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ABSTRACT OF THE DISSERTATION

Phylogenetics of Pteromalidae and Eulophidae (Hymenoptera: Chalcidoidea) With a
Study of Cranial Bridges in Chalcidoidea

by

Roger Allen Burks

Doctor of Philosophy, Graduate Program in Entomology
University of California, Riverside, December 2009
Dr. John Heraty, Chairperson
Phylogenetic studies on two different groups of Chalcidoidea were conducted.
The subfamily Pteromalinae (Hymenoptera: Pteromalidae) wagzadalising the 28S
D2-D5, Cytochrome b and Cytochrome Oxidase Il gene regions, with focus on
discovering the nearest relatives of the geédasonia No support was found for
monophyly of Pteromalinae, perhaps in part because of the low 28S molecular
divergence within the group. Both maximum likelihood and Bayesian results indicate that
NasoniarendersTrichomalopsigaraphyletic, and thdirichomalopsis sarcophagas
the sister group of the genNissonia. NasoniandT. sarcophagaare both infected by
Wolbachiabacteria, suggesting a history\Wblbachiainfection that could be older than
Nasoniaitself. Other clades of Pteromalini that were 100% infected Wittbachia
among sampled species include the Australasian ggsriglanogmuandCoelopisthia

+ Diglochis Support was found for a monophyletic assemblage of taxa historically
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placed in Miscogasterinae, and the subfamilies Cratominae, Miscogastand
Panstenoninae are synonymized under Pteromalineyg. The genu®iconocarais
transferred from Pteromalini to Miscogastennistat. based on both molecular and
morphological data.

A combined molecular and morphological phylogeny of the family Eulophidae is
presented with focus on relationships within the subfamily Entedoninae. The 285 D2-D
and COL1 gene regions were examined in partitioned maximum likelihood and Bayesian
analyses, and an additional Bayes analysis was conducted to oberservetlod effe
historically recognized morphological characters on the results. Eulophédastrongly
supported as monophyletic only when the genisecodesvas excludedThe
subfamilies Eulophinae, Entiinae (=Euderinae) and Tetrastichinae wesistently
monophyletic, but monophyly of Entedoninae was supported only in the combined
morphological and molecular analysis. The lack of support from the molecular data wa
likely due to the form of the 3e” subregion of the 28S D2 rDNA in the nominal subgenus
of ClosterocerusThe tribe Euderomphalini was excluded from a monophyletic Entiinae,
suggesting that it should be retained in Entedoninae. Ophelimirsaat. is raised from
unplaced tribe to subfamily status, and a sister group relationship of Opheliminae +
Entiinae was strongly supported. The geréeachrysocharis. stat.andAsecodes.
stat. were removed from synonymy wi@losterocerudecause molecular data
corroborate their morphological differenc€tosterocerugAchrysochariy germanicus
was transferred to the genQbrysonotomyia. comb.based on molecular and

morphological characters.
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The posterior surface of the head was examined in several families of
Chalcidoidea and interpreted according to theories of head capsule evolution asdpropose
by Snodgrass. Most chalcidoids have only a hypostomal bridge, but some spdwmes in t
families Chalcididae, Eurytomidae, Pteromalidae, and Torymidae have padigdges
that may have been independently derived. Species of small-bodied paragiaowths
a reduced head capsule, such as many Aphelinidae, Mymaridae, and Trichogdasymati
lack important landmarks and cannot be easily interpreted without makingirdsre
from related species. Several features provide potentially usefulgamgdtc
information, such as the presence of a postgenal bridge, extent of the hypostoraal car
extent of secondary posterior tentorial pits, and form of the mesal lametieelieg
from the foramen magnum to the oral cavity. However, in many cases theseerbaract

present problems of homology that require a larger phylogenetic context to.answer
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CHAPTER 1

GENERAL INTRODUCTION

The parasitic wasp superfamily Chalcidoidea presents special problems fo
systematists because of the small size, generally less than 5 mm Im ¢engtled with
no appreciable reduction in morphological complexity. However, the challenges of
chalcidoid systematics are well worth surmounting because of the strong economi
importance of the group. It constitutes one of the most important groups of aramals f
biological control of insects (Clausen 1978), and is one of the most diverse groups of
Hymenoptera, with more than 20,000 described species (Noyes 2003) and possibly up to
400,000 species so far unknown to science (Noyes 2000).

The families Pteromalidae and Eulophidae are two of the most diverse and
economically important families from among the 19 currently recognized in
Chalcidoidea.

Pteromalidae is arguably the most morphologically and biologically divers
family of chalcidoids, with over 31 subfamilies containing over 3,500 species in nearly
600 genera (Noyes 2003). It is a notorious "dumping ground" of groups that do not fit in
other chalcidoid families (Gibsaet al. 1999). This may have been a historical accident
due to the lack of distinctive characters used to define the core group of the family,
currently contained in the subfamily Pteromalinae. Pteromalinae has nenepreeisely
defined in a way that excludes other chalcidoid taxa, although most specialistieczhsi

it to be a recognizable group (Graham 1969,#&uU988). This diversity is contrasted



with a low degree of 28S D2 rDNA divergence (Heraty 2004), which was in that study
less than the divergence for many morphologically unifgemeraof Chalcidoidea. This
raises the question of whether the diversity of the subfamily is largeudt of
oversplitting by specialists, or whether the evolution of the 28S D2 molecule is Linusua
for the group.

The lack of a clear understanding of Pteromalinae and a concurrent lack of
subgroups to classify the nearly 300 genera of the subfamily into infornoaiikgdimits
the context of evolutionary research of pteromaline genera. This is an dgpasiiale
problem with regards to the gerNasonia a model species for evolutionary and genetic
research (Whiting 1967). All speciesésoniaharbor persistent infections of the
reproductive manipulator bacteidolbachia(Breeuwer & Werren 1990, Werren 1997).
The ease with whichasoniacan be reared in the laboratory, and the persistence of the
infection within all species of the genus, has kept studies of this systenfatinent of
Wolbachiaresearch. The problems of pteromaline systematics has left one important
guestion unanswered: does the shared historyWithachiaextend further back than
the origin of the currently recognized speciedlagoni& If so, it would be valuable to
discover just how far back the relationship between the wasps and bacteria go.
Furthermore, knowledge of additional related species of infected pteronsimas
allow the selection of more meaningful species of Pteromalinae for cammpawhen
making evolutionary deductions. This study addersses these questions using molecula

data with reference to morphological studies that are in progress.



The family Eulophidae is the most speciose family of Chalcidoidea, with over
4,500 currently recognized species (Noyes 2003). Recent phylogenies and aflt#yses
group have created a controversy over the classification of some economgalitant
eulophid parasitoids of leaf-mining flies and whiteflies (Gauteieal. 2000, Gumovsky
2001, 2002). Gumovsky, using morphology (2001, 2002) or sometimes additional
molecular data (2002) suggested that the g@hsterocerusvas synonymous with
other small-bodied genera of Entedoninae, sudieaehrysocharisndAsecodesrather
than being closely related to arguably more primitive generaGhiglsonotomyiand
Omphale(Hansson 1990, 1994, 2002), and that the tribe Euderomphalini, consisting
solely of whitefly parasitoids, be transferred to another subfamily, then&stiThese
conclusions may have been based upon either oversimplification or mistaken
interpretation of morphology (Burks 2003), suggesting that the proposed changes were
misleading. This study uses molecular data to address this controversiytyaing
new molecular data to test Gumovsky's conclusions.

Although it may seem that morphological data in Chalcidoidea are relatvedly
understood, most character systems are in fact still being examined inoced&atilish a
common ground for terminology and interpretation of structures acrossdchalci
families. One system where this is necessary concerns interpretati@noo&nial bridge
on the posterior surface of the head. While some previous studies have addressed this
structure in Pteromalidae and fig wasps (B#u& Heydon 1997, Rasplu al. 1998), a
broader analysis is necessary to place these findings in a proper comsixésilecially,

determining how these structures fit into Snodgrass' (1960) ultimate inddiqomedf



cranial evolution was necessary. This study assesses variation in bralgak across
Chalcidoidea and places obersved species within the standardized context ofsShodgra
previous study across insects.

The three studies presented in this dissertation comprise attempts to address
guestions of chalcidoid systematics and evolution by integrating morphologicalittata
molecular data, and by moving discussion of chalcidoid variation into a more
standardized framework. The common goals are to provide a more meaningful context
for research into taxonomic problems within Chalcidoidea, and to move discussion of
higher relationships of chalcidoid groups forward by using molecular @at@vide

more information for choosing between competing morphological hypotheses.
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CHAPTER 2
Molecular phylogeny of Pteromalinae with special reference to the plaoeent of

Nasonia (Hymenoptera: Chalcidoidea: Pteromalidae)

R.A. Burks, J.M. Heraty & J.H. Werrer
1.2 Entomology Department, University of California, Riverside (rogerb@uigy.e
john.heraty@ucr.edu)

% University of Rochester, NY (werr@mail.rochester.edu)

Abstract. A molecular analysis of the subfamily Pteromalinae was c@attusing the

28S D2-D5, Cytochrome b and Cytochrome Oxidase Il gene regions, with the main goal
of determining the nearest relatives of the gévasonia Molecular divergence for 28S
rDNA regions was very small compared to that for the mitochondrial regions, btgrgre
than previously reported for the subfamily. Maximum likelihood and Bayesian results
indicate thatNasoniarendersTrichomalopsigaraphyletic, and thatrichomalopsis
sarcophagaes likely the sister group of the genNasonia. Trichomalopsis sarcophagae
differs fromN. vitripennisby only one nucleotide base position for the 28S D2 regions,
but differs from it in a number of bases in both mitochondrial regdasoniaandT.
sarcophagaare both infected bywolbachiabacteria. This suggests a history of
Wolbachiainfection that could be older th&asoniaitself. Additional clades of
Pteromalini that were 100% infected witVolbachiaamong sampled species were the
Australasian genuBseudanogmuand the clade dfoelopisthiat+ Diglochis Our results

provide some resolution for the phylogeny of Pteromalinae and related groups,



supporting a monophyletic assemblage of taxa historically placed in Miseogas, but
monophyly of Pteromalinae was not supported in any way. The subfamilies Cratominae
Miscogasterinae and Panstenoninae are synonymized under Pteromalinaend syn. a
Pteromalinae is broken up into the following tribes: Cratomini, Micradelini,
Miscogasterini, Pachyneurini, Pteromalini, Rhaphitelini, Sphegigasterirmol@mpini

and Trigonoderini, not all of which could be analyZBéaonocarais transferred from
Pteromalini to the paraphyletic tribe Miscogasterini because it formmedsastent

outgroup to other Miscogasterini + Sphegigasterini.

Keywords. Molecular phylogeny, parasitoids, ribosomal, 28S, COIl, Cytb,dspsv

Introduction
Chalcidoidea is one of the largest superfamilies in the family Hymenopténag weir
20,000 described species (Noyes 2003), and probably with several times more
undescribed species (Noyes 2000). It is also one of the most economically mhporta
groups of Hymenoptera, as almost all species are either parasitoids @rtdthgpods or
phytophagous specialists (Noyes 2003). These life history traits makedoid
important for biological control of arthropod and weed pests, either as biologicallcontr
agents or as complicating factors in biological control efforts (Noyes 1978 h€aeat
1986, Heraty 2004). As well, it is likely the largest superfamily of Hymemagidoyes
2002, 2007, Heraty & Gates 1993). Despite the significance of the group, it has a widely

disputed family classification. Some chalcidoid families are generaiigidered



paraphyletic or polyphyletic (Noyes 1990, Quicke 1997, Giletal. 1999), and
published phylogenies of Chalcidoidedlect this opinion (Campbedt al.2000).The
rampant uncertainty, or even worse, certainty of error, in some aspectsodahal
classification is a major hurdle in reaching more meaningful conclusionyimgahe
evolution of important chalcidoid species. Greater confidence in higher dasetfi
contributes to greater confidence in studying finer levels of cladsaiichy increasing
the likelihood that the ingroup contains the appropriate selection of taxa, while
facilitating selection of appropriate outgroup, and thus establishment of a propet conte
for evolutionary research.

Arguably the largest and most infamous problem in family classification of
Chalcidoidea is the Pteromalidae. It contains by far the largest number aingdies in
the Chalcidoidea, currently 31, and over 3,500 species contained in 590 genera (Noyes
2003). The large number of subfamilies reflects the generally acceptegtmardckat
Pteromalidae is a dumping ground for species not traditionally placed in otlestdist
families in modern treatments of Chalcidoidea (Gibsibal. 1999). Bowdek (1988) is
unusual in stating that Pteromalidae may be a natural group because most pteromal
can be derived from the subfamily Cleonyminae, and therefore the familyemagent
a monophyletic group with one or more paraphyletic subfamilies. This position Has yet
be upheld by a phylogenetic analysis of Chalcidoidea (Camgtoali2000). The most
likely scenario seems to be that most other chalcidoid families render Bhielaenm
paraphyletic or polyphyletic through association with various differentmiziid

subfamilies. This in itself illustrates the ironic phylogenetic impogasfdteromalidae

10



as a source of potential sister groups of currently accepted chalcidoid $amdieleraty
& Darling (1984) were able to associate the former pteromalid subfamily
Chrysolampinae with Perilampidae, similar studies may find that mangntur
pteromalid subfamilies are better classified in other chalcidoid fanoitias separate
families near the base of major lineages. The main source of inertia gmiang
pteromalid subfamilies as distinct families likely involves a resistaneeecting new
families that have no clearly understood relationship to any other chalcidolig$am
Furthermore, having a large number of minor and essentially undefined sawuligd
represent an obstacle to family identification of chalcidoids.

Many pteromalid subfamilies were intuitively placed in the family withaowt a
justification of why they would be more closely related to Pteromalinae thahdpo ot
families of Chalcidoidea (Thomson 1876, 1878, Ashmead 1904, Graham 1968kBou
1988). A better understanding of which groups of Pteromalidae are actually close
related to Pteromalinae would allow for better investigations into sub&snmitit closely
related to Pteromalinae, with the aim of producing a more informativefidassn of
Chalcidoidea. A proper analysis of Pteromalidae would require taking all tfid@dea
into account, a project currently underway (Muatal. unpublished). However, a more
focused analysis and redefinition of Pteromalinae would be a major step fonward i
chalcidoid phylogenetics.

Singling out a core group of pteromalids is not straightforward. Recognition that
the subfamily Pteromalinae by default contains at least the “true” paédsncan be

deceptive. It contains a few other groups that may not rightly belong tontig & all,

11



such as the tribes Micradelini. Others, such as the tribe Termolampini, mayde m
closely related to other pteromalid subfamilies. Molecular evidenceli¥as al. 1998,
Campbellet al.2000) additionally suggests that some fig wasps not yet recognized as
pteromalines may belong in that subfamily. Furthermore, a functional morphdlogica
definition of Pteromalinae and even of the tribe Pteromalini is completelptahse
recent decades aside from a rough definition provided by identification key®that
them out in multiple terminal couplets (Graham 1969,#8&uU 988, Botek & Rasplus
1991, Bouwek & Heydon 1997). The last time either of these groups was defined
morphologically was Ashmead’s (1904) definition, which was based on the number of
metatibial spurs and mandibular denticles, characters recognized foriswnaes teing
highly unreliable for deep classification (Graham 1969). Group membership of
Pteromalidae has since expanded several times without a redefinition ohtlye déher
than by ruling out all more easily defined groups of Chalcidoidea (Graham 196®kBou
1988). A more informative classification of Pteromalidae, using positiveiaritestead
of the current criteria based on absence of distinctive characters, is smaddn

The latest attempt to provide any sort of morphological character to help

diagnostically define Pteromalidae, and potentially support its monophyly, uséa cra

12



morphology (Boudek & Heydon 1997, Rasplet al. 1998). They suggested that core
pteromalids do not have a postoccipital bridge, but instead have a secondarilizederot
gular area. This is more likely a reduced hypostomal bridge (Fig. 1) @®sition of the
posterior tentorial pits near the foramen magnum suggests that the neck membadne i
extensive enough to form a true gula (Snodgrass 1960, Burks & Heraty in prep.).
Furthermore, a preliminary review in preparation of a morphological gaglpof
Chalcidoidea (Heratgt al.in prep.) has revealed that at least Eucharitidae and
Perilampidae also share this character state. Molecular results (Btualran prep.) do

not link these two families to Pteromalinae, suggesting that the state hagedived
more than once among chalcidoids or is plesiomorphic for the group. Finally,
Dzhanokmen’s (1994) survey of pteromalid cranial morphology pointed out several
pteromalids with a complete postgenal bridge, although the character appaoéigly
true across Pteromalinae.

Most previous phylogenetic analyses of Pteromalidae using morphology either
focused on particular subfamilies (Gibson 2003, Desjardins 2007), or asapried
monophyly of all subfamilies (Dzhanokmen 2000), and did not make any final
conclusions concerning membership of Pteromalidae or definition of Pteromalinae.
Krogmann & Vilhelmsen (2006) included pteromalids in their analysis of Chalcaloide
using internal mesosomal morphology, finding that the subfamilies Asaphinae,
Miscogasterinae, Panstenoninae and Pteromalinae formed a monophyleticilenit w

Cleonyminae and Spalangiinae consistently grouped with other chalcidoig$am
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Other analyses of Pteromalidae have focused on the membership of Pteromalinae
itself, and upon its relationship to the subfamily Miscogasterinae:eBo Heydon
(1997) implied in their figure captions that Miscogasterinae should be a tribe of
Pteromalinae, but it was not clear which taxa were to be included in the groupiskeikew
the molecular analysis of Desjardietsal. (2007) concluded that Miscogasterirsaasu
Bowek (1988) rendered Pteromalinae paraphyletic, but he stopped short of suggesting
taxonomic changes. Campbetlal.(2000) agreed with Rasples al. (1998) that some
non-pollinating fig wasps are apparently derived from Pteromalinae, funigendithat
among pteromalids only the subfamily Colotrechninae formed a monophyletic grouping
with Pteromalinae. The only other molecular analysis of the family found that
Panstenoninae rendered Pteromalinae paraphyletic, and that Spalangsnas wlosely
related to core pteromalids (Krogmann & Abraham 2004). They suggested that
Spalangiinae therefore may soon be returned to family rank.

The prospects for a molecular definition of Pteromalinae seemed promisang wh
Heraty (2004) pointed out that the percentage sequence divergence for the 28842 re
for the subfamily Pteromalinae was only slightly over a tenth that of thesdghelinus
This is interesting given the wide range of morphological diversity in Ptdioae
(sensuBoucek 1988) compared to that of the gedphelinus The causes of the
discrepancy between 28S-D2 and morphological diversity are unknown, but the
possibility of rapid speciation compared to that in other chalcidoid lineages cannot be

ruled out.
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The previously conducted molecular studies were only a beginning because none
sampled more than 9 genera (< 3% of the total number) of Pteromalinae (Rasplus
1998, Campbelkt al. 2000, Desjardinst al.2007, Krogmann & Abraham 2004), and
several important morphologically defined units of the subfamily remain unsdngd
will be illustrated in a forthcoming key to genera of the subfamily (Burksep).
Additional data have not led to the discovery of morphological characters that support the
monophyly of Pteromalinae or any group included within the subfamily. Additionally,
low sample sizes of major pteromalid subgroups have contributed to a lack of perceived
reliability of suggested taxonomic changes. For instance, while Spalaagiay well
belong to a different family from Pteromalinae, there are not enough data to deity th
could form a monophyletic unit with any other pteromalid groups, such as the
morphologically similar pteromalid subfamily Cerocephalinae. Taxonomiesan
before broad taxonomic sampling has been conducted could therefore lead to an
unacceptable level of taxonomic instability, especially considering thaff dls
previously mentioned molecular analyses, only Desjastias (2007) used more than
one gene or provided any resampling support to gauge the strength of his results. In order
to make more solid taxonomic statements, analyses should require targetedgsampli
relevant taxa and a stronger focus upon using support measures.

Importance of Nasonia in pteromalid phylogenetics.Despite the poorly
developed state of pteromaline phylogenetics, one of the most thoroughly shgeietd i
is the pteromalin®lasonia vitripennigWalker), a synanthropically distributed generalist

parasitoid of muscoid fliedNasoniahas become a model organism for laboratory studies
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because it is easy to rear and culture in large quantities and because its twaglodipl
means of sex determination presents a valuable situation for genetidsa(@atys
Whiting 1958; Velthiuset al. 1965; Whiting 1967; Werren 1980, 1983; Drapeau &
Werren 1999; Velthuist al.2004; van Opijnest al.2005), and analysis of
extrachromosomal factors affecting its sex ratio, has led to many tirigrdscoveries
(Werrenet al. 1987, Breeuwer & Werren 1990, Gheweteaal. 1991, Stouthamest al.
1993). Our vast amount of knowledgeNdsoniapresents a starting point for better
understanding pteromaline phylogenetics.

