 (Swofford 1998). The number of transitions (T;) and
transversions (T,) and the T/T, ratios (R) between pairs of sequences were calculated

using MEGA v2.01 (Kumar et al.. 2001).
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4.2.7 Phylogenetic analysis

Phylogenetic analysis was conducted using PAUP 4.0b10 (Swofford 2002).
Neighbour joining (NJ) trees were constructed using 10,000 bootstrap permutations with
PAUP v. 4.0b10 (Swofford 2002), using corrected distances. The optional evolutionary
model for the sequences was determined using Modeltest version 3.06 (Posada &
Crandall 1998) which identified the best distance estimator for Chlorocytus to be K81uf
and for Sychophila to be HYK+I (I = 0.8505). Maximum likelihood (ML) trees were
constructed using 100 bootstrap permutations using the evolutionary model of best fit as
above.

An overall phylogenetic analysis was conducted for taxa in which the corrected

distance estimator was identified as ‘General Time Reversible’,GTR+G (I" = 0.4670).

4.2.8 Phylogeographic patterns of mtDNA variation

4.2.8.1 Minimum spanning network
Sequence haplotypes were used to create a minimum spanning network (MSN) based on
the number of substitutions between haplotypes designed for each taxon using the

programmes TCS v 1.13 (Clement et al. 2001) and Minspnet (Excoffier 1993).

4.2.8.2 Nested clade analysis

The haplotype network that created for the MSN was divided into nested clades
of haplotypes using TCS v 1.13 (Clement et al. 2001). GeoDIS 2.2 (Posada et al. 2000)
was used in order to test for significant association between haplotypes and geographic
location. GeoDIS calculates two measures of geographic distance. The clade distance
(D) that measures how geographically widespread the individuals are from that clade,

and the nested clade distance (D,), which measures the distance of clades from the
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geographic centre of their nesting category (Templeton et al.. 1995). In other word D,
measures the geographical spread of haplotypes within a clade, whilst D, measures how a
clade is geographically distributed relative to other clades in the same higher-level
nesting category.

GeoDIS determines whether any of the distances are significantly small or large
at the 5% level. The ‘inference key’ presented by Templeton (2004) was used where
significant D; and/or D, values were observed. Hence nested clade analysis may
discriminate between the effects of contemporary events such as gene flow, versus
historical processes including fragmentation, range expansion, isolation by distance or
long-distance dispersal (Templeton 1998; Alexandrino et al.. 2002).

Sequence haplotypes were identified manually in Sequencher. Haplotype (h) and
nucleotide diversity (m) were calculated for each population of Sycophila and
Chlorocytus using Arlequin v.2.000 (Schneider et al. 2000). Pairwise comparisons of
population and analysis of molecular variance (AMOVA) were used to determine the
degree of variation within and between populations according to the regions north, south-
east and south-west, using Arlequin v.2.000 (Schneider et al. 2000). Gene flow between
population pairs was calculated using the formula: Nm= 0.5[(1/Fst) — 1] (Takahata &
Palumbi 1985) using a minimum of 1000 permutations for significance. A Mantel test
(Smouse et al. 1986; Smouse & Long 1992) was used to determine whether there was a
relationship between geographic distance (d) and genetic distance (Fst) using Arlequin
v.2.000 (Schneider et al. 2000). Great circle distances (km) between populations were

calculated using the programme Earth (Byers 1999).

4.2.8.3 Mismatch distribution analysis
Mismatch distributions were calculated for Sycophila using Arlequin v.2.000

(Schneider et al. 2000). The purpose of this analysis is to calculate the distribution of
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pairwise nucleotide differences among DNA sequences by estimating tau t (expansion

time), 6o and 6, (mutation parameters) based on a sudden demographic expansion model
(Rogers 1995; Schneider & Excoffier 1999). The date of the expansion can be estimated
from the following formula which presented by Nei and Tajima (1981, eq. 5) as: u = 2pk.
where k is average number of nucleotide sites per haplotype; p is the mutation rate per
nucleotide and u is the sum of per-nucleotide mutation rates in the region of DNA under
study.

Based on a sudden expansion model, (Rogers 1995), t (time in generation since
expansion), Ny (female effective population size before expansion) and N, (female
effective population size after expansion) were calculated using the following equations:

®p = 2uNy. ©; = 2uN), and T = 2ut

A mutation rate of 1.2%-2.8%/ site per Myrs was considered bésed on COI
mitochondrial DNA evolution (Brower 1994; Danforth 1999) and a generation time of

one year was used (Claridge 1961; Dawah Pers. Comm.).

4.3 Results

4.3.1 DNA extraction

It was possible to extract DNA using either of the two methods tested. The
second method (Tissue Protocol, QIAamp DNA Mini Kit) (Qiagen) was successful for
the vast majority of the samples. As a higher yield of DNA (as observed on agarose gels)
was obtained using the tissue protocol, this method was used to extract DNA from the
majority of the samples. This procedure was used for extraction of DNA from samples
frozen at —70°C, ethanol preserved and dried samples. DNA extraction from live samples,
samples frozen at —70°C or specimens preserved in 100% ethanol (Dessauer et al. 1990;

Post et al. 1993; Chippindale et al. 1998) or cold storage in 70% ethanol (Quicke 1999)
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have been shown to be more successful in yielding DNA amenable to PCR amplification,
while samples which have been air-dried rapidly at low humidity, have a high quality and
high amount of DNA (Chippindale et al. 1998). In this study samples which were frozen
at —70°C and ethanol preserved samples (Figure 2.4) showed a high amount of DNA, but
the air-dried samples were not so successful in yielding DNA amenable to PCR
amplification.