Nasoniais a persistent host of A and B strains of the reproductive manipulator
bacteriawolbachia(Breeuwer & Werren 1990). This research led to the discovery of two
additional Nearctic species of the genus (Darling & Werren 1990) that@ogieal
specialists, restricted mainly to muscoid flies present in bird nests. Thisastrast to
the relative ecological generallst vitripennis It was found thatVolbachiamay have
played a role in the speciation of the two Nearctic speciiasbnia(Breeuwer &

Werren 1990, Coyne 1992, Werren 1997, Bordenstieah. 2001, Zimmer 2001,
Bordenstein 2003), because they are different in the diff&l@swniaspecies, render
them reproductively incompatible, infect almost 100%lagoniaindividuals in the wild,
and because establishment of different B strains in the populations apparentkydoredat
their genetic differences (Bordensteinal.2001). An ongoing project to sequence the
genome oNasoniaspecies (Werrent al.unpublished) has revealed the presence of a
fourth molecularly distinct species of the genus (Raychoudstuetyin press), closely

related to and sympatric withasonia giraultiDarling & Werren andN. vitripennis
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Despite our extensive knowledgeNdisoniagenetics, the distinctness and
placement of the genus within Pteromalinae is poorly understood. It does seem intuitive
clear from morphology thatasoniais near the type genderomalusSwederus, but
little is otherwise known. Morphological definitions of the genus provided by Graham
(1969) and Wallace (1973) do not apply to the two more recently discovered species,
which would instead key with difficulty to other genera in those referencestidvddiy,
the definition provided by Darling & Werren (1991) applies more accuratély to
vitripennisthan to the other two species, and does not distinguish it from other genera of
Pteromalinae. Although Wallace (1973) attempted to characterRieathysgroup” of
genera that includeldasonia(Table 4) and thirteen other currently recognized genera,
this group was ignored by most later authors or rejected as polyphyletim@¥ar
Werren 1991). Finally, Graham (1969) mentioned an undescribed European species that
he tenuously assigned Hasonia but this species was never mentioned in any literature
again and the specimens could not be located in his collection.

An additional benefit to better understanding the placemeaxdasbniawithin
Pteromalinae stems from the strong probability Watbachiastrains have coevolved
with Nasoniafor a unknown amount of time. The length of this association is not clear
because it is essentially unknown if any near relativééagbniapossess related strains
of Wolbachia other than the knowledge thatichomalopsis dubi§Ashmead) does not
(Campbellet al. 1993). The relationship betwedlasoniaandWolbachiais one of very
few known cases whelolbachiahas had a known impact upon the speciation of insect

hosts. Without better knowledge of which pteromalines are relatédgonia the length

17



of time thatWolbachiabacteria have maintained this important case of coevolution with
the Nasonialineage will remain poorly understood because it cannot be placed in any

reasonable evolutionary context.

Materials and Methods

Taxa were chosen for analysis with the goal of maximizing taxonomicsdiyeand
eliminated if they could not be sequenced for an adequate number of genes, teading t
final dataset of 98 taxa (Table 1). Outgroup taxa were chosen according to their
proximity to Pteromalinae in an overall molecular analysis of ChalcidgMearo et al.
unpublished), and according to their morphological similarity to Pteromalinae

Most specimens were killed in 95% EtOH and stored at -80°F until extraction.
The entire body was used for non-destructive extraction in most cases, but itlngsome t
metasoma was ground for extraction. The remainder of the body and whatevenaddit
specimens remained from the same collection event were used as voudblerg),Tand
deposited in the University of California, Riverside Entomology Research Museum
(UCRC). Extractions were performed using the chelex method (Wakh1991), and
kept at -80°F until needed. Table 2 lists the specimens used, their voucher numbers, and
the Genbank accession numbers of the sequences.

Polymerase chain reactions were carried out jil @actions using Promega Taq
DNA polymerase (Madison, WI), Qiagen 10x PCR buffer (15 mM Mpé&id Qiagen
5x Q-solution (Valencia, CA). All genes were sequenced in the forward andeever

directions, and the resulting pair of chromatograms compared to find PCR or reading
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errors. Primers were used as recommended from the following studie®2288mpbell
et al. (1993, 2000); 28S D3 forward-Numt al. (1996); 28S D5 reverse-Schulmeister
al. (2003); COll-Villalbaet al.(2002); Cytochrome b-Lopez-Vaamoneleal.(2001).
Screening for presence Wfolbachiawas conducted using general primers for the 16S
ribosome of the bacteria (O’Neét al. 1992). All PCR products were gene cleaned with
the Bio 101 Geneclean Kit (Carlsbad, CA) using Nal and glassmilk. Cleanptesam
were directly sequenced at either the San Diego State MicrocheroreaF@&cility, The
UC Riverside Genomics Center, or Genoscope (France).

Ribosomal sequences were aligned using the secondary structure model from
Gillespieet al (2005) with regions of ambiguous alignment aligned by eye.
Mitochondrial sequences were verified to translate into valid amino acids, and did not
have gaps. Molecular data were partitioned by gene region, with the proteig-gedes
partitioned by codon position in both analyses.

Maximum likelihood bootstrap analysis was performed using RAXMLHPC 7.0.3
(Stamatakis 2006). The BKL (best-known likelihood) tree was chosen from a run of 200
inferences. One thousand bootstrap replicates were performed using thedstsioda
bootstrap method on a Intel Core 2 Duo Mac, each with a starting tree using the random
number seed 21371, using the GTRMIX model and allowing RAXML to estimate model
parameters. An initial rearrangement setting of 15 (i = 15), and the defaldenom
categories (c = 25) were chosen for these analyses, determined usiegtive process

recommended by Stamatakis (2006).
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Bayesian analysis was performed using Mr. Bayes 3.1 (Huelsenbeck & Ronquist
2001, Ronquist & Huelsenbeck 2003) on an AMD quad-core PC using a six parameter
model for 33,330,000 generations with a burnin of 8,080,000 generations. A six
parameter model with rates subject to a gamma distribution with a proportion edmvar
sites (nst=6 rates=invgamma) was used for each separate partitiggested by
hierarchical likelihood ratio tests performed using MrModeltest (Nylagde4).
Repeated runs yielded the best results with 8 chains and 2 runs at a temperature of 20.
The analysis did not reach convergence, but was stopped at an average standard deviation
of split frequencies of 0.052 because of computational limitations. Resués wer
summarized as a maximum credibility tree using TreeAnnotator 1.4.8 (Drummond &
Rambaut 2007) using the same burnin as before, with posterior probability values plotted
onto the maximum credibility tree (MCT). This method of displaying Bagseslis was
preferred since it provided better resolution than a 50% majority rule tree. While
importance of unsupported clades on this tree should not be overemphasized, the same
caveat applies to a 50% majority rule tree. This method has the advantage ofrdisplayi
the results on a resolved tree that has been selected because it is thé thee wi
maximum product of posterior clade credibilities. Advantages of this method include
better tree resolution and the fact that the tree is an actual topologgrftong the
posterior distribution of trees, chosen using an optimality criterion. The disadeanit
this method is that it may be misconstrued as indicating greater support fadivede

clades than is indicated by the data. Also, even though the MCT has the highest product
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of posterior clade credibilities, the amount by which it exceeds other trdes ragpect
may be minimal.

Outgroup selection was a problem in both analyses. The tribe Systasini was
selected as the outgroup because it was most distant from Pteromalinae both
morphologically and molecularlfprmocerugOrmocerinae: Ormocerini),
TrigonoderopsigPireninae), and non-pollinating fig wasps of the subfamilies
Otitesellinae, Sycoecinae and Sycoryctinae were intended to be addtitgralups but
were irretrievably classified within the ingroup. Other pteromalid taxh as€leonymus
and Leptofoeninae were used as outgroups in some preliminary analyses but did not
improve support or placement of the species from presumably non-pteromaline
subfamilies. Cleonymine and leptofoenine taxa were removed because their 28S
sequences were very different from the retained taxa, containing sequeryse(blocks
of nucleotide bases determined by alignment, usually regions of ambiguousealifynm
absent from all included groups, suggesting a relationship too distant from Riteaema
to be very helpful in the analysis.

Systasini was retained as the outgroup because of its general morph@lodical
molecular similarity to Pteromalinae, and because it has a consistent nogrpaiol
difference from Pteromalinae. This difference is that Systasini hateethi
flagellomeres instead of the fourteen found in Pteromalinae. One possible exception to
this statement is the published description of the pteromaline spex@sdocius
schickaeas having the same number of flagellomeres as Systasini (Heydonc&kBou

1992). However, examination of a number of specimens reveals that this observation may
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be in error, and that the first flagellomereAinschickaes very tiny and usually hidden

by the apex of the pedicel.

Results

The BKL tree in the RAXMLHPC analysis (Fig. 2) had a log likelihood score of -
30,955.83. There was no bootstrap support for any previously recognized interpretation
of Pteromalinae, and Sphegigasterini was the only higher level pteromabmendh
strong support. There was bootstrap support (>75%) for monophyly of the pteromaline
generaNasonia Muscidifurax Diglochis PseudanogmuandPseudocatolaccysnd for
the sycoryctine geneRhilotrypesisandSycoscapterStrongly supported multigeneric
groupings included the cladesAlticornis + HeteroschemaArachnopteromalus
Grissellium Coelopisthiat+ Diglochis Conomoriumt+ Dibrachoides Dibrachys+
Tritneptis Neocatolaccus Psilocerg Ogloblinisca+ MiscogasteriellaSyntomopus
Thinodytesand the grouping diiemitrichus(Halticopterella(Pachycrepoideus
Toxeumorphpa AlthoughNasoniaandUrolepiswere found to rendéfrichomalopsis
paraphyletic, andrichomalopsis sarcophagg®aced as the sister groupNasonia
there was no bootstrap support for these groupings.

In the Bayesian analysis, the maximum credibility tree found by Treeatanot
(Fig. 3) had a log credibility value of -120.12. Almost all clades supported by the ML
analysis were also supported by the Bayes results (Fig. 3) excedetttolaccus
Psilocerahad no bootstrap support but were monophyletic. The Bayesian analysis did

provide at least some support for groupings not well-supported by the ML analghis, s
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as very mild support (74%) for a sister group relationship betwesarcophagaand
Nasonia similarly weak support (71%) for monophyly of the geRteromalus

Swederus, and for monophyly of Pachyneurini (78%). While these support values are
hardly significant in Bayesian terms, they agree with morphological deesg8urks
unpub.). There was strong support forQirtesellaWestwood (Otitesellinae) +
Trigonoderopsissirault (Pireninae) sister group relationship. This grouping was also

monophyletic in the ML analysis, although without bootstrap support.

Discussion

Previous concepts of Pteromalinae and related groups. Given the state of
pteromaline classification in previous literature, it is valuable here tdydlae usage of
group names in this section. Bek & Heydon (1997) most recently reclassified genera
of Pteromalinae into tribes. They implied that the formerly separate siljpfam
Miscogasterinae should be a tribe within Pteromalinae. Unfortunately, tthepdi
indicate what other tribes of Pteromalinae should be recognized, nor did theteindica
which genera did not belong to Miscogasterini. This classification was not folloyved b
Noyes (2003), who recognized Miscogasterinae as a separate subfamily with a
classification roughly corresponding to that suggested byéo& Rasplus (1991) and
Bowek (1988).

Pteromalinasensu latan the following sections is considered to be a group
inclusive ofCratomus Miscogasterinae, Pachyneurini Panstenoninae, and

Sphegigasterini. It is not taken to include the non-pollinating fig wasp subdamil
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Otitesellinae, Sycoecinae and Sycoryctinae. Pteromadeasu strictavould include
only Pachyneurini and Panstenoninae out of the aforementioned groups. Pteremalini i
used in the following discussion to specifically rule out all previously mentioneghgro
except Panstenoninae, for reasons discussed below. While our analyses (Figs 2-3)
indicate that Pteromalini has roughly the same scope as Pteronsaisestrictatself,
it is a useful name for unambiguously referring to a potential core grouprohfieae
s.s.exclusive of Pachyneurini.

Miscogasterinae itself, historically considered near Pteromal@iahém 1969,
Bowek 1988), has also been treated with varying limits. Herein, Miscogasteensie
lato would include Sphegigasterini and Trigonoderini as in most previous literature. It
excludes Ormocerinae and Pireninae, which had been included by Graham (1969).
Miscogasterinsensu strictas used to unambiguously indicate the trjlegardless of its
placement in Miscogasterinae or Pteromalinae) as defined by Graham €é¥8k8)ve of
all other groups discussed here.

Molecular divergence in Pteromalinae. Pteromalseresu latdincluding all
potential miscogasterine taxa) possess very little variation in the 2&&HD&gions.
Heraty (2004) had found that the maximum sequence divergence was only 3.3% among
28S D2 sequences of 3 species, which was only slightly more than that for the genus
AphelinusDalman. In this study, the maximum sequence divergence for Pteromalinae
28S D2 (88 included taxa) was 9.7% (Table 3) but for Pteromalini (74 included taxa) it
was only 7.4%. Although much higher than previously reported, the divergence for

Pteromalini was not much more than the 5.0% found for the gerasemaCameron
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(Heraty 2004). For 28S D3-D5 the maximum sequence divergence is even less, at 3.4%
for both Pteromalinae and Pteromalini. This is in strong contrast to the langs wdl
sequence divergence in the two mitochondrial genes for Pteromalinae. The most
conserved (2nd) codon positions, of COIll and Cytochrome b varied by 16.8% and 22.8%,
respectively. This raises a question: is 28S rDNA evolution is unusually slow in
Pteromalinae, or is its mitochondrial evolution unusually fast?

Molecular divergence of COIl and Cytochrome b has been examined for a few
other Chalcidoidea. Auger-Rozenbeitgal. (2006) found a divergence rate of up to
21.4% in Cyt-b sequences fraiegastigmu®alman (Torymidae) while finding 28S D2
divergences of only up to 2.2%. Divergence within the pollinator fig wasp genus
CeratosolerMayr was up to 28% for COI and COII (Weiblen 2001), which was
indicative of high rates of divergence within pollinator fig wasps in gémethat study.

Divergence in COIl has been examined in many Chalcidoidea, and this
information can be applied to speculation on COIl and Cytochrome b variation. Most
notably, Opijneret al.(2005) found a rate of synonymous divergence of up to 37.52% in
Nasonia which they found to be in agreement with reports of relatively rapid
mitochondrial evolution among Apocrita in general (Croeieal. 1989, Jermiiret al.
1994, Dowton & Austin 1995, Castaet al.2002). Our results agree with these findings,
although the fact remains that 28S divergence is relatively slow in Ptenamak
compared to some other subfamilies of Chalcidoidea (Heraty 2004). This is in strong
contrast to the very large number (nearly 300) of currently recognizedagener

Pteromalinae (Noyes 2003), a rough indicator of high amounts of morphological
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variation. This raises a possibility that there is taxon-specific @nsbn 28S evolution
in Pteromalinae as compared to other Chalcidoidea. While mechanisms for such a
constraint are currently unknown, it bears further investigation.

This low divergence rate could be taken to imply that there should be some
relatively distinctive and constant sections of the 28S rDNA that could be used as
characters to define the group. Instead, such sections are lacking. Marghatbeloid
groups possess distinctive sequence motifs in the 28S D2-D5 regions that provide strong
evidence for their monophyly (Muneg al.unpublished), but not Pteromalinae. Instead,
pteromaline sequences can be quickly recognized through their lack of distinséixts
or deletions relative to other chalcidoids. This general rule holds true for other
subfamilies closely related to Pteromalinae as well (Figs 2-3), but naioier distantly
related subfamilies such as Cleonyminae.

Relationships of Pteromalinae. No previous phylogenetic study involving
pteromalines has shown significant statistical support for any groupjptgraimaline
genergRaspluset al. 1998, Campbelkt al.2000, Krogmann & Abraham 2004,
Desjardins 2007). Our data also provide no support for a monophyletic Pteromalinae
sensu lat@r sensu strictpeven though a number of other pteromalid subfamilies were
included.. Rather, Pteromalinae formed an unresolved group mixed with Ormocerini,
Otitesellinae, Pireninae, Sycoecinae and Sycoryctinae (Figs 2k)uveiny clear
indication of a core group that could be singled out as definitive Pteromalinae.

The non-pollinating fig wasp subfamilies Otitesellinae, Sycoecinae and

Sycoryctinae could justifiably be placed into Pteromalinae based on prewidiesst
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(Raspluset al. 1998, Munrecet al.unpub.), buDrmocerugOrmocerinae: Ormocerini)
andTrigonoderopsigPireninae) in particular do not fit any previously recognized
morphological concept of Pteromalinae. However, inclusion of Ormocerinae and
Pireninaenear Pteromalinae is not unprecedented. These two current subfamilies were
included in Miscogasterinae by Graham (1969), although that grouping has since been
rejected based on morphological data (Bu1988) OrmocerusandTrigonoderopsis
were intended to be outgroups, but their sequences are similar to those of other
Pteromalinae both in base composition and in a lack of distinctive inserts toordele

The intrusion of other subfamilies into Pteromalinae in our results weakens any
attempt at a molecular characterization of Pteromalinae. Howevegsultsragree with
the statement by Rasplasal.(1998) that the non-pollinating fig wasps belong in
Pteromalidae. They furthermore suggest that the subfamilies QOiitegeeSycoecinae,
and Sycoryctinae are derived members of the subfamily Pteromalirigeagssipported
by the results of Munret al.(unpub.). The current data are not strong enough to suggest
taxonomic changes because of a lack of resampling support for those clademsit see
inadvisable to suggest taxonomic changes based on these data, because there is a strong
possibility that the acquisition of new data could overturn these changes. Givackthe |
of certainty in placement of these taxa using current data, it seems thestiate to
retain Ormocerinae, Otitesellinae, Pireninae, Sycoecinae and Sycaeyas distinct
subfamilies of Pteromalidae with the understanding that additional data mayerttiata

they are better off as synonyms of Pteromalinae.
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Despite the lack of molecular support for Pteromalseresu strictmr sensu latp
there is support for smaller groupings of pteromaline genera that will be @idengbe
following sections. The previously described tribes of Pteromasieasu strictthave
rarely been used (Ashmead 1904, Burks 1979), but there is a need to break down the
nearly 300 genera of Pteromalini into more informative subgroupings. As we gain a
better understanding of pteromaline relationships, those tribes will benoneevaluable
as ways to refer to groups of pteromaline genera in more informativessnplolederous
ways. The following sections provide recommendations on a tribe level clatssifiof
Pteromalinasensu latdhat seems appropriate until more information becomes
available.

Cratomini, Miscogasterini, Sphegigasterini and Trigonoderini. The previously
recognized subfamily Miscogasterinae has been the subject of controversyeopast
few decades (Graham 1969, Beld 1988, Heydon 1995, Boek & Heydon 1997).
Although Graham’s (1969) classification included the current subfamily Ormaee
and some Pireninae as miscogasterines¢@oand other later authors used a different
classification excluding those taxa, because of their lack of morphologtéfehistory
similarities with Miscogasterini.

Sphegigasterini and Trigonoderini have historically been retained in
Miscogasterinae, although Bk (1988) considered Trigonoderini as a tribe of
Pteromalinae separate from Miscogasterinae. At times, the tiibegi§asterini
(Bowek & Heydon 1997) and Trigonoderini (Bfzk 1988) have been separated from

core Miscogasterinae largely because Miscogastesigagu latqinclusive of

28



Sphegigasterini and Trigonoderini) or Pteromalinae may not represent moniaphyle
groups with respect to one another based on speculation using morphology. A general
trend in this controversy has been the lackqdlicit character support for placing
Sphegigasterini and Trigonoderini in Miscogasterinae, with only the occasioral use
characters such as clypeal asymmetry or axillular sizec@#o1988). However, even
these characters are not constant within the defined groups.

Molecular data (Figs 2-3) support two alternative interpretationsatfarthips
between the tribes formerly comprising Miscogastergseesu latoFurthermore, they
suggest a close relationship between these tax@@tdmusandDiconocarg a
relationship not previously suggested. ML results place a clade of Cnatomi
Trigonoderini, Miscogasterini and Sphegigasterini within Pteromalini (FiBB&@)es
results place Cratomini + Trigonoderini at the base of PteromalinaeBuliidrticus
Grissellinterceding between them and the clad@sgudocatolaccus Miscogasterini +
Sphegigasterini (Fig. 3). Neither of the two arrangements seems idealsbec
Miscogasterinas.l. has generally been considered primitive relative to Pteromalinae due
to usually having complete notauli and a strongly indicated frenal groove (Gi&ttm
Bowek 1988). The ML results do not agree with any previous concept of groupings in
Pteromalidae. The concept of a primitive Miscogasterslagiould be agreeable with
the placement of Miscogasterinsensu latmn the Bayes tree, bBoharticusand
Pseudocatolaccuisave no special characters in common with any miscogasterine taxa,
and have incomplete notauli and a weakly indicated frenal groove as in most other

Pteromalini. Another unexpected result is that Miscogasterini was rendeagthylatic
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by Sphegigasterini. The two tribes have always been considered to be claety tat
some authors differ on their memberships (&&u1988, Heydon 1995). No study has
suggested a paraphyletic Miscogasterini, but none have addressed the question in a
phylogenetic context.

Given that neither morphological nor our molecular data could clearly resolve
Miscogasterinae from Pteromalinae, it seems best to follow the imphigsifecation of
Bowek & Heydon (1997) and recognize them as separate tribes within Pteronaalinae
indicated in Table 2 and Figs 2-3. Miscogasterini, Sphegigasterini and Trigomoder
group together with the gendtaconocaraandCratomus which had not previously been
considered close to core miscogasterines.

Cratomushas usually been placed in its own subfamily, Br@bnocarawas
described as a pteromalir@@ratomuswas a supported (Bayes) or unsupported (ML)
sister group to a monophyletic Trigonoderini in both analyses, but this grouping has
never been suggested and currently has no known morphological support. Since it is not
yet clear based on morphology whé&matomusshould be placed, it seems best to retain
it in the tribe Cratomini within Pteromalinae as recognized by Burks (1979).

Diconocarais morphologically distinct from Sphegigasterini and fits poorly in
Pteromalini. However, there is strong molecular support for placingheasdter group
to the Miscogasterini/Sphegigasterini clade. Transfeibitgnocarato Miscogasterini
new placement seems best at this time in order to highlight the well-supported
relationship found in this study (Figs 2-3). The paraphyly of Miscogastettimirespect

to Sphegigasterini bears further investigation. It agrees with Heydon’s (1995)
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interpretation of a monophyletic Sphegigasterini based on the form of the semteaie

of the petiole (Fig. 4D). Because of the small number of genera sampledchésen t
groups (Table 1), and because Sphegigasterini is strongly supported by moldeaylar da
seems best to retain Sphegigasterini as a distinct tribe until additionahses|gan be
obtained.

While these results are preliminary and largely unexpected aside froophyiy
of Sphegigasterini, they do lend themselves towards an interesting conclusion.
Sphegigasterini is defined by having a ventrally closed petiole (Fig. 4Bewransverse
carina along its antero-ventral edge (Heydon 1995). Most Pteromalini @etad®ptions
mostly occurring in Pachyneurini) have a ventrally open and membranoug petiol
Fig. 4A,Diconocara has a partially closed petiole (Fig. 4BphaeripalpugFig. 4C)
and many other Miscogasterini have a closed petiole without a ventral cdnileaalv
Sphegigasterini have a closed petiole with a ventral carina (Fig. 4D)tdacegew
known species iithinodytesandTricyclomischussraham that have a strongly shortened
petiole that is likely secondarily open ventrally. Both molecular analysissi study
suggest that ventral closure of the petiole is an end result of a gradual oliohare
petiole along the lineage leading to Sphegigasterini. This suggests thahtfigon in
Miscogasterini could be intermediate between the open condition in Pteromahai to t
closed condition in Sphegigasterini. This illustrates some potential morphological
plausibility for the molecular results showing Miscogasterini to be a pgetc grade.

Pachyneurini. Out of all existing pteromaline tribes, a modified version of

Pachyneurini retains the best support in our analyses (Figs 2-3). Although Mtk res
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place it as the sister group to all remaining PteromaBeasu latpthis placement is not
statistically supported and may not be stalllerphological support for this group
includes the presence in all members of a short and thickened marginal vein of the
forewing accompanied by a strong parastigmal break, the presence obamata
attachment complex involving a more strongly developed petiole anteriorly, aoca m
elongate first gastral sternite than found in other pteromalines. The anteatymeent

of the petiole in Pachyneurini resembles that of Sphegigasterini, but has omlly late
branches instead of the complete ventral carina found in the latter (Heydon 1995).
Pachyneurini retains the genisrunaas a basal member, which is interesting because it
is one of the few pteromalids with complete notaBhisselliumis the only analyzed
member of Pteromalini which has complete notauli, but it was noGeanaor any

other taxon with complete notauli in the analyses (Figs 2-3). Instead, it groithed w
other Pteromalini distant on the tree. This suggests that parallel reducttbeshotauli

has occurred within Pteromalinae. Having complete notauli therefore does restanidyge
provide strong evidence of close relationship or even primitive placement within
Pteromalini, despite the use of this character by previous authors (Graham 19&% Bou
1988) as a means of supporting several different groupings.

Both maximum likelihood and Bayesian results (Figs 2-3) suggest the
unprecedented inclusion bialticopterellg Hemitrichus RakosinaandToxeumorphan
Pachyneurini. This placement is plausible using the morphological charaetgremed
above, but we do not feel that official transfer of these taxa is currently veatraimice it

is not yet clear how many additional genera should be transferred to PaahmyRather
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than creating a new situation where some taxa are placed in Pachyneurini but
morphologically similar taxa are left in Pteromalini, it seems béiterait for further
revisionary work across all pteromaline genera to better define Pachyne a broader
context.

Panstenoninae. The single sampled speciBsw$tenormplaced deep within the
Pteromalini in both analyses, as an unsupported sister group to clades of various genera,
includingDibrachys These results agree with those of Krogmann & Abraham (2004).
Panstenoninae and Pteromalini cannot be distinguished using molecular data and are s
morphologically similar thaPanstenorkeys within the pteromaline section in recent
identification keys (Botek & Rasplus 1991, Baéek & Heydon 1997). Any recognition
of Panstenoninae as a family-level group would inconveniently necessitageitamn of
a large suite of other subfamilies, tribes, or subtribes from within Pteropmainy of
which would only contain a single genus. For these reasons we transfer allmnembe
Panstenoninae to Pteromalini; new placement.

New tribe level classification of Pteromalinae. The previous sections propose
changes that would divide the Pteromalinae analyzed in this study into therigllow
tribes: Cratomini, Miscogasterini, Pachyneurini, Pteromalini, Sphegigaistand
Trigonoderini. Panstenoninae is completely abolished as a family-lewgl.gsome
previously recognized tribes (Burks 1979) could not be analyzed, and should be retained
as valid until they can be analyzed: Micradelini, Rhaphitelini, and Termolampigi. Th
results in nine currently recognized tribes of Pteromalinae. Pteromsditiishould

likely be broken up into several separate tribes in order to render it an infermatup,
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but such action requires a broader analysis of the group. The next few sections focus on
Pteromalini itself, and upon some groups of interest within the tribe.

Pteromalini. The tribe Pteromalini is recognized here as a broad, undefined,
potentially polyphyletic group containing almost all pteromaline getigsapolyphyletic
in both analyses, with only Pachyneurini and the designated out§ystgsini and
Pachyneurini placing outside of it in the ML results, and with only Systasiripr@ira
and Trigonoderini placing outside of it in the Bayes results. This means thatdeotax
other subfamilies that place inside Pteromalinae in our analyses: Omnocer
Otitesellinae, Pireninae, Sycoecinae and Sycoryctinae, also placeRtsidmalini.
There is no support for monophyly of Pteromalini in our analyses but it is retained as a
temporarily convenient grouping that allows recognition of the other, better supported,
tribes of Pteromalinae without necessitating creation of a number of poorly fgpport
tribes of pteromaline genera. At some point, it will likely be necessaryuoeessome
long abandoned tribes from Ashmead’s (1904) and other classifications to better
characterize the variation within Pteromalini, as well as some nevalylissied tribes. In
the meantime, support for other, unofficial suprageneric groupings of pteromalima gene
can be discussed. The advantage of such groups is that they can be establishexctdnd alt
without undue concern for monophyly or nomenclatural stability. They are therefore
preferable in situations where no fully resolved and supported phylogeny is availabl

DibrachysGroup. Our analysis found no support for any reasonably intact
interpretation of th®ibrachysgroup (Table 4) as proposed by Wallace (1973) (boldface

taxa; Figs 2-3). However, there is support for grouping certain pairs afegBilerachys
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grouped only withlritneptis ConomoriumandDibrachoidesformed a well-supported
clade in both analyses distant from other members dithrachysgroup.Coelopisthia
consistently grouped witBiglochisin a well-supported clade again isolated from other
members of th®ibrachysgroup. The other included taxa from Wallac®ibrachys
Group:Muscidifurax NasoniaandPseudocatolaccysvere unrelated. A sister-group
relationship ofCoelopisthiat+ Diglochishad already been suggested based on
morphology (Baur 2000) and is strongly supported by molecular data. Given that the
Dibrachysgroup has been criticized in the literature (Darling & Werren 1990), it seems
safe to conclude that such a grouping is not supported by molecular nor morphological
data.

Muscidifurax The muscoid fly parasitoiMuscidifuraxGirault & Sanders
consistently grouped with the non-pollinating fig w&soscapteof the subfamily
Sycoryctinae, instead of with other pteromaline genera (Figs 2-3). iBheoe
morphological evidence in favor of this grouping, and it lacked strong bootstrap or
posterior probability support, and therefore may easily be overturned with thetamguis
of new data. However, this grouping is interesting because of the taxa ohvolve

Muscidifuraxis unusual among Pteromalinae in having seven funicular segments
of the female flagellum (Baek & Heydon 1997). It strongly resemblesriophagusn
overall morphologically, sharing similar sharp posterior propodeal corndrsnglg
convex face, and similar shape of the antennal flagellomeres in males.cSpe@rys,
like the subfamilies Otitesellinae, Sycoecinae and Sycophaginae, ateepdyfamily

mainly because its member inhabit figs and have a unifying diagnostic tehistar the
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last two metasomal tergites are elongate (B&988). These two traits do not indicate
what relationship Sycoryctinae has with other chalcidoid groups, and therefore any
suggested placement of the subfamily near another chalcidoid group should be taken
seriously. These molecular results may prove valid, but it seems best im¢his aivoid
drawing final conclusions from data without strong support.

NasoniaGroup. In all analyseNasoniaandUrolepisrenderTrichomalopsis
paraphyletic, although resampling support for this clade is weak at beste@ke w
support is probably best attributed to the small amount of genetic divergence of
pteromalines (Table 3) for the genes sampled. This grouping is congruent with one
potentially valid interpretation of morphological data using a combination ofateesa
including presence of an occipital ridge (Fig. 5A, B: ocr), a dorsally convex propodeal
nucha (Fig. 5A: nuc), and stronger sclerotization and sculpturing of the anteeggial
of the first gastral sternite (Fig. 5C: gsf) than is usually found in Ptdirar(faig. 4A).
Admittedly, these characters are difficult to precisely define andnatiein some
species, and none of them is unique within Pteromalini. There is extreme reduction or
even sometimes absence of the occipital riddéasonia(Fig. 5B: ocr), for instance,
varying between individuals of the same species. It is an unfortunate nmeality
Pteromalinae that there appear to be no unique and unambiguous morphological
characters available to define any suprageneric grouping at all, incthésrane. The
only feasible common practice in defining pteromaline groups based on morphology
requires the use of a combination of characters. The above combination of characters

should function in separating tiNasoniaGroup from all other pteromalines.
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We propose based on molecular and morphological evidence that these genera
includingUsubaiaandGyrinophagusform a monophyletidNasoniaGroup within
Pteromalini. While the strongly sculptured first gastral sternite cogjgest a close
relationship with Pachyneurini, there is no other evidence to support this relggionshi

There are no life history data, such as shared host relationships that support the
NasoniaGroup. However, it should be noted that differénchomalopsispecies
parasitize a large suite of holometabolous insects. Several specieSzgamnasscoid
flies, includingTrichomalopsis sarcophagd&ibson & Floate 2001, Noyes 2003), which
was the sister group téasoniain all analyses. The consistent though weakly supported
T. sarcophagae Nasoniaclade seems stable becatissarcophagadiffers from
Nasonia vitripennisn only 1 base from over 1,100 bases of 28S D2-D5 rDNA, a finding
confirmed by sequencing multiple specimens of both species. However, thegdiiffer
number 76 amino acids in COIl and 32 amino acids in Cytochrome b. Refer@nce to
sarcophaga@s an outgroup tNasoniasupports a hypothesis of a shift from a more
generalized habitat preferenceNnvitripennisandT. sarcophaga#& a more specific
habitat preference iN. giraultiandN. longicornis—parasitizing muscoid flies in bird
nests. It also suggests that there may be a longer than previously indicatgdofist
Wolbachiaassociation with the lineage leading up\@sonia although a more thorough
analysis oWolbachiaphylogeny is required to fully elucidate the shared history of these
organisms.

Occurrence oWolbachiain PteromalinaeThere were three phylogenetic patterns

found betweeWolbachiaand pteromalines: 1) the entire lineagd nEhomalopsis
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sarcophaga€Gahan) and alNasoniaspecies is currently infected, 2) all three sampled
species from the HolarctiCoelopisthia=orsterDiglochis Forsterclade §ensuBaur

2000) are infected, 3) both sampled species of the Australian BeaudanogmuBSodd

& Girault areinfected, 4)NeocatolaccugAshmead) anésiloceraWalker formed an
infected clade in the ML analysis.

Wolbachiainfections were found in 26 (29.5%) of the 88 pteromaline species
screened (Table 2). Infected taxa did not form a monophyletic groupingpested
from previous surveys faNolbachiaacross insects (Werren 1998). This indicates that
Wolbachiahas been introduced into Pteromalini from multiple different sources.
Therefore, infection of pteromalines wktolbachiais a phenomenon best investigated
between very closely related pteromaline species and other insect spaicibey
interact with. Investigation across the tribe Pteromalini for phyldgepatterns seems
uninformative at this time, but investigation within the cladBlasonia+
Trichomalopsist Urolepismay prove more fruitful.

Recent discoveries have rendered phylogenetic reseavwhlbéchiastrains
problematic. Previously, infections by multiple straind\adlbachiawere only known
involving strains from different supergrou@erren 1997), but it has recently been
discovered that multiple infections can invold®lbachiafrom the same supergroup
(Baldoet al.2006, Raychoudhurgt al.2009). Because of this, it is not known how many
multiple infections occur among the positive occurrences. An unfortunate ingoticeti
this discovery is that sequence data using multpddbachiagenes could be sampling

different strains ofWolbachiainstead of a single strain, providing misleading results.
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Previous sequence data from thégalbachiawould also be potentially misleading if
multiple strains from the same supergroup were found, because it would not be clear
which strain the data were taken from.

Nasoniais important inWolbachiaresearch is because it is a rare situation where
coevolution between an insect antblbachiahas potentially occurred in insects, and in
part becausblasoniamay have a strong predilection to retd#iolbachiainfections
(Bordensteiret al.2001). Part of the reason for this survey was to search for other clades
of pteromalines in which similar evolutionary scenarios may have occurredy and t
determine if pteromalines in general—instead of Ne$onia—have a higher than
expected rate dVolbachiainfection. Of the different infected pteromaline clades
discovered in this study, tl@oelopisthi@Diglochisclade and the Australasian genus
Pseudanogmusould seem to have the strongest possibility of exhibiting a system
similar to that inNasonia Further research into the biology of these genera could be
highly rewarding in gaining a greater understanding of any potential réi®ltiachiain
insect evolution, with the caveat that these pteromalines are not as easgigribas
Nasonia

Conclusions
While support for pteromalid relationships continues to be weak, our data provide
a stronger context for defining the subfamily Pteromalinae and more retlabgifying
the over 350 genera either included or related to the subfamily into more useful @nd mor

easily-handled subgroups. With reference to morphological data and additionalilarole
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data, it should be possible to achieve the goal of defining more solid tribes of
Pteromalinae and making a stronger statement regarding their relationships.

While the D2-D5 subregions of 28S rDNA do not have an ideal signal to noise
ratio for producing a well-resolved phylogeny of Pteromalinae when tdéee, ahey are
helpful in constructing species-level phylogenies of some subgroups of Pteiandli
may be ideal for all levels of analysis of Miscogasterseresu latoThe best
complement to 28S sequences for pteromalid phylogenetics would likely be rapidly
evolving nuclear protein-coding genes. While ITS-2 and the nuclear protein-coding
genesPten EF1-wo and Long-wavelength Opsin, were attempted over the course of this
project, they could not satisfy all necessary criteria, including the diéypabbeing
amplified and aligned across most pteromaliReésnis useful for taxa in thBlasonia
Section (Baudret al.2006), but it could rarely be amplified for taxa outside the
immediate vicinity ofNasonia While these genes have so far not proven ideal for
analysis of pteromaline phylogenetics, the best option for improved resuitsfurtdre
likely includes the use of additional rapidly-evolving genes that can be aligned

unambiguously.
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Table 1. Taxa analyzed by gene. Subfamilies indicated by gray shading.
Classification reflects changes proposed in this study.

species
Higher taxon analyzed 28S D2 28S D3-D5 COll Cytb
Ormocerinae 3 3 3 0 1
Ormocerini 1 1 1 0 0
Systasini 2 2 2 0 1
Otitesellinae 1 1 1 1 1
Pteromalinae 88 88 87 33 47
Cratomini 1 1 1 0 1
Miscogasterini 3 3 3 0 2
Pachyneurini 3 3 3 2 2
Pteromalini 74 74 70 29 40
Sphegigasterini 4 4 4 0 0
Trigonoderini 3 3 3 0 1
Pireninae 1 1 1 0 0
Sycoecinae 1 1 1 1 1
Sycoryctinae 4 4 4 0 1
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Table 2. Specimens Used in This Study.

Genbank Accesion Numbers

Taxon Locality V\/olbac_:hia Museum No.
infection 28S D2 28S D3-D5 CO2 Cytb

Ablaxian. sp. Sweden: Oland no 161089
Alticornis sp. MX: Quintana Roo no 174895
Amphidocius schickae USA: CA no 174903
Anisopteromalus calandrae India: Uttar Pradesh no 174898
Apsilocerasp. Italy: Lazio no 174871
Arachnopteromalus dasys  USA: CA no 174890
Arthrolytussp. USA: NY no 174877
Boharticusn. sp. USA: CA yes 174905
Bubekiasp. Argen.: Missiones Prov. no 161026
Callitula bicolor Italy: Lazio no 174864
Catolaccussp. Italy: Lazio no 174867
Cheiropachus quadrum Sweden: Oland no 161079
Chlorocytusn. sp. USA: CA yes 161078
Coelopisthiasp Russia: Primorskiy kray yes 174880
Conomoriumm. sp. USA: CA no 174849
Coruna clavata Russia: Primorskiy kray no 161296
Cratomus megacephalus Canada: ON no 00000807
Diaziellasp. Thailand: Surat Thani yes 161300
Dibrachoides dynastes Italy: Lazio yes 174863
Dibrachys cavus USA: CA no 174904
Diconocara petiolata Russia: Primorskiy krai no 00000820
Diglochissp. 1 Russia: Primorskiy krai yes 174879
Diglochissp. 2 Russia: Primorskiy krai yes 174881



vS

Euneurasp.
Euteloida basalis
Grisselliumn. sp.
Halticopterellasp.
Hemitrichusn. sp.
Heteroschemap.
Homoporussp.

Homoporus mordellistenae

Isoplatoidesn. sp.
Lamptrotatus. sp.

Lariophagus distinguendus

Lariophagus texanus
Lyrcusn. sp.

Lysirina polychroma
Meraporus graminicola
Merisussp.
Mesopolobusp.
Miscogasteriellasp.
Monoksa dorsiplana
Muscidifurax raptor
Muscidifurax raptorellus
Muscidifurax uniraptor
Muscidifurax zaraptor
Nasonia giraulti
Nasonia longicornis
Nasonia vitripennis
Neocatolaccusp.
Norbanussp.

Chile: La Campana
USA: CA

USA: CA

Australia: QLD
USA: CA

MX: Quintana Roo
Russia: Primorskiy krai
USA: CA

Australia: QLD
USA: NM

USA: CA

USA: NY

USA: CA

USA: CA

Italy: Lazio

Italy: Lazio

Italy: Lazio

Papua New Guinea
Argentina: La Rioja
USAT

USAT

USAT

USAT

USAT

USAT

USA: NY

USA: GA

Argen.: La Rigja

yes
no
no
yes
no
no
no
no
no
yes
no
no
no
no
yes
no
yes
no
no
no
no
yes
no
yes
yes
yes
yes
no

161102
174845
174893
174906
174861
174896
174860
174846
174855
161023
174843
174878
174844
174847
174858
174870
174857
174892
174862
174886
174887
174852
174894
174889
174888
000770
161072
174899



SS

Ogloblinisca americana
Ormocerussp.
Otitesellasp.

USA: LA
USA: CA

Thailand: Surat Thani

Pachycrepoideus vindemmiaeUSAT

Pachyneurorsp.
Panstenorsp.

Philotrypesissp 1
Philotrypesissp. 2
Plutothrix sp.

Polstonia pelagocorphya
Pseudanogmusp. 1
Pseudanogmusp. 2
Pseudocatolaccus guizoti

Pseudocatolaccus nitescens

Psilocerasp.
Pteromalus (Habrocytusp.
Pteromalus chrysos
Pteromalus platyphilus
Pteromalus puparum
Rakosinan. sp.
Semiotellusp.
Sphaeripalpusp.
Staurothyreusp. 1
Staurothyreusp. 2
Stenetran. sp.
Stenoselma nigrum
Sycoscaptesp.
SycoscapteAJOO

USA: CA

Russia: Primorskiy krai

Thailand: Trang pr.

unknown
USA: Ml

Colombia: Magdalena

Australia: QLD
Australia: QLD
USA: CA

Italy: Lazio
USA: CA
USA: CA

Italy: Lazio
Italy: Lazio
unknown

Italy: Lazio
Australia: QLD
Italy: Lazio
Italy: Lazio
Italy: Lazio
USA: CA

Italy: Lazio
Australia: QLD
unknown

no
no
no
no
no
no

no
no
no
no
yes
yes
no
no
yes
no
no
no
no
yes
no
no
no
no
no
no
no
no

174891
161348
161280
174882
174853

161293
161272,
161273

J.Y. Rasplus
161374
91135 AY552173
174848
174902
91131, 91132 AY552171
174869
174850
91131  AY552170
174909
174908
* AF379909
174874
161287
161220
174866
174907
174851
174875
161281
J.Y. Rasplus
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SycoscapteAJ02
Synedrus transiersp.
Syntomopusp.
Systasisp.
Thinodytesp.
Toxeumorphap.
Trichomalopsisp. 1
Trichomalopsisp. 2
Trichomalopsisp. 3
Trichomalopsisp. 4

unknown

Italy: Lazio

USA: CA

Australia: SA

USA: CA

Australia: QLD

Italy: Lazio

Italy: Lazio

Italy: Lazio

India: Uttar Pradesh

Trichomalopsis apanteloctenaJapan (lab culture)

Trichomalopsis dubia
Trichomalopsis microptera
Trichomalopsis sarcophagae
Trichomalussp.
Trigonoderopsisp.
Tritneptissp.