The methods and results of these molecular methods are presented in Chapter 4.

4.3.2 Molecular characterization of mtDNA

A total of 1089 bp of mtDNA was sequenced for each taxon. However the size of
the sequenced region was larger than this as 1089 bp was used in this study to minimize
ambiguous calls at the ends of sequences. Of 1089 bp region, 621 was in the COI, 68 in
tRNA and 254 in the COII. A 53 bp insertion between 3’ end of COI and tRNA, was not
included in analysis. Sequence alignment for COI, COIIl and tRNA are presented in
Appendices 4.1, 4.2 and 4.3. The sequences were A + T rich (77.2%) in COI and 83% in
COII (Table 4.6). In the COI gene, first and second codon positions were less A-T biased
(70.3% and 66.9%), while third codon positions were extremely A-T biased (94.3%)
(Table 4.6). In the COII gene, the position was similar. First and second codon positions
were less A-T biased (72.6% and 80%), while third codon position were highly A-T
biased (95.5%) (Table 4.6). Ts/Tv ratios (R) in the COI gene (778 bp) for all taxa are
presented in Table 4. 7. In the COI gene, the highest Ts/Tv ratio was found in the third
codon position (3.367 = 2.407) (in the Pediobius), while the least Ts/Tv ratio was
observed in the second codon position (0.400 £ 0.594) (in the Chlorocytus). In the COII
gene, the highest Ts/Tv ratio was found in the third codon position (2.889 + 1.347 in the

Sycophila), while the least Ts/Tv ratio was observed in the first and third codon positions
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(0.000 = 0.000 in the Tetramesa) and second codon position (0.000 + 0.000) for the

Sycophila ) (Table 4.9).

4.3.3 Amino acid translation

The amino acid translation for Sycophila, Eurytoma, Pediobius and Chlorocytus
COI haplotypes is presented in Appendix 4.4. The amino acid translation for Sycophila,
Tetramesa, and Eurytoma COIl and COII are presented in Appendices 4.5 and 4.6

respectively.

4.3.4 Phylogenetic analysis

Sequence divergence, corrected (HYK+I, I = 0.8505) for Sycophila haplotypes
and uncorrected p distances among taxa are presented in Appendices 4.7 and 4.8
respectively. Uncorrected p distance values within ingroups ranged between 0.000 (0%)
and 0.039 (39%) for all pairwise comparisons of nucleotide sequences. Uncorrected p
distances within Sycophila haplotypes varied between 0.1-6.8%.

The Neighbour-Joining phenogram based on GTR + G (G = 0.4670) (Figure 4. 2)
was constructed for all taxa (Tetramesa, Eurytoma and Sycophila) including outgroups.
Based on the NJ tree there is a high bootstrap values support for Tetramesa (100%) and
Eurytoma (100%), but a lower bootstrap values support (64%) for Sycophila. Tetramesa
individuals from S.E, S.W. and also from one northern site (9C2) are clustered with each
other, while Tetramesa from other northern site (T9B1) was distinct from other
Tetramesa individuals. Within Eurytoma sp. the individuals from S.W and S.E (E7.1 and
E1A1) were clustered, while E7A1 was not grouped with others. Although several
Sycophila individuals from south-east and south-west were grouped with each other but

two individuals from south-west and one individual from north were not clustered with
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the other individuals. In addition, surprisingly, one individual of Sycophila from south-
east (4B1) was grouped with Teframesa and Eurytoma clusters.

The maximum likelihood tree (Figure 4.3) although indicating high
bootstrap values support for Tetramesa (100%) and Eurytoma (100%), but a lower
bootstrap value for Sycophila. NJ and ML trees showed similar topologies. The
Neighbour Joining phenogram for all wasp taxa is presented in Fig. 4.2. The maximum

likelihood tree for all wasp taxa is shown in Fig. 4.3.

4.3.5 The tRNA| gy secondary structure

Wasp tRNA sequences were aligned and inserted between the 3’ end of COI and
the 5’ end of the tRNA to accommodate a variable length non-transcribed region between
COI and tRNA genes in some species (Figure 4. 4). Alignment gaps are a common
feature of RNA sequences and are necessary to preserve base pairing and structure as this

can be more conserved than the nucleotide sequence (Kjer 1995).

4.3.6 Phylogeographic patterns of mtDNA variation

4.3.6.1 Haplotype distribution and diversity

A 778 base pair (bp) region of the COI gene was sequenced for samples of each
taxon for phylogeographic analysis (for sample sizes see Tables 4.1 and 4.2). The result
of sequence analysis indicated 25 haplotypes for Sycophila from Iran, (samples and
location of each haplotype found in this study is presented in Table 4. 14), 16 for
Eurytoma from Iran and the UK,