Urolepis maritima

Urolepis rufipes

USAT

USA: OR

USAT

Italy: Lazio

Thailand: Songkhla
Sweden: Vindelns kommun
USA: NV

USAT

* Sequence from Dowton & Austin (2001)
TFrom Werren Lab colonies

no
yes
no
yes
no
yes
no
no
no
no
no
no
no
yes
no
no
yes
no
no

J.Y. Rasplus
174872
174854
161105
91133
174856
174868
174873
174876

174897
174900
174885
161027
174884
174859
174901
161206
161031
174883

AY552172



Table 3. Maximum % sequence divergence
by gene, and maximum amino acid changes
(Aaa) for mitochondrial proteins.

gene Pteromalinae  Pteromalini
28S D2 9.7 7.4
28S D3-5 3.4 3.4
COIll maxAaa 88 87
COll 1st 32.9 32.9
COll 2nd 18.0 16.8
COll 3rd 39.9 39.9
Cytb maxAaa 78 67
Cytb 1st 23.2 22.8
Cytb 2nd 9.2 8.6
Cytb 3rd 43 39.5
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Table 4. Genera included in tBébrachysgroup by Wallace (1973).

genus region speciesual host (B&R 1991, B&H 1997)
Coelopisthia* worldwide 12 Lepidoptera: Tortricidae
Conomorium* worldwide 5 unknown
Cyclogastrella worldwide 9 Lepidoptera: Tortricidae
Dibrachoides* worldwide 3 Coleoptera: Curculionidae
Dibrachys worldwide 18 Diptera: Tachinidae, Hymenopera
Helocasis Holarctic 1 unknown
Muscidifurax* worldwide 5 muscoid Diptera
Nasonia* worldwide 3 muscoid Diptera
Platneptis Czech, Hungary 1 Lepidoptera: Tortricidae
Pseudocatolaccds Holarctic 13 Diptera: Cecidomyiidae
Schizonotus worldwide 3 Coleoptera: Chrysomelidae
Stichocrepis Palearctic 1 Lepidoptera: Geometridae
Systellogaster Nearctic 2 Blattodea: Blattidae
Tritneptis* worldwide 11 Hymenoptera: Diprionidae, Lepidoptera

* = included in this study
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Figure 1.Nasonia vitripenniposterior surface of

head near foramen magnum. Abbreviations: hyb =
hypostomal bridge, hyc = hypostomal carina, hys =
hypostomal sulcus, ptp = posterior tentorial pit.
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Figure 2. RAXMLHPC BKL tree (-In L 30,955.83). ML bootstrap values higher than 70%
indicated on branches. Suprageneric taxa indicated by a vertical bar: bigick ba
monophyletic, gray bar if not monophyletigibrachysgroup members indicated in bold.
Wolbachiainfected taxa indicated by an asterisk. Indicated taxonomic groupings reflect
changes proposed in this article.
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Figure 3. Bayes results summarized as the maximum credibility tgfeegtilog clade
credibility = -120.12), with posterior probability values higher than 70% indicated on
branches. Suprageneric taxa indicated by a vertical bar: black bar if moriaplyybey
bar if not monophyleticDibrachysgroup members indicated in boMolbachiainfected
taxa indicated by an asterisk. Indicated taxonomic groupings reflect chamogpemsed in
this article.
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Fig. 4. Ventral surface of the petiole (pet) in selected Pteromaieresi latoA.
PteromalugPteromalini). BDiconocara petiolatgMiscogasterini). CSphaeripalpus
sp. (Miscogasterini). DHalticopterasp. (Sphegigasterini).
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ig. 5. Characters of tHéason aGroup. A.Trichomalopsis tachinae
(Gahan), ocr = occipital ridge, nuc = propodeal nucha. R&Sonia
giraulti, ocr = occipital ridge, gsf = ventral flange of first gastral sternite.
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CHAPTER 3
Combined molecular and morphological phylogeny of Eulophidae (Hymenoptar
Chalcidoidea), with focus on the subfamily Entedoninae
R. A. Burks?, J. M. Heraty?, M. Gebiola®& C. Hanssort

1.2 Entomology Department, University of California, Riverside (rogerb@uigr.e

john.heraty@ucr.edu

% Dipartimento di Entomologia e Zoologia agraria "F. Silvestri" Univardigli Studi di

Napoli "Federico II" (marco.gebiola@unina.it

“ Department of COB, Zoology, Lund University (Christer.Hansson@cob.lu.se)

Abstract. A new combined molecular and morphological phylogeny of the Eulophidae is
presented with special reference to the subfamily Entedoninae. We exami28& tha-

D5 and CO1 gene regions in partitioned maximum likelihood and Bayesian anafykes, a
examined the effects of the addition of historically recognized morpholadiagahcters

on the Bayesian analysis. Eulophidae was strongly supported as monophyleticionly wi
exclusion of the enigmatic gentissecodesThe subfamilies Eulophinae, Entiinae
(=Euderinae) and Tetrastichinae were consistently supported as monopbuletic
monophyly of Entedoninae was supported only in the combined analysis. The lack of
support from the molecular data was due to the unusual 3e” subregion of the 28S D2
rDNA in the nominal subgenus Gflosterocerusin all cases Euderomphalini was
excluded from a monophyletic Entiinae, and we suggest that it be retained in

Entedoninae. Opheliminae stat. is raised from tribe to subfamily status, and a sister
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group relationship of Opheliminae + Entiinae is strongly supported. The genera
Neochrysocharis. stat.andAsecodes. stat.are removed from synonymy with
Closterocerudpecause strong molecular differences corroborate their morphological
differencesClosterocerugAchrysochariy germanicuss transferred to the genus

Chrysonotomyian. comb.based on molecular and morphological characters.

Keywords. Molecular phylogenetics, parasitoids, ribosomal, COI.

Introduction

Eulophidae is one of the largest families of Chalcidoidea, with over 4,400 described
species in 4 subfamilies (Noyes 2008)s also one of the most diverse and
economically important families in Chalcidoidea, with a large number of species
important for biological control of agricultural pests, especially of leiaffrg Diptera
(Clausen 1978). A number of other species are gall formers on a variety of plants
including EucalyptugBowek 1988). However, their hosts are not limited to plants and
insects. The diversity in life history strategies of eulophids is compamtilattof
Chalcidoidea itself, with several unusual or unique examples. Some specieslaterpre
in spider egg sacs or in galls of mites or nematodes (LaSalle 1994). Although many
eulophid genera are distributed worldwide, other potentially ancient subgroups of the
family are Australasian (Ba@ek 1988).

Eulophidae and its major subgroups cannot be characterized succinctly in terms of

natural history. The family is defined by a combination of characterssthat unique
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within Chalcidoidea. All eulophids have twelve or fewer antennal segments, laasdhal
straight protibial spur, and four or fewer tarsal segments, while most havéwelgla
long marginal vein (Gibsoet al. 1999). The unplaced chalcidoid gertalesHoward
possesses all the above features, but like Trichogrammatidae is distidduishe
Eulophidae in having a broad petiole allowing the mesophragma to extend into the
metasoma (Burks 2003).

Although the defining characters of Eulophidae have come under suspicion
because they are the apparent result of reduction from common groundplan chalcidoid
states (LaSallet al. 1997, Gauthieet. al.2000), a core monophyletic group of eulophids
is strongly supported in most molecular analyses (Cameball 2000, Gauthieet al.

2000, Munreet al.unpublished). The more controversial issues remaining in eulophid
taxonomy involve definition of its subfamilies and genera.

The subfamily Eulophinae has historically contained a diverse set of potentiall
ancient tribes in addition to the more characteristic genersubgphusGeoffroy
(Boucek 1988). Gauthiegt al.(2000) removed the primarily Australasian tribes
Anselmellini, Keryini and Ophelimini from the subfamily based on 28S D2 molecula
data and morphological differences. They transferred Keryini to Ptadaedlecause of
its gestalt morphological similarity to the mostly phytophagous subfadmityocerinae.
Anselmellini and Ophelimini were left ascertae sedign Eulophidae because no clear
indication of their relationships was supported by the molecular data. They also
transferred the geni&asmus/Nestwood into Eulophinae as the sole member of the tribe

Elasmini. Finally, Gauthieet al (2000) erected the tribe Cirrospilini for a set of
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morphologically reduced genera usually placed within Eulophinae, but synonlytineze
previously recognized tribes Elachertini and Euplectrini under Eulophini.

Tetrastichinae is potentially the most diverse subfamily of Eulophidae in térms
species and life history traits (LaSalle 1994), but is notoriously not diverse
morphologically and contain a large number of morphologically similar geSebea(ff
et al.1997). Ironically, the subfamily also lacks uniquely defining charactersa(leaS
1994), although it has been strongly supported molecularly (Gaetra&2000, Munro
et al.unpublished).

Entiinae (formerly Euderinae; Hansson 2009a) possesses a number of potentially
plesiomorphic characters, such as a separate 9th metasomal tergite amdecoatalli
for most species (Coote 1994). Gumovsky (2002) transferred the tribe Euderomphalini
into this subfamily based on a new interpretation of the morphology of its spesges. S
below for a discussion of this interpretation.

Entedoninae contains two tribes, Entedonini and Euderomphalini. Entedonini was
revised and redefined by Schauff (1991), while Euderomphalini was revised dieLaSa
& Schauff (1994) and Hansson & LaSalle (2002). Although species of the tribe
Entedonini are highly diverse in life histories, all host records of Euderompinalicate
that they are parasitoids of whitefly. The tribe Platytetracampigideacribed in this
subfamily by Boudek (1988) but was removed by Gautreeal.(2000) because 28S D2
data placed the tribe near Anselmellini. While Entedonini is usually charscters
having only one pair of scutellar setae and a single dorsal submarginal vebchetaff

1991, Schaufét al. 1997), this definition does not hold true across the tribe. Some
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species in several different genera that clearly belong to Entedonini vavel setae in

one of these locations, and a few even have several setae in both locations. Additional
characters provided by LaSalle & Schauff (1994) and further discussed&yn@i al.
(1999), such as pores on the male scape restricted to a ridge along the vgetral ed
mesoscutal midlobe with two pairs of bristles, transverse facial sutyraste from the
median ocellus, and tubercle present behind the propodeal spiracle, do not occur in all
Entedonini either. Gumovsky (2002) proposed a new character for the definition of
Entedonini, mentioning that the mesothoracic spiracle is hidden in all species of that
tribe, but this feature is not found in the controversially placed Euderomphalini.
Additionally, this character is present in various forms throughout a number of other
chalcidoids, although it may be locally informative within Eulophidae.

The problem of imprecise morphological definitions applies to all four currently
recognized subfamilies of Eulophidae and to most current tribes within thesm#igisfa
(Burks 2003). It is therefore difficult to decide in which subfamily the more prudiie
groups such as the tribes Anselmellini, Euderomphalini, Ophelimini and
Platytetracampini could belong. This suggests that molecular data could hé inelpf
determining the position of these groups, although for some of these groups the broader
context of a phylogeny of Chalcidoidea will be needed (Met@. unpublished, Heraty
et al.in prep.).

Further controversy exists in the generic classification within the Entedonini.
There is no agreement among specialists upon the generic classification of sne@imber

the tribe. This problem is most pronounced in the classification of small-bodiedgener
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such a<ClosterocerusVestwoodNeochrysochari&gurdjumov, and similar genera, with
every expert in recent literature either using a different clagsdit or expressing
reservations about the one being used (Hansson 1990, 1994, 2002, Gumovsky 2001,
2002, Fisher & LaSalle 2005).

The disagreement over classification of entedonine genera focuses upon a debate
over the reliability of certain morphological characters. Hansson (1990, 1994) discovere
that the shape of the basiconic peg sensilla of the antennal flagellum diffeved am
species that he reclassified accordingly from the g@mgsonotomyigAshmead to
ClosterocerusandNeochrysocharisMost of the species transferredtmsterocerus
were placed in the subgenfishrysocharisGirault, while those with a carinate pedicel
were retained in the nominal subgenus (discussed from here3josésrocerus sensu
strictu). Gumovsky (2001) suggested a different classification based upon delimitation of
the clypeus and the presence of subtorular grooves, thus synonykéeznrysocharis
Asecodes&orster, and a number of other genera uddesterocerusGumovsky did not
make reference to Hansson’s antennal characters. Hansson (2004) lateeduggest
different definition ofChrysonotomyiacombining all species with a single set of
volsellar spines on the male genitalia into that genus, but acknowledged subtorular
grooves as a valid charact8&ome species of the subgefiilesterocerus
(Achrysochariy were reclassified int€hrysonotomyidased on the newly discovered
genitalic character (Hansson 2004).

A common thread in this controversy is that the groups have been defined largely

without a phylogenetic context, using only a small number of characters without
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complete comparison across other potentially related genera. This approadhllgspe
ignores the concept of evolutionary polarity. While certain species magnbarsn

having a delimited clypeus for instance, it is quite possible that primitivd@mntess also

had a well-defined clypeus, such thatlatsk, not its presence, could instead be an
informative character at some level. This approach also ignores the possfbility
reversals or parallel evolution. There are no guarantees that every chiaaadieen

derived only once within the lineage, and this possibility can adequately addressed only
in a phylogenetic context.

The last published morphological phylogeny of Entedoninae was by Schauff
(1991), but that study did not include the tribe Euderomphalini or several other genera of
Entedonini from outside the Holarctic region. The molecular phylogenies of Eulephida
(Gauthieret al.2000) and Entedoninae (Gumovsky 2002) did not, by the authors’ own
admission, make convincing statements on the classification of genera withdioriinte
The molecular analysis of Gumovsky (2002) focused more on placement of the tribe
Euderomphalini. He concluded that euderomphalines should be transferred from
Entedoninae to Entiinae based on 28S D2 ribosomal sequences, distinctness of the
clypeus and presence of apparently complete notauli. Again, this approach to
morphological interpretation ignores the concept of character polarity. Thenpeesf
distinct notauli is certainly plesiomorphic throughout Chalcidoidea, againintethat
their loss, not their presence, could be informative at some level.

The taxonomic instability of Entedoninae has led to a problem in which it is not

clear which classification to follow because there is no clear reason to gmefe
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interpretation of generic characters over the other. Further, all prephglesgenies of
Eulophidae and its subfamilies (Schauff 1991, Gauttiat. 2000, Gumovsky 2002)
used only parsimony as an optimality criterion. Gautkiex. (2000) found strong
bootstrap support for only Ophelimini, and only weak bootstrap support for Eulophinae
and Tetrastichinae in their phylogeny of the family. Although they samplddtivety
large number of Entedoninae, and Entedonini + Euderomphalini formed a monophyletic
group in their analysis, they found no bootstrap support for monophyly of the subfamily.
There was also no strong bootstrap support for monophyly of any entedonine genus.

A more definitive classification of Eulophidae addressing available iratom
would provide not only a more stable and informative classification, but a better
framework for all aspects of research of family. The focus of this stuidygrovide
additional molecular data using more recent analytical methods in an atbepnptitde a
more strongly supported phylogeny of Eulophidae, with the goal of providing a stronge

less equivocal, statement regarding the many controversies of eulophificetassi

Materials and Methods
A broad range of eulophids were chosen for this analysis based on morphological
diversity and specimen availability (Table 1). Outgroups from threeeiiftéamilies
were chosen. Tetracampinae was chosen as an outgroup because of morphological
(Bowek 1988) and molecular (Campbetlal. 2000, Munrcet al. unpublished)
proximity to EulophidaeColotrechnusThomson an€Ceratogrammae Santis were

chosen as additional outgroups because of morphological similarity to Eulophidae. While
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Rotoitidae,CalesHoward (Calesinae; family unplaced) and the pteromalid species
Idioporus affinisLaSalle & Polaszek also possess four tarsomeres and a small protibial
spur, they were excluded from this analysis because the 28S sequeiaktor
micropteronGibson & HuberCalesandl. affiniswere very different from those of
eulophids (Munreet al.unpublished).

Most specimens were killed in 95% EtOH and stored at -80°F until extraction.
The entire body was used for extraction using the chelex method (&a&kf991) in a
non-destructive means in which the body was not macerated but removed from the
Proteinase-K after a short time and cleaned for use as a primary vouckeexbakts
were stored at -80°F until needed. All vouchers are stored at the Universayifofr@a,
Riverside Entomology Research Museum (UCRC). Table 1 lists the speaisezhs
their classification, general locality, UCRC voucher numbers, Genbangsamte
numbers of all sequences, and Morphbank image numbers for voucher specimens.

Polymerase chain reactions were carried out jil @actions using Promega Taq
DNA polymerase (Madison, WI), Qiagen 10x PCR buffer (15 mM Mpé&id Qiagen
5x Q-solution (Valencia, CA). All genes were sequenced in the forward andeever
directions, and the resulting pair of chromatograms compared to find PCR or reading
errors. Primers and annealing temperatures are given in Table 2. PCR$veehécgene
cleaned using the Bio 101 Geneclean Kit (Carlsbad, CA) with Nal and gliassmi
Cleaned samples were directly sequenced at either the San Diego iStatsh&mical

Core Facility or the UC Riverside Genomics Center.
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Ribosomal sequences were aligned using the secondary structure model from
Gillespieet al (2005) with regions of ambiguous alignment (RAA) aligned by eye.
RAA'’s were retained in the analysis because they improved resolution of the ingroup
Mitochondrial sequences translated to valid amino acids and did not possess any gaps.
Molecular data were partitioned by gene region, with 28S D2 and D3-D5 as aseparat
partitions and CO1 partitioned by codon position. Maximum percent divergence values
(uncorrected ‘p’) were calculated using PAUP* 4.0b10 (Swofford 2000).

Maximum likelihood bootstrap analysis was performed using RAXMLHPC 7.0.3
(Stamatakis 2006) using the GTRMIX model. An initial rearrangementgettilO (i =
10) and the default number of categories (c = 25) were used after completing the
multistep process described in sections 5.2.1 and 5.2.2 of the program manual to
determine the best values for those settings. The Best Known Likelihood {E€Lfor
each analysis was selected from a run of 200 inferences. One thousand bootstrap
replicates were performed using the standard bootstrap method, each with a random
starting tree using the random number seed 91583.

Bayesian analysis was performed using MrBayes 3.1 (Huelsenbeck & Ronquist
2001, Ronquist & Huelsenbeck 2003). For each molecular partition a six parameter
model with rates subject to a gamma distribution with a proportion of invariant sites
(nst=6 rates=invgamma) was used as suggested by hierarchical likehtioadsts
performed using MrModeltest (Nylander 2004). The morphological partition in the
combined analysis was analyzed as unordered using the Mk model (Lewis 2001) with

coding=variable and rates=gamma. In each analysis two independent simulations of four
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simultaneous MCMC chains were ran, sampling every 1000 generations. Congergenc
was reached at 5 million generations in each analysis with <0.01 standarcdefiat

split frequencies. The burnin was 1.25 million generations for each analysis.

Morphological characters
The morphological component of this study includes 31 characters discussed in.the text
It is meant to be a summary of the characters discussed here in a wayrtitst pe
discussion in a defined context without providing undue bias in the combined analysis.
This is in part because the molecular data are meant to be a test of theecharac
discussed here. A more definitive morphological analysis would require moeeidrar
and the inclusion of known genera and species groups, which is beyond the scope of this
study. Terms follow those of Gibson (1997). Photographs were taken usinghetitiher
Montage software (Synoptics, Ltd., UK) or tRatoVision Mobile Imaging System (GT

Vision LLC).

1. Number of flagellomeres Coded using actual number or a letter substitute &dmn

C (=12).

The small terminal flagellomere found in some families of Chalcidoidea, imgjudi
Pteromalidae, is here interpreted as a single segment as in Onadtada®iro(2008).
The apparent maximum number of flagellomeres for Chalcidoidea is 14, based on the
number found in Rotoitidae (Boek & Noyes 1987) and in some other chalcidoid taxa,

including Colotrechnusn this study. Eulophids have at most 10 flagellomeres, with a
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variable number in all subfamilies except Entiinae, which have a constant number of 8.
This character can become problematic when claval segments are fudezhdhere are
several basal anelliform segments that are difficult to distinguish. ltefeof the club,
fused segments are not counted as if they were not fused. Anelliform segments wer

counted using slide-mounted specimens in species where the count could be problematic.

2. Number of separate claval segments in female€oded using the actual number,
from 1to 4.

The club is interpreted as the apical set of approximated flagellomeres, and
therefore consists of at least one segment unless the flagellum isyaatiseht. This
character was chosen to best represent the difference in flagellar foveebdaxa such
asClosteroceruswhich have two funicular segments and three flagellomeres (Fig. 13),
and from other Entedonini with three or more funicular segments and a correspondingly
reduced number of claval segments (Fig. 5). Only females were used fauhis c
because the number can vary between sexes in a pattern that is sometiaids @i

species distinction but is not informative across genera.

3. Shape of flagellomeres in male® = cylindrical and without branches (Fig. 5: flg);
= nodose, with a rounded expanded section bearing elongate setae Ergb2gring
two or three branches (Figs 6, 3) cylindrical apically but with a slight basal

expansion (Fig. 8).
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The form of the flagellum in males is variously modified in many groups of
eulophids, although there are exceptional species with a cylindrical flag&liamn
each of these groups (Bfk 1988, Burks 2003). Strongly nodose flagellomeres (3:1),
with the expanded section bearing elongate setae, are found in males of mestapec
Entiinae (Fig. 2). Males of many species of Tetrastichinae havdldagges with a
similar, always basal, expansion bearing elongate setae (3:2, Fig. 8 vetpinghese
species the flagellomeres are more cylindrical, with a longer apicarsectd less
distinct expansion. Rather than lump these two states occurring across sebfiatol
the same state, it seems best to recognize the differences betweas taentially
phylogenetically significant (3:1, 3:2).

Flagellar branches are found in male&lasmusVestwood and in some genera
of Eulophini. Three branches is the usual state in eulophines with branched flagedlomer
(Fig. 6), but males dbicladocerusWestwood have only two (Fig. 7). These conditions
were lumped together as a single state (3c2puse separatimyjcladocerusinto a
different state would needlessly create an autapomorphy in the anaigsibeee
appears to be no outstanding morphological difference in the morphology of the separate

flagellomeres.

4. Shape of basiconic peg sensilla of the flagellufd = symmetrical (Fig. 9)1 = lightly
asymmetrical, angular (Fig. 1®= strongly asymmetrical, spear-shaped (Fig. 11).
Hansson (1990, 1994, 1996) described variation in shape of the socketed, typically

mushroom-shaped, basiconic peg sensilla between genera of Entedoninae and between
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species groups @mphaleHaliday. Variation in this character is one principal reason
for recognition ofClosterocerusndNeochrysocharigas separate genera. It is possible
that the spear-shaped form in state 2 (Fig. 11) could be derived exclusively from the

slightly asymmetrical form in state 1 (Fig. 10), but there is no conclusive prdafof t

5. Carinae of pedicel 0 = absent (Fig. 12: pdI} = present (Fig. 13: carina).
The pedicel in all species of the nominal subgen@adteroceruss carinate
(Fig. 13) along its dorsal and ventral edges (Hansson 1994). This state does not occur in

the other subgenuachrysochariGirault.

6. Sulcus across vertex between median and lateral oceli= absent (Fig. 14} =
present (Fig. 15: sulcus).

Some genera of Euderomphalini possess a sulcus extending across the occipital
triangle between the median and lateral ocelli (Hansson & LaSalle 2002)sulbus is
interpreted as different from the transverse facial sulci of most Entedouimnay be
more similar to the sulcus crossing the vertex behind the océknanisusialker and
other thrips parasitoids in Entedonini (Schauff 1991). The vertex sul€esamisusvas
coded as absent in this analysis because it would be autapomorphic among the included
taxa. If additional species with this sulcus were included, that form of thessubuld
have been coded as a separate state in this character. It is not the saselaggtound

in Euderomphalini (6:1) because it occurs posterior to all the ocelli.
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7. Vertex posterior carina: 0 = absent (Fig. 14}t = present (Fig. 16: carina).
A sharply edged transition between the vertex and the occiput is found in many
species across Eulophidae, but is important in separating thetgensimienusNalker

(absent) fronPediobiusWalker (present) (Hansson 2002).

8. Transverse facial sulcusO = absentl = present and adjacent the median ocellus

(Fig. 17: tfs);2 = separated from the median ocellus by at least the diameter of the

median ocellus (Fig. 18: tfs).

This character is a modified version of a previous interpretation of the tramsvers

facial sulcus in Entedonini by LaSalle & Schauff (1994) that used the distamezebe
the median ocellus and toruli as a point of comparison. It also incorporatese ds ata
character introduced by Gauthggdral. (2000) as a potential synapomorphy of Entiinae
(Fig. 17). The previous interpretation of the entedonine state is problematicéecaus
entedonine species hrysonotomyiandEmersonellaGirault, among many others,
have a transverse facial sulcus near the median ocellus that is apparently bamtaog
the more V-shaped sulcus found in most Entedonini (Fig. 18). The entedonine sulcus is
separated from the median ocellus by a greater amount than found in most Emtdnae, a
therefore is interpreted as being different (8:2). Unfortunately, state 1usigote to
Entiinae, as it is also found in some Euderomphalini. Probably the best interpretation of
this variation is that while state 2 may be differently derived in differeat there are no
known means of testing this possibility. Therefore, transverse faciabsalprobably

most informative when compared between species of the same genus, and decrease i
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value when compared at higher taxonomic levels unless some structural ¢aatbes

found to test the homology of sulci in different taxa.

9. Subtorular grooves 0 = absent]l = present, extending from ventral edge of torulus
(Fig. 18: stg)2 = present, extending from lateral edge of torulus (Fig. 19: stg).

This character was described by Gumovsky (2001) as a reason for combining
ClosterocerusNeochrysocharisAsecodesind a number of other genera. These genera
were then interpreted as different fr@hrysonotomyidecause the latter has a distinctly
defined clypeus. It was later acknowledged by Hansson (2004) as a valid means of
defining Chrysonotomyiain combination with several other characters. The grooves
found in Tetrastichinae (Fig. 19: stg) and Trichogrammatidae (9:2) arenkenreted as
different because they contact the torulus near its lateral edge and expaiig thatead

of ending as simple grooves.

10. Delimitation of clypeus 0 = delimited at least by lateral grooves (Figs 20, 21: dly);
= not delimited (Fig. 18).

Delimitation of the clypeus has been historically used to separate
ChrysonotomyiagOmphale Parzaommomyisand some other genera of Entedonini from
those without a delimited clypeus (Graham 1959,d&1 988, Hansson 1994, Hansson
1990, Gumovsky 2001, Hansson 2004). However, this character is problematic because
the clypeus is distinct in some species not included in these genera and indistnet in s

species found within these genera (Hansson 1996, Burks 2003). This discrepancy may be
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due to its being interpreted inconsistently with respect to preconceived notiomngga

each of these genera.

11. Clypeus width: 0 = not enlarged, width about equal to height (Fig. 21: dly);
enlarged, over 1.5 times as broad as high (Fig. 20: cly).

Most species ocDmphalehave a broadened clypeus (Fig. 21: cly), but in some
species the clypeus is either not indicated or not broadened. While state 1 carenas ser
a synapomorphy for the entire genus (Hansson 1996), it does provide a link for several
species groups. Variation in clypeal form is rare among other genera of Entedonini

does also occur in the genQl/pecharisGumovsky andClypomphaleéBoucek.

12.Pronotal collar carina: 0 = absent (Figs 23-27, 33);= present (Fig. 16: prc).

An anterior carina extending transversely across the pronotal cqdia@sisnt on
the pronotal collar in a number of different eulophids. While this character may be
homoplastic at the family level, it is locally informative for distinguishsoghe genera,

such agPediobiusversusParacriasAshmead (Hansson 2002).

13. Semicircular ridge of pronotum laterally: O = absentl = present (Fig. 22: carina).

State 1 (Fig. 22) was described by Gumovsky (2001) as a possible synapomorphy
of Achrysocharoide&irault andEntedonDalman. Although a similar ridge is found in
some species @hrysocharigBurks 2003), this character is coded as specified by

Gumovsky to use it in the conventional way.
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14.External completeness of notauli posteriorlyO = reaching transscutal articulation
(Figs 23, 26-27)1 = not reaching transscutal articulation, essentially absent (Figs 24-
25, 28, 33).

This character varies across all subfamilies of Eulophidae except foraerdind
Tetrastichinae. While Krogmann & Vilhelmsen (2006) have shown that external
incompleteness does not necessarily indicate internal incompleteness, Hutechar
interpreted here in keeping with previous literature (Graham 195%eBdi988). It can
be problematic in cases where the external indication of the notauli ends as dygradua
less defined groove. In those cases, if the groove could at all be tracedamskeutal
articulation, it is interpreted as complete. Also, cases where the notauti@st@gly
advanced axilla instead of extending to the scutellar disc are not distinguished here
because there is a smooth continuum between those two conditions among eulophids.
The notauli are incomplete anteriorly (Fig. 23HuabbardiellaAshmead (Coote 1994),

but this is an autapomorphy for the genus.

15. Pairs of mesoscutal midlobe bristlesCoded using the actual number, frOro 3
except thaB includes counts of 3 or greater.
This character was used by Schauff (1991) as a potential means of defining
Entedonini. However, it varies within Entedonini in a way that is often useful in
distinguishing genera and species groups. The distinction between lamstlestae can

sometimes be problematic, but in this analysis no distinction is made between them
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16. Advancement of axillae O = not entirely advanced beyond anterior margin of
scutellar disc (Figs 33: ax, 23-24, 26-2B); entirely advanced beyond anterior margin
of scutellar disc (Fig. 25: ax).

The axillae are advanced entirely beyond the scutellar disc (Fig. 24) in some
genera of Euderomphalini (LaSalle & Schauff 1994), and so strongly that theyéan
mistaken for the sidelobes of the mesoscutum (Gumovsky 2002). They are similarly
advanced in the outgroup takaratogrammandColotrechnusbut not in other

eulophids.

17.Pairs of scutellar disc setaeCoded using the actual number, fr@ro 3 except that
3includes counts of 3 or greater.
This presence of only one pair of setae on the scutellar disc has been used to help
define Entedonini (Schauff 1991), although some species have additional setae. The
character remains useful, however, because there are very few excepghonsach

tribe of eulophids. As in character 15, no distinction is made between bristles and seta

18. Scutellar grooves 0 = absent (Figs 23-24, 28, 33)= present as a U-shaped groove
open anteriorly (Fig. 26: scg;= present as parallel grooves open both anteriorly and
posteriorly (Fig. 27: scg).

The scutellar grooves of all eulophids are here considered homologous. No

eulophid subfamily or tribe is constant for either state 1 or 2, but Entiinae and
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Euderomphalini all lack scutellar grooves. While some Eulophini charadaitishave
a U-shaped groove (Peekal.1964), this state also occurs in some Entedonini (Schauff
1991). Other Eulophini have parallel grooves instead. These are not the same as axillul

grooves, which co-occur with the scutellar grooves in eulophids.

19. Pit along scuto-scutellar sulcus between axilla and scutellar disg@ = absent (Figs
24, 26, 33)]1 = present (Fig. 28: pit).
This characteristic pit is found HorismenugHansson 2002) arfdodkova

Gumovsky. It is apparently unique to these genera among eulophids.

20.Propleura: 0 = posterior margins diverging angularly along prosternum (Fig. 29:
ppl); 1 = posterior margins transverse, diverging at right angles at prost¢fngs30:
ppl, 31).
State 1 was used by Gauthatral. (2000) as a potential synapomorphy of
Eulophini minusDicladocerus It also occurs in some speciesdismuswhich has a
continuous grade of variation between the two states. State 1 is not found in any other

eulophids but does occur in other families of Chalcidoidea such as Pteromalidae.

21.Mesepisternal projection over posterior margin of prepectus0 = absent]l =
present (Fig. 31: mep).
A narrow lobe-like projection from the mesepisternum extending anteriorly to

slightly overlap the posterior margin of the prepectus was described by Sdie&uiff &s
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a synapomorphy dflorismenugFig. 31). It has since been found in some other

entedonine genera, includiRgdiobiusHansson 2002).

22.Expansion of mesepimeron over metapleurard = mesepimeron not expanded
over metapleuron (Fig. 31);= mesepimeron expanded, overlapping metapleuron (Fig.
32: mse).
The mesepimeron is strongly expanded in some genera of Entiinae, becoming
convex laterally and overlapping the metapleuron, hiding most of its surface frem vie
(Fig. 32). In other eulophids the mesepimeron is flat and either abuts or onlyyslightl

overlaps the edge of the metapleuron (Fig. 31).

23.Median carina of propodeum 0 = not flattened dorsally (Fig. 26);= flattened
dorsally (Figs 33: mc, 28).
The median propodeal carina of most specid¢sarismenugFig. 28) and
Paracrias(Fig. 33: mc) is broadly flattened along its length and may also project to the
metapleuron (Schauff 1991). This character also occurs in some spdeeziaifius

(Hansson 2002).

24.Setae of propodeal disd0 = not curving mesad, = curving mesad (Fig. 34).
The curvature of the setae along the lateral surface of the propodeal disc, not
including the propodeal callus setae, curve mesad in all Tetracampinae(Redl64,

Bowek 1988) and is a likely synapomorphy of the subfamily. This character does not
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occur in Eulophidae, where most species have an entirely bare propodeal di26(Figs
28, 33). Most Chalcidoidea lack setae in this area, and absence or a few stragist set

plesiomorphic.

25.Number of tarsomeres in fore legCoded using the actual number, fr8rto 5.
Rotoitidae, almost all Eulophidae, and a few species of Aphelinidae, Ptetaenali

and male Agaonidae have four tarsomeres for all legsecodes agromyzd@elvare &

LaSalle is the only exceptional eulophid, having only thée@eong the outgroup taxa,

Colotrechnusas five andCeratogrammanas three.

26. Protibial spur: 0 = stout and curved (Fig. 35: ptd); slender and straight (Fig. 36:
pts).

The presence of a reduced protibial spur has historically been used to help define
Eulophidae (Peckt al. 1964, Bowdek 1988), but also occurs in Tetracampidae,
Trichogrammatidae, and arguably in some other families of Chalcidoid8al(ket al.

1997). Although variation exists in this character within Eulophidae and otherefsntil
does not vary among the taxa included in this analysis and is here interpretedor@its m

conventional sense.

27.Number of tarsomeres in mid leg compared to fore led = same;l = one less.
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Male Tetracampinae have four tarsomeres for the mid leg in males, bigrfive
the other legs (Pecit al. 1964, Bowdek 1988). This may be a synapomorphy for the

subfamily.

28.Submarginal vein setaeCoded using the actual number, fra@no 3 except thaB
includes counts of 3 or greater.
Most Entedonini have only two submarginal vein setae, and this character has
been used as a potential synapomorphy of Entedonini (Schauff 1991). Although it varies

in other eulophids, most notably in Tetrastichinae, it remains a useful character

29.Postmarginal vein length 0 = more than half stigmal vein length (Fig. 37: prmiv¥;
half or less stigmal vein length (Fig. 38: pmv).

The postmarginal vein in most species of Tetrastichinae is extremelyshor
absent (LaSalle 1994). While this character also occurs in some speciesdonitfree
and varies within Tetrastichinae, it remains a convenient charactertfasfieéhinae in
the absence of any known universal diagnostic characters for the subfaindgr(& al

1999).

30. Epipygium (Mt9) in females 0 = separate from Mt8 (Fig. 39: Mt9);= fused with

Mt8, forming a syntergum (Fig. 40: Mt8+9).
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All Entiinae excepBeorniaHedqvist andHubbardiellahave a separate Mt9 in
females (Coote 1994). This character does not occur in any other eulophids, although it is

present in some other Chalcidoidea.

31.Number of volsellar digital spines Coded using the actual number, fréro 2
(Figs 41, 42: vds).
Most eulophids have a pair of spines (Fig. 41: vds) as in the outgroup taxa. A
single spine is present on each volsellar digitus (Fig. 42: vd3)nysonotomyia

Hansson (2004).

Results
Initial molecular analyses.The most optimum tree from the RAXML analysis had a log
likelihood score of -17,392.54 (Fig. 43). There was 100% bootstrap support for
Eulophidae minu3risecodes agromyzathe only eulophid with three tarsomeres.
AlthoughT. agromyzaglaced as the sister group to the rest of Eulophidae, there was no
bootstrap support for this placemeitmong sampled subfamilies, there was 100%
bootstrap support for monophyly of the eulophid subfamily Tetrastichinae and the
outgroup subfamily Tetracampinae (Tetracampidae). Eulophinae was weakly (85%)
supported as monophyletic, but there was 100% support for monophyly of its tribes
Cirrospilini and Eulophini. The clade of Tetrastichinae + Eulophinae was str(g6$to)

supported as sister group to remaining Eulophidae. @Gbtbtrechnus ignotuas the
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designated outgroup, Tetracampina@eratogrammdormed the sister group to
Eulophidae including . agromyzae

The clade containing Entedoninae, Entiinae, @ptelimus maskelheceived
100% bootstrap support. However, Entedoninae was not monophyletic because
Closterocerus sensu stricplaced as sister group to all other members of this clade.
Entiinae was monophyletic, but without bootstrap support. There was 100% bootstrap
support for the clade @phelimus maskell Entiinae Belleruswas placed between the
strongly supported clades AstichusandBeornia+ Euderust Hubbardiella

Within Entedoninae, Euderomphalini was paraphyletic with respect to all
remaining Entedonini becauBieopomphal&vas placed as sister group to the remaining
Euderomphalini + Entedonini. There was little bootstrap support for relationships wit
Entedoninae, but the clades@rysonotomyia Closterocerus germanicusnd
Omphalet+ Parzaommomyiaach received 100% bootstrap support. There was a 100%
supported clade of Entedonini min@krysonotomyiaClosterocerus sensu strigtu
Omphale ParzaommomyiandTropicharis Within this clade there was strong support
for the clade®ediobomyiar Rhynchentedo(®06%) andHorismenus floridensis
Horismenus longicorni€90%) and weak support (82%) for the clade of
Achrysocharoides Entedon Among entedonines with more than one species sampled,
only Omphalewas monophyletic.

The Bayes analysis (Fig. 44) usually indicated stronger support forasiscla
shared with the ML analysis, but provided no convincing support (< 70% posterior

probability) for monophyly of Eulophidae whé@misecodes agromyzaeas included.
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The two analyses agreed in most other respects, except that Bayetasetis
Neopomphalevithin a monophyletic but poorly supported (63%) Euderomphalini, and in
placement of different species within the same “core” Entedonini clade segbyrthe
ML analysis. Some clades in Entedonini were supported by posterior probedlilies
of above 80% that were not supported in the ML analysis, including a 99% supported
clade ofAsecodes Neochrysocharis- Pediobomyiat+ Pediobiust Rhynchentedqgran
89% supported clade bforismenust Paracrias and an 83% supported clade of
Astichomyiia+ Ceranisust Emersonella

Molecular analysis without the 28S D2 3e” subregiofn an attempt to explain
why the placement dElosterocerus sensu strictliffers so strongly between the
molecular and morphological analyses, the sequence alignment was investigedsd.
discovered in botiClosterocerus taandC. trifasciatusthat the 3e” subregion, consisting
of six bases, was very different from that of other Entedonini. It also did not cahonica
pair with the 3e subregion (Fig. 45), which should be its reverse complement actording
the secondary structure model. The 3e and 3e” subregions do not canonically pair in
several other eulophines, but with less extreme disparity@®esterocerusThe 3e
subregion ofClosterocerus s.svas identical to some Entedoninae and even Entiinae
(Fig. 45). Most members of the tribe Entedonini are fixed for both subregions, but the 3e”
sequence for both species@lbsterocerus s.gnore strongly resembles that of a
euderomphaline or entiine by having a cytosine in the 5th position, by having only two

adenines instead of three, and by having a thymine at the third position. Separate
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molecular-only analyses were performed with the 3e” subregion deletecll taxa
(Figs 46-47) to observe what affect this subregion had on the analysis.

The revised ML analysis (Fig. 46) differed from the previous one (Fig. 43) only in
the placement of species within Entedonir@esterocerus s.andChrysonotomyia
formed a clade, as in the subsequent morphological andigpomphalés placed as
sister group to the clade of remaining Euderomphalini ptapicharis cecivordrom
Entedonini. Entedonini and Euderomphalini were therefore still not monophyletic with
respect to one another despite the more conventional placent@ostdrocerusand
NeopomphaleOne unanticipated effect was that the cladéabirysocharoides
Entedonmoved to a shallower node to become the sister groBfeafotroppopsis
NeochrysocharisandPediobiuscontinued to be associated in a paraphyletic assemblage
with Asecodes, PediobomyiandRhynchentedqrbut the two species of
Neochrysocharisnoved closer together and close”Asecodesvhile still rendering
Pediobiugparaphyletic.

The Bayes results without the 3e”subregion (Fig. 47) were very different,
although they again placé&tlosterocerus.s. withChrysonotomyiaNeopomphal@laced
strangely, as the sister group@phelimust Entiinae. The remainder of Euderomphalini
rendered Entedonini paraphyletic, being placed as sister graupphale+
Parzaommomyialhe clade oAchrysocharoides Entedorremained at a deeper node in
these results, as sister group to the other Entedonini that lack a welldd=fipeus
(10:0). Despite the inconsistent placement of euderomphaline taxa in thissmatys

nodes had very strong support. The placement of euderomphalines in this analysis
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implies that the 3e” subregion contains important phylogenetic informatidnait
group; that information appears to have been lost by deleting the subregion from the
analysis.

Combined molecular and morphological analysisA combined Bayes analysis
(Figs 48-49) was performed including the 28S D2 3e” subregion and 31 morphological
characters (Table 3). The 3e” subregion was retained despite the findingprefvitbas
analysis because there is no reason to conclude that the subregion is a restdke$ mis
in sequencing, because it is found in both included spectémstierocerus s.sAs well
the region was included as a test to determine the effect of morphologicadtehraupon
the entire molecular dataset, and especially to determine if morphologéasakters
would moveClosterocerus s.$nto Entedonini, while retainingropicharis cecivoran
Entedonini andNeopomphalén Euderomphalini.

The combined results showed strong support for all subfamilies and tribes. Most
significantly, there was 100% posterior probability support for a monophyletic
Entedoninae, 99% for Entedonini, 94% for Euderomphalini and 98% for Entiinae.
Monophyly of Eulophidae continued to be unsupported witesecodes agromyzaeas
included but strongly supported (100%) without it. The tree topology outside of
Entedoninae was the same as in the molecular analysis except for twololades.
Cirrospilini, Cirrospilusformed a weakly supported (78%) clade widgrammosoma
instead of witPAulogymnusin Entiinae Bellerusformed an unsupported clade with

Astichusinstead of placing between it and the remaining entiines.
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All relationships within Euderomphalini received between 87-89% posterior
probability support, witiNeopomphaléorming a clade witlCabezaandEuderomphale
as sister group to@asyomphale- Entedononecremnudade.

Tropicharis cecivorglaced as sister group to all remaining Entedonini with
Closterocerus s.8s sister group to the re€thrysonotomyiad Omphale+
Parzaommomyiformed a poorly supported clade of taxa that all share a completely
defined clypeus (character 10:0). However, this character remains honuopidsn
Entedonini because of the placement otecivora which also possesses this state. The
clade ofAchrysocharoides Entedont Pleurotroppopsiss retained in this analysis as in
the morphological analysis (Fig. 42), but was poorly supported (588érodeand
Neochrysocharisormed a well-supported (93%) clade as sister group to an even better
supported (100%) clade Bediobomyia+ Pediobiust RhynchentedorThere was also
strong (97%) support for monophyly dbrismenusThe clade oAstichomyiiat
Ceranisust Emersonellalso receives stronger support here (91%) than in any previous

analysis.

Discussion
Support for monophyly of Eulophidae. Maximum likelihood (ML) and Bayesian
analyses agree on the higher classification of Eulophidae in all respegitfexdtie
classification of Entedoninae (Figs 43-44, 46-49). Monophyly of Eulophidae, excluding
Trisecodes agromyzaes strongly supported in all analys@&sisecodes$as only three

tarsomeres instead of four, and while described as an entedonine, it was placeatiher
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some doubt because it bears no strong similarity to any other known entedonines
(Delvare & LaSalle 2000)risecodess unusual among entedonines in having three pairs
of mesoscutal midlobe setae (15:3), three pairs of scutellar setae (17:3) hanthg

only one submarginal vein seta instead of (@&:1). It shares a V-shaped transverse
facial sulcus (8:2)vith other entedonines (as in Fig. 18). Results from an analysis across
all chalcidoid families using 28S D2-D5 and 18S rDNA placagromyzadar outside

of an otherwise monophyletic Eulophidae (Muetal.unpublished), but do not
consistently associate it with any other family. These results put fatatgment of .
agromyzaen doubt, but do not indicate a better placement for this monoggnias.
Regardless of family classification, there seems to be no justiicttr placingT.
agromyzaen any current subfamily of Eulophidae, and it seems best to consider it as
incertae sedisvithin Eulophidae, awaiting further information to better elucidate its
placement.

Ophelimus and monophyly of Entiinae.All molecular and combined analyses
indicate a monophyletic Entiinae, but with support only in the Bayesian analyses.
However, the clade ddphelimust Entiinae, a group not recognized by any previous
author, was strongly supported in all molecular and combined analyses.

Ophelimushad previously been placed in Eulophinae along with a number of
other genera in the tribe Ophelimini (Bek 1988). Gauthieet al. (2000) removed most
of the other genera to form the tribe Cirrospilini. This left ddphelimusand
Australsecode&irault in a reduced Ophelimini that was then placedeertae sedis

within Eulophidae because it strongly differed from Eulophinae for 28S D2 data.
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While it is tempting to transfer ophelimines to Entiinae to render it into @eham
subfamily that is strongly supported in all molecular analyses, this ignorkskhef
known morphological similarity between entiines and ophelimines. Most importantly,
opheliminedack all three of the characters specified by Coote (1994) as helpful in
recognizing Entiinae: a bare area under the fore wing marginal vein egp@sitral
admarginal setae to view, scutellum overhanging the reduced and conchwe, axit
the separated Mt9 (character 30: 0, Fig. 39). These characterize all Eetitegpd
BeorniaandHubbardiella(Fig. 40). While these three characters are neither unique to
nor universally found in Entiinae, there have been no similarities found between
ophelimines and entiines that are not also found in all other eulophid subfamilies.
Combining the two would therefore result in a group that is more difficult to chazacter
morphologically than either of the currently separate groups. The only bahefit
combining ophelimines and entiines into a single subfamily would be the abilityeto ref
to the strongly supported clade®@phelimust Entiinae as a subfamily in the current
molecular analyses. This seems to be a very minor gain compared to the drasfbacks
producing a newly delimited subfamily that cannot currently be defined morptallygi
For these reasons, it seems best to acknowledge the molecularly supp@tepiaist
relationship between ophelimines and entiines by recognizing them as e@uxanarhic
rank—elevating Opheliminae to subfamily ramdw statusand retainingAustralsecodes
in Opheliminae until it can also be analyzed molecularly.

In the analyses by Gauthier al. (2000) the Neotropical entiine genBsllerus

Walker placed outside Eulophidae, with eitld#oporus affinisor KeryaBoucek. This
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raised doubts as to its family and subfamily affinities. All molecular and cwadbi
analyses in the current study place it solidly within Entiinae, however. The only
consistently supported clade within Entiinae was the groupiBgofnia+ Euderust
Hubbardiella AlthoughBeorniaandHubbardiellaare the only entiines with a fused
Mt8+9 (character 30: 1, Fig. 4®ubbardiellaconsistently placed with weak support as
sister group t&cuderusin all molecular and combined analyses.

Monophyly of Eulophinae. The reduced version of Eulophinae as defined by
Gauthieret al.(2000) and the two sampled tribes Cirrospilini and Eulophini were at least
weakly supported as monophyletic in all molecular and combined analyses. Getuthier
al. (2000) pointed out that all in Eulophini, except for the ge@aigoclypeud.ucchese
andDicladocerusthe propleura diverge at right angles upon reaching the prosternum
(character 20: 1, Fig. 30). This raised some doubts concerning placement of the two
exceptionsColpoclypeusvas not available for sequencing, Ratladocerus westwoodi
consistently placed within Eulophini in all molecular and combined analyses, beheeen t
cladesEulophust+ Pnigalio andElachertus+ Euplectrus This suggests that a reversal in
propleural form has occurred at least once within Eulophini.

As an additional investigation, 28S D2-D5 sequence and morphological data for
Elasmus polistiBurks were added to the dataset and the analyses redone to evaluate their
placement within Eulophinae, as proposed by Gaughial. (2000). The results of these
analyses (not shown) agreed with the analyses that did not ir€lypddistis and placed
E. polistisin Eulophinae in a weakly supported groupings \Eitchertusand

EuplectrusHowever, boostrap support was poorer in ML analyses throughout the tree.
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ThekE. polistissequence is highly divergent, and forms a long branchvhatason

causes a greater amount of disagreement between bootstrap replicataseBgoolistis

is not contained in either of the two subfamilies that were the primary fochis study

(Entedoninae and Entiinae), and because its inclusion reduced the quality of the overall

resultsE. polistiswas not included in the final results. We suspect that an analysis

containing a much larger and more diverse set of Eulophinae would resolve this problem.
Monophyly of Entedoninae.The only eulophid subfamily that was paraphyletic

in any molecular analysis was Entedoninae, likewise its two tribes Entedodini a

Euderomphalini were paraphyletic (Figs 43-44, 46-49) in all but the combined

morphological and molecular analysis (Fig. 49). While the placemdnts&codes

agromyzadad been admittedly controversial (Delvare & LaSalle 2000), there had never

been any doubt concerning the subfamily placeme@ladterocerusVestwood. Our

initial ML and Bayes analyses (Figs 43-44) plaGdosterocerus sensu stricas the

sister group to other Entiinae + Entedoninae. This is in agreement with the previous

analysis by Gauthieat al. (2000), suggesting that these findings are unlikely to be due to

sequencing error. However, removal of the 3e” subregion in the 28S D2 rDNA from all

sequences in the analysis resulted in the placemé&Hobsterocerus.s. as the sister

group toChrysonotomyigFigs 46-47), which is a more acceptable hypothesis. The 3¢’

subregion in both sampled specie€tdsterocerus.s. is very different from that of

other entedonines (Fig. 45) and could be both the defining trait of the subgenus and the

cause of its misplacement.
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Subfamily placement of Euderomphalini.Gumovsky (2002) transferred
Euderomphalini to Entiinae based on 28S D2 data, the apparently posteriorly complete
notauli in all members of each group (character 14: 0, Fig. 23), and the distirufttiess
clypeus (character 10: 0) in at least some members. Each of thesa apferars to be
problematic.

The interpretation of the notauli as complete in euderomphalines was a novel
interpretation based on the state&ideromphalé&irault (Fig. 25), where LaSalle &

Schauff (1994) had previously considered the notauli to not be indicated externally. If the
notauli were complete, this state would be shared with Entiinae. The disagreeerent

the extent of the notauli is based on differing interpretations of a pair of dorsadithor

sulci inEuderomphaléFig. 25: sulcus). Positional homology suggests that these sulci are
part of the transscutal articulation, which separates the axillae andisouielin the
mesoscutum (Gibson 1997), meaning that they cannot be the notaular grooves. More
specifically, the tegula and the posterior notal wing process are landiinatksn be

used to recognize the lateral surfaces of the mesoscutum and axilla. ThéReg#&:

tgl) abuts the lateral aspect of the mesoscutum mesally. The posterior ingtarecess

(Fig. 25: pnwp) extends between the fore wing and hind wing bases, connecting with the
dorsal sclerites of the mesosoma with two arm-like processes. The aateriends at

the anterior edge of the lateral surface of the axilla at the forelwiseg} The posterior

arm reaches the scutellum behind the axilla, separating the axilla fronethrotum.
Because the posterior notal wing process occurs alongside the axiltadotiie length,

it and the wing bases themselves are reliable indicators of the locationaadfltheln
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EuderomphaldFig. 25: ax) the axilla is advanced almost entirely anterior to the
scutellum, and the mesoscutum is left with only a small sidelobe that is noitelgloy a
notaular groove. The axilla is almost entirely expressed as a flat dorkate, with only
a very short and steep posterior sldpecause the notauli are best interpreted as
incomplete inEuderomphalgthis condition cannot be validly used as a similarity with
Entiinae.

Even if one is not convinced by the conditiorEimderomphalgit is even more
clear thatEntedononecremnyfig. 24),another euderomphaline genus, has no externally
indicated notauli. Its more typically shaped axillae are only weakly addamteriorly
and extend posteriorly as a long slope towards the metanotum as in most other
chalcidoids. Gumovsky (2002) acknowledged this, but maintained that the state in
Euderomphalevas different. Our interpretation is that the notauli are externally
incomplete for all Euderomphalini.

The change in interpretation of this character leaves only clypeal form and 28S
D2 data supporting a grouping of Euderomphalini + Entiinae. With the addition of 28S
D3-D5 and CO1 data, this grouping does not occur, and instead Euderomphalini groups
with Entedonini (Figs. 43-44, 46-49). While clypeal form in the Entiinae and
Euderomphalini may be similar in some taxa, the clypeus is not indicated in geoess
of both groups. This leaves no unambiguous support for Euderomphalini + Entiinae, and
therefore it seems best to retain Euderomphalini in Entedoninae.

Monophyly of Entedonini and Euderomphalini. Euderomphalini was not

monophyletic in the initial ML analysis (Fig. 43) becats®pomphal@laced as the
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sister group to a clade of remaining Euderomphalini + all Entedonini aside from
Closterocerus sensu strictlihe initial Bayes analysis (Fig. 44) indicated a poorly
supported but monophyletic Euderomphalini. ML analyses with the 3e” subregion
removed (Figs 46-47) indicated a paraphyletic Euderomphalini with respect to
Tropicharis cecivoraBayes analysis with the 3e” subregion removed caused
Euderomphalini to render Entedonini paraphyletic but Wigopomphal@lacing with
Opheliminae and Entiinae.

The combined Bayes analysis (Fig. 49) indicated a well-supported monophyletic
Euderomphalini. It also indicated strong support for a monophyletic group®gbaiza
EuderomphalendNeopomphalgall of which have a transverse sulcus or sharp carina
extending across the vertex between the median and lateral ocelli (eh&racFig. 15).

Monophyly of Euderomphalini in the molecular-only analyses seems to be
strongly impacted by a tendency féeopomphal@ndT. cecivorato approximate each
other or possibly one another’s respective tribe. No sequence block or gap could be found
to explain this pattern.

Generic relationships within Entedonini. The combined Bayes analysis (Figs
48-49) is the preferred phylogeny because it provides strongly supported resuts tha
relatively easily explained morphologically. However, some potentially vaédhative
relationships occur in some of the other analyses, most importan@htlggsonotomyia
Closterocerus.s. clade (Figs 46-47) found when the 3e” subregion is removed. This
allows some interpretation of the results in light of morphological variatitbigefera

exceptChrysocharid=o6rster formed either strongly supported groupings or fit into
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weakly supported groupings corresponding to previously published morphological
hypotheses.

Closterocerus sensu lato. The unexpected placement@iosterocerus s.sutside
Entedoninae in 28S D2 results by Gautleieal. (2000) or as the sister group to all
remaining Entedonini Gumovsky (2002) cast strong doubt upon Gumovsky’s (2001)
synonymy ofAsecodesndNeochrysocharisinderClosterocerusThese results are here
confirmed by independent sequencing of species in the affected taxa and tloa additi
28S D3-D5 and CO1 data. However, the anomalous sequence of the 3e” subregion in
Closterocerus.s. appears to be the cause of this placement, even though it is only six
bases long. Removal of this subregion from the analysis “res@lesterocerus.s. into
Entedonini, but as the sister grougbrysonotomyidFigs 46-47). This placement is
supported morphologically by the shared presence of slightly asymmetsaaiiiia peg
sensilla (character 4: 1, Fig. 10) and subtorular grooves meeting the tantduseatral
edge (character 9: 1, Fig. 18). Inclusion of these and other characters into theecombi
molecular and morphological analysis (Figs 48-49) br@igsterocerus.s. back into
Entedonini but as the sister group to all members of the tribe asidd famcharis
cecivora No analysis supports inclusion A$ecodeandNeochrysocharisvith
Closterocerusinstead, combined results (Figs 48-49) suggest that they are closely
related to a clade ¢tediobomyiat Pediobiust RhynchentedorA similar relationship
betweenmAsecodedNeochrysocharisandPediobiuswas found independently by
Gumovsky (2002) using 28S D2 data. While these results could easily be dismissed as

morphologically implausible, there is no known restriction on eulophid evolution that
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could support such a dismissal. If valid, these results suggest that the form of the
basiconic peg sensilla (character 4, Figs 9-10) in this particular cadeenaayiore
reliable indicator of phylogenetic relationship than the presence of subtgrodves
(character 9, Fig 18). In summary, there is no molecular evidence supporting the
synonymy ofAsecodesndNeochrysocharisinderClosterocerusin light of the conflict
from both molecular and morphological data, we proposeatodeand
Neochrysocharibe reinstated as valid generaw status

While Neochrysochariss paraphyletic with respect fssecodesind some species
of Pediobiusin the molecular-only analyses (Figs 43-44, 46-47), it is monophyletic in the
combined analysis (Figs 48-49). There is no known morphological reason to expect
Neochrysochariso be paraphyletic with respectPediobius A proper investigation of
the monophyly oNeochrysocharisvill require investigation of additional species from
these taxa.

Closterocerus and Chrysonotomyia. Hansson (2004) suggested a novel set of
characters definin@hrysonotomyiamost importantly the presence of a single spine on
the volsellar digitus (character 31: 1, Fig. 42) and an at least partialtyitéeliclypeus
(character 10: 0, Fig. 20). He reclassified some Neotropical and Nearciiessfpem the
subgenu<losterocerugAchrysochariy into Chrysonotomyidased on this character,
but other members of the subgenus were not discussed. The European species
ClosterocerugAchrysocharisgermanicugErdds) included in our analysis renders an
otherwise monophyleti€hrysonotomyigaraphyletic in all analyses and corresponds to

the new definition of the genus. We therefore transfer@tgysonotomyias
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Chrysonotomyia germaniq&rdés)new placement These results suggest that all other
members ofClosterocerugAchrysochariy should be examined as potential members of
the genuhrysonotomyia

While the two genera placed together only in molecular analyses with the 3e”
subregion removed (Figs 46-47), a close relationship bet@egrsonotomyiand
Closteroceruss supported by the shared presence of slightly asymmetrical baspeni
sensilla (character 4: 1, Fig. 10) and subtorular grooves extending from the edge
of the torulus (character 9: 1, Fig. 18). This relationship is presented as aatai¢eto
placement oChrysonotomyiaearOmphale but there is currently not enough data to
decide between these alternatives.

Omphale and other Entedonini with delimited clypeus.Gumovsky &
Ubaidillah (2002) and Hansson (2004) listed a number of genera that are similar to
Omphalen possessing a delimited clypeus (character 10:0, Figs 20-21). The genera from
these two lists included in this study @&stichomyiia ChrysonotomyigParzaommomyia
andTropicharis None of the analyses in the current study produced a monophyletic
assemblage of these genera, but the combined Bayes analysis and initredliisa
(Figs 43, 48-49) both present an unsupported cla@nfsonotomyia Omphalet
Parzaommomyialhe only supported monophyletic relationship between any genera with
a delimited clypeus wa@mphalet Parzaommomyiavhich was supported in all
analyses (Figs 43-44, 46-49).

Astichomyiiaconsistently placed near the geiimsersonellaforming a

supported monophyletic clade with it aGdranisusn the combined analysis (Figs 48-
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49), and does not appear to actually have a delimited clypeus (Hansson 2002: Fig. 404).
Given thatAstichomyiiaalso possesses a pronotal collar carina (character 12: 1), which is
absent irDmphale we suggest that there is no evidence of any close relationship
between it an€@mphale

Chrysonotomyiglaced as sister group @osterocerus.s. in the analyses with
the 3e” subregion removed (Figs 46-47), or in other analyses as sister groupriglg str
supported clade (Figs 43-49) of entedonines usually interpreted as lackingitede
clypeus. The potential relationship betwé&smrysonotomyiandClosterocerus.s. is
discussed in the above section.

Tropicharisplaced either as sister group to most other Entedonini (Figs 43-44,
48-49), or within Euderomphalini (Figs 46-47) in the molecular analyses. The combined
analysis (Figs 48-49) places it at the base of a grade inclGdingonotomyia
Closterocerus.s., andmphale+ Parzaommomyiarlhis grade leads to a strongly and
consistently supported clade of entedonines usually interpreted as lackiimgigede
clypeus. This arrangement seems plausible if one concludes that a detiypieus in
the groundplan state for Entedonini, the character being lost multiple timesgdoeine
evolution. This scenario is supported by the relatively weakly, only latenaligated
clypeus in some species ©hrysonotomyigHansson 2004) and the loss of clypeus
delimitation in some species Omphalétself (Hansson 1996). Given that delimitation
of the clypeus is therefore an apparently vaguely determined and easilydostter, it
seems plausible that the it has been lost multiple times independently over theotourse

entedonine evolution, as suggested by the combined analysis (Figs 48-49).
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Horismenus and similar genera.Hansson (2002) suggested a close relationship
between the generdachuaSchauff & Bowek, EdovumGrissell,Horismenusand
Paracriasbased on propodeal sculpture and the form of the median carina (character
23:1, Figs 28, 33). Later, Hansson (2009b) synonyntzkyumandAlachuaunder
HorismenusNo species from the former gerfadovumwere included in this analysis,
but the others formed a monophyletic and supported group in all molecular-onlyeanalys
(Figs 43-44, 46-47). They did not form a monophyletic group in the combined analysis
(Figs 48-49), in whicliParacriaswasplaced in an unresolved grouping with the
Horismenuslade,Chrysocharisand the clade d&stichomyiiat Ceranisust
EmersonellaHorismenus floridensjghe only species from the former geddachug
placed with otheHorismenusspecies in all analyses.

Paracriasdiffers fromHorismenusn a number of morphological characters
(Hansson 2004), most importantly in lacking the scuto-scutellar pit. This magirexpl
why it renderdHorismenugaraphyletic in all the combined analysis. Because of these
differences, it seems best to retRisracriasas a separate genus.

Pediobius and similar genera.Morphological similarity betweeRediobiusand
the gener®ediobomyiaandRhynchentedowas recognized by Béak (1988). In all
analyse$?ediobomyiaandRhynchentedowere sister groups forming a clade with at
least one species Bediobius The three genera formed a strongly supported
monophyletic clade in the combined analysis (Figs 48-49), but not in the molecular
analyses (Figs 43-44, 46-47). Given the lack of molecular suppd?ethobius it seems

unwise to synonymize any genera with it at this time.
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Entedon and similar genera.Gumovsky (2007) listed a set of genera possessing
a longitudinal carina on the lateral surface of the pronotum (character 13:1, Fig. 22)
Three of these genera were included in this analfsistysocharoidesEntedonand
PleurotroppopsisThese genera formed a monophyletic unit in two analyses, the
combined analysis (Figs 48-49) and the ML analysis with the 3e” subregion temove
(Figs 46-47). This clade was not strongly supported in any analyses, and
Pleurotroppopsiplaced in poorly supported groupings among the other entedonines
lacking a defined clypeus in the other analygetirysocharoideandEntedorformed a
strongly supported clade in all analyses except the ML analysis withi3eved.

Astichomyiia, Ceranisus and Emersonella. In all analyses, these three genera
formed a moderately supported clade. Hansson (2002) recognized the morphological
similarity betweerstichomyiiaandEmersonellébut also listed some similarities
betweerAstichomyiiaandClosterocerusa grouping that is not supported by molecular
data.Ceranisugs part of an assemblage of entedonine parasitoids of thrips united by the
presence of a transverse groove across the vertex (Triapitsyn & Morse 2605). N
morphological data have suggested a relationship between this group and either
Astichomyiiaor Emersonellabut CeranisusandThripobiusFerriere formed an
unsupported monophyletic group wlmersonellan the analysis by Gauthiet al.
(2000).

Conclusions

Our results present the first published phylogenetic analysis of Eulophidae tivber

subfamily Entedoninae has been supported as monophyletic. The phylogeneticdigpothe
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presented in the combined Bayes analysis (Figs. 48-49) presents strongly suppadete
providing answers to some controversies concerning eulophid morphology.

The initial impetus for this study was to determine if new molecular datd be
used to address conflicting hypothesescerning placement of Euderomphalini,
AsecodesandNeochrysochari®ased on morphology—and in the case of
Euderomphalini 28S D2 data. The addition of 28S D3-D5 and COL1 data provided clarity
in that they indicated a lack of justification for both the transfer of Euderomptalini
Entiinae, and the synonymy AkecodesndNeochrysocharisinderClosterocerusThe
addition of morphological characters led to much stronger answers that provided well-
supported nodes with alternative placements for the taxa involved in both controversies.

Investigation of sequences alignments revealed that the unexpected plazement
Closterocerus.s. in previous molecular analyses (Gauteieal. 2000, Gumovsky 2002)
could be explained by an unusual sequence for a block of six bases in 28S D2 rDNA, the
3e’ block. It seems plausible that this block no longer pairs with the 3e block, and that at
least some of it should be treated as an RA&IlosterocerusThis would mean that the
placement foClosterocerusutside Entedonini in previous molecular studies was due to
a violation of assumptions of the analysis—specifically the assumption that itlee3ent
block is comparable betweéHosteroceruand other Eulophidae. This provides a clearly
justifiable reason for potentially misleading results in molecular aaalthat do not
acknowledge this change @losterocerusMorphological data were also useful in
overriding this aberrant information, resulting in a more traditional placeaig¢his

genus. This finding raises a new question concerning the placen@ostérocerus s.s.
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with respect taChrysonotomyiand other taxa morphologically closeQmphale.

Further investigation should focus on increased taxon sampling of these genera to
determine if it is a paraphyletic grade at the base of Entedonini, or witdtirens a

clade. This finding also suggests that a general approach of investigatiegce

alignment of anomalously placed species can be fruitful in molecular asalyisenot
recommended that wholesale deletion of inconvenient chunks of sequence be performed.
Instead, changes to the alignment should be made when taxa are found that violate
assumptions used in constructing the alignment.

The preferred hypothesis (Figs 48-49) of eulophid relationships based on
molecular and morphological data makes strong statements concerning entedonine
phylogenetics. A core group of entedonines was supported in all analyses, excluding
Closterocerus.s. and almost all analyzed genera previously considered close to
Omphaleby Hansson (2004) and Gumovsky & Ubaidillah (2002). While this clade could
be characterized by the lack of a delimited clypeus, clypeal distinctnéss ivathe
excluded taxa as well and some disagreement exists over interpretatiociwdrideter
itself (such as in the case A&stichomyiid. The strongly supported placements for most
eulophid genera should provide a strong context for future analyses of eulophid
phylogenetics at subfamily, genus and species levels. It seemyshi&ethe addition of
more species to the analysis will provide more clarity for those generm@varstrongly
supported placement.

Our results put family placement ©fisecodes agromyzaeto question. This

species differs from all other Eulophidae in having three tarsomeres instiead. &n
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analysis across chalcidoid families (Mumtoal. unpublished) indicates that this species
does not belong in Eulophidae. However, there is no clear indication of its family
placement using either molecular or morphological data.

Disagreement between the combined analysis (Figs 48-49) and the molecular-
only analyses (Figs 43-44, 45-46) indicates that some controversy yehsamai
eulophid phylogenetics. The addition of more gene regions to the moleculaeanalys
should provide greater clarity in future analyses. Morphological analyses should be
improved through more thorough investigation of variation between the species and
species groups within the involved genera. While it is possible to succinctlgieiaa
many eulophid genera morphologically, such characterizations often falldpartall
known species are examined (Burks 2003). Rather than providing confusion, such
variation could provide greater clarity in morphological hypotheses if thetioaria
analyzed in a phylogenetic context.

Finally, we recommend that unsupported nodes not be taken very seriously in any
analysis, including this one. The best reason to avoid making taxonomic changes to
recognize clades that are not well-supported by bootstrap or posterior ptplvahikes
is that these changes could very easily be overturned by the addition of emly a f
characters to the analysis. It is important in the interest of both taxonaticysand

the potential informative value of classifications that changes not be rghtg. li
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Table 1. Specimens Used in This Study

Taxon Classification Locality voucher # Genbank égsion Numbers
28S D2 28S D3-D5 CO1

Achrysocharoidesp. Eulophidae: Entedoninae: Entedonini Italy 16108

Aprostocetusp. Eulophidae: Tetrastichinae: Tetrastichini CA 04D AY599265

Asecodesp. Eulophidae: Entedoninae: Entedonini Italy 1&t406

Astichomyiia latiscapus Eulophidae: Entedoninae: Entedonini Costa R. 161166197

Astichus mirrisimis Eulophidae: Entiinae Austral. 92142 AY599261

Astichusn. sp Eulophidae: Entiinae Austral. 92141 AY599260

Aulogymnus. sp. Eulophidae: Eulophinae: Cirrospilini CA 161048

Bellerussp. Eulophidae: Entiinae Chile 161250-1

Beornian. sp Eulophidae: Entiinae Austral. 161042, 161044

Cabezan. sp. Eulophidae: Entedoninae: Euderomphalini Argent. 0B21

Ceranisus menes Eulophidae: Entedoninae: Entedonini India 161120-1

Ceratogrammasp. Trichogrammatidae: Trichogrammatinae Owen/Jer

Chrysocharissp. Eulophidae: Entedoninae: Entedonini CA 161050,192-3

Chrysonotomyiap. Eulophidae: Entedoninae: Entedonini Thai. 161064097

Chrysonotomyia maculata Eulophidae: Entedoninae: Entedonini CA 161130-14113

Cirrospilus coachellae Eulophidae: Eulophinae: Cirrospilini CA 776 AY599268

Closterocerus germanicus Eulophidae: Entedoninae: Entedonini Ukraine 161866-

Closterocerus tau Eulophidae: Entedoninae: Entedonini CA 161070, 0611

Closterocerus trifasciatus Eulophidae: Entedoninae: Entedonini Germany 161090

Colotrechnus ignotus Pteromalidae: Colotrechninae CA 161379

Crataepus marbis Eulophidae: Tetrastichinae: Tetrastichini France 517P AY599262

Dasyomphale chilensis Eulophidae: Entedoninae: Euderomphalini Chile 16186

Dicladocerus westwoodi  Eulophidae: Eulophinae: Eulophini Italy 174915

Elachertussp. Eulophidae: Eulophinae: Eulophini Italy 1610881115
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Emersonella planiceps
Entedon diotimus
Entedononecremnisp.
Epiclerussp. 1
Epiclerussp. 2
Euderomphalesp.
Euderussp.
Eulophussp.
Euplectrussp.
Foersterella reptans

Hadrotrichodes waukheon

Horismenus floridensis
Horismenus longicornis
Horismenush. sp.
Horismenus petiolatus
Hubbardiellan. sp.
Neochrysocharisp.
Neochrysocharis clinias
Neopomphalsp.
Omphale chryseis
Omphale radialis
Ophelimus maskelli
Paracrias pubicornis
Parzaommomyiap.
Pediobomyia canaliculata
Pediobiussp.

Pediobius alaspharus
Pediobius pullipes

Eulophidae:
Eulophidae:

Eulophidae: Entedoninae: Euderomphalini

Entedoninae: Entedonini
Entedoninae: Entedonini

Tetracampidae: Tetracampinae
Tetracampidae: Tetracampinae

Eulophidae: Entedoninae: Euderomphalini
Eulophidae:
Eulophidae:

Eulophidae:

Entiinae
Eulophinae: Eulophini
Eulophinae: Eulophini

Tetracampidae: Tetracampinae

Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:
Eulophidae:

Tetrastichinae: Tetrastichini

Entedoninae: Entedonini
Entedoninae: Entedonini
Entedoninae: Entedonini
Entedoninae: Entedonini
Entiinae

Entedoninae: Entedonini
Entedoninae: Entedonini

Entedoninae: Euderomphalini

Entedoninae: Entedonini
Entedoninae: Entedonini
Opheliminae

Entedoninae: Entedonini
Entedoninae: Entedonini
Entedoninae: Entedonini
Entedoninae: Entedonini
Entedoninae: Entedonini
Entedoninae: Entedonini

Costa R.

Sweden
CA
Italy
CA
CA

Austral.

Russia

Italy

Italy

CA

Costa R.
Costa R.
Costa R.
Costa R.

Hondur.
Italy
Italy
Chile
Sweden
Italy
Italy

Costa R.

Austral.

Costa R.

Kenya
Sweden

Costa R.

168519
161141-8
9851
161340
174775
2815
174911
174914
161110
174913
161071
161101
161096
168122
1647169
174912
1&107
161184-5
613B1
161161-8
161095
161366
1620187
1113
161073
1821
161117-9
1629, 2651186

AY599259

AY599258



0ct

Platyplectrussp.
Pleurotroppopsisp.
Pnigalio sp.
Rhynchentedon maximus
Tetracampesp.
Trisecodes agromyzae
Tropicharis cecivora
Zagrammosomap.

Eulophidae: Eulophinae: Eulophini
Eulophidae: Entedoninae: Entedonini
Eulophidae: Eulophinae: Eulophini
Eulophidae: Entedoninae: Entedonini
Tetracampidae: Tetracampinae
Eulophidaeincertae sedis
Eulophidae: Entedoninae: Entedonini
Eulophidae: Eulophinae: Cirrospilini

Thai.
Thai.
CA
Thai.
Russia
Hondur.

Costa R.

CA

16108381093
18103
49088 AY599279
161178-83
174910
161204

164194
49013 AY599263



Table 2. Coding of morphological characters for combined analysis.

1111111111222 222222233

123456789 0123456789012 345678901

Taxon

Pteromalidae: Colotrechninae

Colotrechnus ignotus
Trichogrammatidae
Ceratogrammasp.

C40000000 1000001200000000503012

830000012 1000021200000001302012

Tetracampidae: Tetracampin:

Epiclerussp. 1

A30000010 0000010200000011513012
A30000010 0000010200000011513012
81 0000010 0000010200000011513012
81 0000010 0000010200000011513012

Epiclerussp. 2

Foersterella reptans

Tetracampep.
Eulophidae

Entedoninae: Entedonini
Achrysocharoidesp.
Asecodesp.

6 10000010 1001020100000001402012
6 10000011 1000020100000001402012
6 30000010 1010110100000001402012
6 30000010 1000120100000001402012
820100010 1000120100000001402012
6 30100010 0000010100000001402011
6 30100011 0000110100000001402012
6 30100011 0000110100000001402011
6 30110011 1000120100000001402012
6 30110011 1010020100000001402012
610000010 1010120100000001402012
6 20000010 1011020100000001402012
6 20000010 101012010101 0101402©012
6 20000010 101002010101 01014022012
6 20000010 1010020121010101402012
6 10000010 1010020101010101402012
6 30000011 1000020100000001402012
6 30000011 1000020100000001402012

Astichomyiia latiscapus
Ceranisus menes
Chrysocharissp.

Chrysonotomyiap.

Chrysonotomyia maculata

Closterocerus germanicus

Closterocerus tau

Closterocerus trifasciatus
Emersonella planiceps

Entedon?diotimus

Horismenus floridensis

Horismenus longicornis

Horismenus. sp.

Horismenus petiolatus

Neochrysocharis clinias

Neochrysocharis formosa



6 10200010 0100020100000001402012
610200010 1100020100000001402©012
6 30000110 1000120100000101402©012
6 20200011 0000020100000001402012
6 20000110 100002010001 0001402©012
6 20000110 101012010001 0001402012
6 20000110 101002010001 0001402012
6 20000110 101012010001 0001402012
6 20000110 1011020120000001402012
6 20000110 1010020100000001402012
730000010 1000030300000001301112
6 30200110 0000020100000001402©012

Omphale chryseis
Omphale radialis

Paracrias pubicornis
Parzaommomyiap.

Pediobomyia canaliculata
Pediobius alaspharus
Pediobius pullipes
Pediobiussp.

Pleurotroppopsisp.

Rhynchentedon maximus
Trisecodes agromyzae

Tropicharis cecivora

Entedoninae: Euderomphalir

Cabezan sp.

6 3000101000001 01200000001402012
6 30000020 0000130200000001403012
6 30000000 0000130200000001403012
6 3000100000001 21200000001403012
6 30001020 1000111100000001402012

Entedononecremnisp.

Euderomphalesp.

Dasyomphale chilensis
Neopomphalsp.

122

Entiinae
Astichus mirissimis

Astichus. sp.
Bellerussp.
Beorniasp.

832000020 1000030200001 001403002
832000020 1000020200001001403002
832000000 1000010200000001403002
820000000 0000D030200000001403012
8 32000020 0000030200000001403002
8 30000000 O0D0D00D030300000001403012

Euderussp.

Hubbardiellasp.

Eulophinae: Cirrospilini

Aulogymnusp.

730000010 100003021 0000001403012
6 30000010 100003021 0000001403012
6 30000010 1000030210000001403012

Cirrospilussp.

Zagrammosomap.

Eulophinae: Eulophini
Dicladocerus westwoodi

Elachertussp. 1
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Figures 1-4.Habitus of selected eulophidk.Closterocerus tayEntedoninae:
Entedonini).2. Astichussp. (Entiinae)3. Ophelimus maskel{Opheliminae)4.
Aprostocetusp. (Tetrastichinae).
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Figures 5-10.Characters of the antennal flagelluss8. Antennae of male Eulophidag.
Achrysocharoidesp.6. Pnigalio sp.7. Dicladocerus westwood8. Aprostocetusp.9-
10. Basiconic peg sensilla variatiof..Neochrysocharisp.10. Closterocerusp.
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~_carina

Figures 11-16 Characters of antenna, head and pronoflimOmphalesp. basiconic
peg sensillal2. Pediobius pullipesintenna, pdl = pedicel3. Closterocerus taantenna:
pdl = pedicel14. Asecodesp. vertex15. Neopomphalsp. vertex16. Pediobius
pullipesvertex and pronotum, prc = pronotal collar carina.
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facial suture18. Closterocerus trifasciatystg = subtorular groové&9. Aprostocetusp.
20.Chrysonotomyia germaniaa comb, cly = clypeus21. Omphalesp.22.
Achrysocharoidesp.
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Figures 23-28 Characters of the mesosor28. Hubbardiellan. sp., not = notaulug4.
Entedononecremnusp., ax = axilla, tsa = trans-scutal articulati®®.Euderomphalep.,
axc = axillar carina, msc = mesoscutum, pnwp = posterior notal wing process, psc
parascutal carina, tgl = tequl26. Elachertussp., scg = scutellar groove?. Cirrospilus
Sp.28.Horismenus petiolatus
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Figures 29-34 Characters of the mesosord. Dicladocerussp. prothorax, ventraB0.
Necremnusp. prothorax, ventraBl. Horismenus petiolatysnep = mesepisternal
projection.32. Astichussp., mse = mesepimeron, mpl = metapleug@Paracrias
arizonensisax = axilla, mc = median carind4. Epiclerussp. propodeum.
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Figures 35-40.Characters of the legs, wings and metasa®daColotrechnus ignotus
fore tarsus (pts = protibial spu6. Euderomphalesp. fore tarsus37. Aulogymnussp.
forewing venation (pmv = postmarginal veilB. Aprostocetusp. forewing venation.
39. Euderussp. gastral apex0. Beorniasp. gastral apex.
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Figures 41-42 Characters of the male genitakd.. Closterocerusp., vds = vosellar
digitus spine42. Chrysonotomyiap.
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Figure 43.RAXML molecular results, 28S D2-D5 and COL1 regions. Log likelihood score
-17,392.54. Bootstrap values above 70% indicated on branches. Suprageneric taxa
indicated by a vertical bar. Black bars indicate monophyletic groups, gmyndarate
non-monophyletic group£losterocerus.s. indicated in bold.
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Figure 44.Bayes molecular-only results summarized on a 50% majority rule tree wit
branch lengths included. Posterior probability values higher than 70% indicated on
branches. Suprageneric taxa indicated by a vertical bar. Black bars imdaraiphyletic
groups, gray bars indicate non-monophyletic gro@pesterocerus.s. indicated in bold.
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Colotrechnus ignotus - Pteromalidae
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3e 3e!

Closterocerus trifasciatus CCGT-T|..|AATGCG
Chrysocharis sp. CCGT-T|.. AAATGG
Entedononecremnus sp. | TCGT-T|...| AATCGA |
Hubbardiella n.sp CCGT-T|...| AAGAGG
Euderus sp. CTGT-T|...| ATGCGG
Astichus n. sp. CCTG-T|.. ATCTGG
Astichus mirissimis CCGT-T|.. | ATCTGG
Zagrammasoma Sp. CCGGTC|...| GTCCGG
Aprostocetus sp. 1 CCGA-T|...|A-TTGG
Aprostocetus sp. 2 CCGG-T|... | G-CCGG
Cirrospilus sp. CCGG-T|..|G-CCGG

Figure 45.The 3e and 3e” subregions @losterocerus trifasciatusompared with that

of other selected eulophids as aligned by the secondary structure model provided by
Gillespieet al.(2005). Species of the tribe Entedonini are highlighted. Other Entedonini
have the same sequenceCdsysocharissp. in these subregiorSlosterocerus tahas

the same sequence@strifasciatusn these subregions. Intervening bases between the
two subregions omitted.
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Figure 46. RAXML molecular results with the 3e”subregion of the 28S D2 rDNA

removed. Log likelihood score -14399.405046. Bootstrap values above 70% indicated on
branches. Suprageneric taxa indicated by a vertical bar. Black bars imdaraiphyletic
groups, gray bars indicate non-monophyletic gro@pesterocerus.s. indicated in bold.
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Colotrechnus ignotus - Pteromalidae
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Figure 47.Bayes molecular-only results with the 3e” subregion of the 28S D2 rDNA
removed, summarized on a 50% majority rule tree with branch lengths included.
Posterior probability values higher than 70% indicated on branches. Suprageneric taxa
indicated by a vertical bar. Black bars indicate monophyletic groups, gmindéarate
non-monophyletic group£losterocerus.s. indicated in bold.
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Figure 48.Bayes combined morphological and molecular results summarized on a 50%
majority rule tree with branch lengths included. Posterior probability valubertigan

70% indicated on branches. Suprageneric taxa indicated by a verticaldsterocerus

s.s. indicated in bold.
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Figure 49.Bayes combined morphological and molecular results with selected state
changes indicated. Numbers above rectangles indicate character nlnodehdlow the
rectangles indicate character state number. Filled rectangleatmdinambiguous
changes, while unfilled rectangles indicate changes that are homoplatbtectoze.
Suprageneric taxa indicated by a vertical Rdosterocerus.s. indicated in bold.
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CHAPTER 3

Understanding the Posterior Surface of the Head in Chalcidoidea (Hyemoptera)
R.A. Burks & J.M. Heraty
Entomology Department, University of California, Riverside

(rogerb@ucr.edu, john.heraty@ucr.edu)

Abstract. Variation in structures of the posterior surface of the head in Chalcidoidea is
compared and interpreted according to theories of head capsule evolution within
Hymenoptera as proposed by Snodgrass. Most chalcidoids have only a hypostomal
bridge, but some species in the families Chalcididae, Eurytomidae, Ptetaepand
Torymidae have varying forms of postgenal bridges. Species with a reduced head
capsule, such as many Aphelinidae, Mymaridae, and Trichogrammatidae, packaim
landmarks that cannot be easily interpreted without making inferences fedadre
species. Several features provide potentially useful phylogenetioation, such as the
presence of a postgenal bridge, extent of the hypostomal carina, extent of secondar
posterior tentorial pits, and form of the mesal lamellae extending from timedora
magnum to the oral cavity. However, in many cases these characters preisiemgof

homology that may not be answerable at this time.

Keywords. Tentorial bridge, hypostomal bridge, postgenal bridge, parasitoid evolution.
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Introduction

The superfamily Chalcidoidea is a diverse and apparently monophyletic rggafpi
notoriously small-bodied wasps, with most species parasitic or developing igallant
(Gibsonet al.1999). There are at least 20,000 described species of chalcidoids (Noyes
2003), but possibly up to 400,000 species total (Noyes 2000). While most chalcidoids are
from 3-5 mm in length (Gibson 1993), the males of the mymarid sp@mepomorpha
echmepterygiMockford can be as small as 0.139 mm (Mockford 1997). One may expect
such small-bodied insects to have relatively uniform reduction in cranial morphology, but
instead chalcidoids exhibit almost every known type of cranial bridge and idiatene
state, lacking only a gular bridge. The great diversity of cranial bridgesaicidoids
could provide a valuable suite of phylogenetic characters, but there ayaiffi@nlties
in the interpretation of homology. There remains some disturbing intermediasgraed
potentially highly reduced states that complicate comparisons of differatuidoid
families. This summary begins with taxa having a reduced or absent tréshge, and
ends with taxa having a postgenal bridge. Our intent is to provide a starting point for
comparative discussion of cranial morphology in chalcidoids, based upon a relatively
broad selection of taxa, and as a beginning for assessment of these feathess for t
phylogenetic value.

There has been little published on cranial bridge morphology in Chalcidoidea,
with the exception of reviews of Torymidae (Grissell 1995), Agaorsdasu lato
(Rasplus 1998), Pteromalidae (Dzhanokmen 1994¢&o& Heydon 1997), and

Eurytomidae (Lotfalizadeht al.2007). The relative lack of material published on this
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region of the body is most probably due to the difficulty in interpreting exteriturésa
in a meaningful way. For example, there is more than just a simple pair ofdepitsri
and a pair of sulci along the cranial bridge in many chalcidoids, which mageeapre
internal modifications not be easily interpreted without dissection of the head to
determine the location of the posterior tentorial pits as a primary landmark. fieden a
dissection, some unresolved questions may remain, especially concerningeheguoés
postgenal lobes or the ultimate occurrence of a postgenal bridge in caseshe et
capsule becomes an essentially fused unit posteriorly without landmarks.

This study aims to investigate a broad range of families to discover asd asse
possible head characters of value in chalcidoid phylogenetics. We seek tslestabli
standardized set of terms and interpretations to better facilitate ceonsaf species
from different families, with a foundation built on the comprehensive study by Sxssdgr
(1960). Finally, the broad phylogenetic context of our study should provide a more
meaningful phylogenetic context for examination of cranial variation aerassvithin

families, subfamilies, and tribes of Chalcidoidea.

Materials and Methods
Terms and positional interpretations are based on those of Snodgrass (1960). Dissections
of the head capsule were conducted on specimens mounted on SEM stubs with
conductive silver paint, with the head attached face-up. Optical photographs ware take

using the EntoVision Mobile Imaging System (GT Vision LLC).
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Taxa illustrated are listed in Table 1. Some figures were taken éfmrenced
publications. Others are original photos from the University of CalifornisgerRide

Entomology Research Museum, with voucher numbers listed.

Results
Absence of a cranial bridge (Fig. 1)The bridge is assumed to be primitively absent in
taxa where the labiglostmentum (Fig. 1A: Pmt, 1B: psmt) extends dorsally to connect
near the posterior tentorial pits at the occipital foramen. In these taxaisthere
intervening sclerite between the labial connection and the occipital forarhe
hypostomae extend separately to the postocciput and merge with it. This condition has
not been found in Chalcidoidea nor for any other Apocrita. It is discussed here in order to
provide greater context for the following discussions. It is known from the sawilypgr
Xyelidae and Tenthredinoidea (Beutel & Vilhelmsen 2007), and therefore nibg be

primitive state for Hymenoptera.

Hypostomal bridge (Figs 2-3):0One kind of cranial bridge commonly found in
Chalcidoidea is thypostomal bridge (hyb). It is formed by a fusion of postoccipital and
hypostomal structures between and along the postgenae. Within the fused
hypostomal/postoccipital structure, hypostomal structures theoregsadtybelow the

first pair of posterior tentorial pits and postoccipital structures exist dhevats. The

hypostomal sulci (hys) extend continuously towards the occipital foramen, meeting the
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posteriortentorial pits (ptp) and there merge with the postoccipital suture unless
obliterated.

In a hypostomal bridge, the hypostomal sulci are by definition not interrupted by
postgenal structures. Extra pits may occur on the hypostomal bridge (FiQu2B&je
usually not associated with the tentorium. If they are associated withpestexior
tentorial arms, they are designated as secondary posterior tentorilgpi2g).
Although the hypostoma and other subgenal structures are not perfectlyesépanat
postgenal structures in Hymenoptera, there are some useful landmarkedmizing
them. The maxillo-labial complex attaches to a special projection fronypustoma
(Fig. 2D), and the oral cavity is surrounded by hypostomal structures.

Formation of a hypostomal bridge occurs by encroachment of hypostomal lobes
(HL) across the area between the occipital foramen and the oral cavity. Whezh unit
mesally they establish the hypostomal bridge (hyb), a sclerotized strticttiiseparates
the occipital foramen from the oral cavity (Fig. 2D). Inference of a hgptatbridge
(hyb) can become problematic in two ways. First, if the hypostomal(byiEjare
obliterated as in Fig. 3D, there can appear to be a postgenal bridge instdaidhinase,
there will likely not be any internal structures that could be used to determime w
certainty what kind of bridge it is. Second, if all posterior cranial strucareeszduced,
the head may appear to have the primitive condition of no posterior cranial bridge at all
Some taxa with elongate heads have a very narrow hypostomal bridge interposed

between the barely separated postgenae (Fig. 3A, hyb). As long as the hgpbsidge
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is continuously interposed between the postgenae, however narrowly, no posigeeal b
IS present.

Examination with the mouthparts extended can reveal a sclerotized transaers
at the oral cavity (Fig. 2D: bar) bearing the attachment of the maxiiatieomplex and
serving as the ventral termination point for the hypostomal sulcus.

In Pteromalinae (Fig. 2E), Perilampidae, and Eucharitidae, the hypostodus br
becomes sunken below the posterior surface of the head. The bridge loses theetransve
bar along the oral margin, and appears to be less sclerotized. We rejecsibititgdbat
the bridge could have been formed through novel sclerotization of neck membrane,
because thhypostomal sulci (hys) meet th@osterior tentorial pits (ptp), and are
apparently present alongside the entire length of the bridge.

Some taxa, such as a few specieAsdphegFig. 2F) andAblerus have one or
more (solid or split) independent plates or flaps extending from the postocciput that
covers the hypostomal bridge. The presence of this extension is not alwais easy
discern externally, but can be inferred if thesal lamellag(= ornamentation of median
stripe in Lotfalizadehet al.2007) of the hypostomal bridge are discovered under the
extensiorafter it has been removed.

Some taxa have a very narrow hypostomal bridge that is often difficult to
interpret. In many pteromalids such as Spalangiinae and Leptofoeninaes the@riow
hypostomal bridge (Fig. 3A: hyb) intervening between the postgenae alosgtitiee
distance between the occipital foramen and the oral cavity. It is possiblkehat

postoccipital bridge of Agaonidae (Raspisal. 1998) is a raised narrow hypostomal
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bridge as well, but confirmation of this awaits dissection to determine thepasfithe
posterior tentorial pits and to see if the structure is part of the cranial loridigeis a
different structure originating independently.

In MegastigmugFig. 3B), the apparent hypostomal sulci (hys) are marked
externally along the cranial bridge, but they do not represent any clear isteacalre.
Instead, there is an inflected internal ridge of hypostomal structure teatlexo the
postocciput and is continuous with the tentorium. Internally, a hyaline lamina connects
the anterior tentorial arm with the ridge along much of its length. In tatkeavdgomplete
postgenal bridge, such as Toryminae, the posterior tentorial arms are enlarged, and the
hyaline lamina from the tentorium extends along the lateral edges oftdg fu
postoccipital/hypostomal areas dorsal to the postgenal bridge. It is naf gheskind of
cranial bridge is homologous with the other types found so far. One important difference
from Pteromalinae is that in Megastigminae the hypostomal carinadbgs)not extend
dorsally along the bridge, but instead ends or becomes inflected at thé roidhiree; in
other examples of hypostomal bridges, there is a clear line of separati@ebdateral
and mesal hypostomal structures. The shape of the hypostomal carina in ¢heigasti
is similar to that of Toryminae, but in Toryminae the hypostomal sulci do not extend
along the cranial bridge. The stateMagastigmusand more clearly i©@rmyrus are
probably intermediates, in which the postgenal lobes are encroachingtheross
hypostomal bridge.

Inference of a hypostomal bridge becomes difficult when the hypostomalecarina

are strongly reduced (Figs 3C-D). It then relies upon finding the hypostoroia|Fsgl
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3C: hys), or through finding a consistently sunken sclerotized bridge that ssgarate
from the postgenae. A postgenal bridge remains absent because the cranial bridge
includes hypostomal/postoccipital structures along its entire length. ahialdoridge of
CoccophagugFig. 3D) and most other small-bodied Chalcidoidea is therefore inferred to
be a hypostomal bridge even though there is no definite sign of a hypostomal sulcus or
carina. InCales(Fig. 3E), there are postgenal lobes, which could be an intermediate state
in the formation of a postgenal bridge.

A few chalcidoids, such ahiloe micropteronapparently have a fully separated
sclerite composed of a fusion of hypostomal and postoccipital structuresKFyld.
This is not interpreted as a gula because the gula is characterizedrbyzstien of
neck membrane and ventral migration of the posterior tentorial pits. There is no
indication that the conditions characterizing a gula are satisfi€drmcropteron and
therefore it seems best interpreted as a hypostomal bridge with deegniipsilci. It is
probably not a postoccipital plate, because there is no sign of any bridge or mesal

lamellae under this structure.

Postgenal bridge (Figs 4-5)This is a cranial bridge consisting of a mesad extension of
the postgenae across the area below the occipital foramen. This brielggsexter the
remaining hypostomal structures, including the hypostomal bridge (Figs 4dlaeoes

not primarily include any postoccipital structures, but can merge withratiuisrding

parts of the head capsule. The hypostomal carina does not extend dorsally along the

cranial bridge in these taxa, but instead is restricted to enclosing thed@argahe oral
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cavity (Figs 4C-4F). However, something approaching this condition alscsanamany
taxa with potentially only a hypostomal bridge, suciMagastigmugFig. 3B). The

mesal lamellae extend over the postgenal bridge, and therefore are rdrédlfjouse
establishing any basis of positional homology. They are useful when they areddoyere
postgenal lobes that do not form a complete bridge (Fig. 5A).

The postgenal bridge may become more visibly fused with surrounding cranial
structures, making its interpretation more problematic. Dissection of #ueraeeals that
the pit dorsad of the bridge is connected to the posterior tentorial arm, andréheyef
secondary posterior tentorial pit (Fig. 4E: ptp). In some taxa such as rogmyifiae
(Figs 5B-5C), the tentorial arm itself is expanded and its connection forms one long
sulcus exteriorly. In species with extreme fusion of cranial structupesstgenal bridge
is inferred if the hypostomal carinae (Figs 4C-4F: hyc) approximate errimenediately
above the oral cavitsgnd the hypostomal sulci do not extend dorsally along the length of
the bridgeln ChromeurytomédFig. 4F), the postgenal bridge (pgb) is hardly elevated
above the hypostomal bridge (poc), but is essentially the same state that is found in
Eurytoma(Fig. 4E) and in some Chalcididae, includisganthochalcis nigricans
Cameron (not shown).

Some taxa have a discernable gradual acquisition of a postgenal bridge in
different ways, most commonly with the postgenae overlapping hypostomal areas, but
not forming a complete fusion across the head. This kind of “postgenal bridge5£Fig
“pgb”) is for the purposes of this discussion not considered to be an actual postgenal

bridge. In this case the postgenae likely cover a hypostomal bridge, and rialjypa
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cover the mesal lamellae along the midline of the hypostomal bridge.iésaouhtaining
species with “postgenal bridges” like this usually contain other specieawdriably
exposed hypostomal bridge. It should be possible in these cases to construct a
transformation series leading from a completely exposed hypostomal bsidg€ig. 2F
to a completely hidden one like that in Fig. 5A.

Outgroup taxa, such as the superfamilies Mymarommatoidea, Platygasteroidea
and Proctotrupoidea, exhibit a similar range of variation to that of Chalcidoidea. &Vhile
thorough examination of these states is beyond the scope of this study, manyispecies
these taxa have ambiguous cranial bridges that are also very difficuéraratt A
broader context, examining many species in each superfamily, would be netessa

fully understand this variation.

Conclusions
Phylogenetic utility of cranial bridge characters.While some posterior cranial
characters can be coded with little ambiguity in some chalcidoids, thehigis degree
of uncertainty concerning many structures, sometimes with no ready solutisn. Thi
uncertainty mainly involves classification of some cranial bridges as poktgena
hypostomal bridges, especially in cases where the hypostomal subtilizeeated. It
seems best to completely avoid using categorizations that could lead to misleading
results. Therefore, the best solution for coding posterior cranial charactea@éloids
is to define characters using only consistently identifiable structuresasubk

hypostomal carina and posterior tentorial pits.
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The dichotomy between having a hypostomal bridge and a postgenal bridge is
theoretically false, considering that having a hypostomal bridge is jusiecessary step
towards having a postgenal bridge. This should mean that presence of a postggaal brid
is a meaningful character, but this does not mean that character coding is simj@e. Whi
both Toryminae and Cleonyminae possess species with a postgenal bridge, for,instance
the bridges do not look quite the same in the two subfamilies (Figs 4C-E, 5B). The
“postgenal bridge” oAcmopolynemés certainly not of the same type at all (Fig. 5A),
and should not be coded the same. It is possible that a postgenal bridge has been derived
many separate times in Chalcidoidea, but that it is locally informativerwgroups
where it is derived. That said, possession of a postgenal bridge is likelpsheatuable
character found in this study. It must be coded carefully to prevent rampant homoplasy
probably in such a way that it will support monophyly of Toryminae, for instance, but not
necessary support grouping it with Cleonyminae or Eurytominae, since thefftnm
bridge is different in each of these three subfamilies. The best approach cautzbte t
the finer details of the structures, rather than forcing this purely degergsitegory
(postgenal bridge) to represent deeper evolutionary significance ttsamagsily
support.

Most other potentially useful characters at the family and subfamily laxels
continuous and vague in nature, such as the level of the hypostomal bridge relative to the
postgena in Pteromalinae, Eucharitidae, and Perilampidae (Fig. 2E). Theaextehtape
of the hypostomal carina may be a useful character, but the homology of this pgtentia

composite structure is dubious. It is possible that the parallel carireaelg alongside
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the hypostomal bridge in many taxa (Figs 2C-F), may be a differentuisgudrom the

one that extends between the postgenal bridge and the oral cavity in Eurytanidnae

Chromeurytominae (Figs 4D-F). The interruption of this carina on the cranial lofidge

CleonymugFig. 4C) and Toryminae (Figs 4D, 5B) is another potentially useful

character. The presence or absence of postgenal lobes is likely usually neatiodeval

character, because fusion with the hypostomal bridge may be highly varialsléusibn

could lead to situations where the lobes cannot be evaluated with any confidenca, or eve

to a dubious determination that they are present based on surface sculpturing.patter
Placement of the primary posterior tentorial pits apparently does not vary in

Chalcidoidea, but the presence of secondary pits or an elongation of the primaryypits ma

be valuable characters (Figs 4D-F, 5B-C), as long as their associghdhewventorial

bridge is confirmed. The presence of extra, non-tentorial, pits and postoquigti¢sl are

characters that deserve further evaluation to determine what functiorstheseres may

have. They may vary even within species, but not enough data exist to confirm this.

Finally, the mesal lamellae may be valuable at many levels of taxonepeggially

considering how much they can vary within genera (Lotfalizatieth 2007).

Acknowledgments.Petr Jansta and John Huber provided some images and permissions
to reuse them. Johan Liljeblad took many of the images included. Jean-Yves Rasplus,
Petr Jansta, Gary A.P. Gibson, Lars Krogmann and Gérard Delvare ptatigipaeveral
valuable discussions on cranial morphology. Funding was provided by NSF Grant EF-

0341149.

156



References.

Beutel, R.G., L. Vilhelmsen. 2007. Head anatomy of Xyelidae (Hexapoda: Hymeajopter
and phylogenetic implicationQrganisms, Diversity and Evolutiah 207-230.

Bowek, Z. & S.L. Heydon. 1997. Chapter 17, Pteromalidae. pp. 541#892.A.P.

Gibson, J.T. Huber, & J.B. Woolley (EdsAnnotated Keys to the Genera of Nearctic
Chalcidoidea (HymenopteraNRC Research Press, Ottawa.

Dzhanokmen K.A. 1994. Comparative morphology of pteromalid head capsule
(Hymenoptera, Chalcidoidea, Pteromalid&&)ssian Entomological Journal 109—

121.

Gibson, G.A.P. 1993. Chapter 16, Superfamilies Mymarommatoidea and Chalcidoidea.
pp. 570-655In: Goulet, H. & Huber, J.T. (Ed$Jymenoptera of the World
Agriculture Canada, Ottawa.

Gibson, G.A.P., J.M. Heraty & J.B. Woolley. 1999. Phylogenetics and classifiati
Chalcidoidea and Mymarommatoidea—a review of current concepts (Hymenoptera,
Apocrita).Zoologica Scripté28(1-2): 87-124.

Grissell, E.E. 1995. Toryminae (Hymenoptera: Chalcidoidea: Torymidae): anredef
generic classification, and annotated world catalog of spédesoirs on Entomology
International2: 1-470.

Lotfalizadeh, H., G. Delvare & J.R. Rasplus. 2007. Phylogenetic analysis abimge
(Chalcidoidea: Eurytomidae) based on morphological charaZieetogical Journal of

the Linnean Society51: 441-510.

157



Mockford, E.L. 1997. A new species BfcopomorphaHymenoptera: Mymaridae)
with diminutive, apterous male&nnals of the Entomological Society of Ame@€a
115-120.

Noyes, J.S. 2000. The Encyrtidae of Costa RvEmoirs of the American Entomological
Institute62: 1-355.

Noyes, J.S. 2003. Universal Chalcidoidea Database. World Wide Web electronic

publication. www.nhm.ac.uk/entomology/chalcidoids/index.Hamtessed 10-May-

2009].
Snodgrass, R.E. 1960. Facts and Theories Concerning the InsecEhethdonian

Miscellaneous Collections42: 1-61.

158



6GT

Table 1.Taxa illustrated in this review, with voucher numbers and references indicatezl apipdicable.

Taxon Superfamily Family Subfamily Voucher number
Apis melliferalLinnaeus Apoidea Apidae Apinae --
Coccophagus rustCompere Chalcidoidea Aphelinidae Coccophaginae
Eretmocerus eremicuRose & ZolnerowichChalcidoidea Aphelinidae Eretmocerinae
Eurytomasp. Chalcidoidea Eurytomidae Eurytominae --
Acmopolynema varium Chalcidoidea Mymaridae -- --
Asaphesp. Chalcidoidea Pteromalidae Asaphinae
Chromeurytomap. Chalcidoidea Pteromalidae Chromeurytominae
Cleonymusp. Chalcidoidea Pteromalidae Cleonyminae
Eunotussp. Chalcidoidea Pteromalidae Eunoctinae

Scutellista caeruleéFonscolombe) Chalcidoidea Pteromalidae Eunotinae

Doddifoenus wallaceBurks & Krogmann Chalcidoidea Pteromalidae Leptofoeninae

Nasonia vitripennigWalker) Chalcidoidea Pteromalidae Pteromalinae

Chiloe micropterorGibson & Huber Chalcidoidea Rotoitidae --

Megastigmus transvaalengidussey) Chalcidoidea Torymidae Megastigminae
Glyphomerus stigmérabricius) Chalcidoidea Torymidae Toryminae --
Torymussp. Chalcidoidea Torymidae Toryminae --
Cales noackHoward Chalcidoidea incertae sedis -

Pelecinus polyturato(Drury) Proctotrupoidea  Pelecinidae -- --
Nematus ribesi{Scopoli) Tenthredinoidea  Tenthredinidae =~ Nematinae --
Dolichovespula maculatéinnaeus) Vespoidea Vespidae Vespinae --
Xyela julii (Brébisson) Xyeloidea Xyelidae Xyelinae --
Xyela minoMNorton Xyeloidea Xyelidae Xyelinae --



Figure 1: Lack of a cranial bridge in Xyelidae. Xyela minor hs = hypo-

stomal sulcus, Pmt = postmentum, pt = posterior tentorial pit (Snodgrass
1960). B.Xyela juliihead, gl = glossa, pgl = paraglossa, pmt = prementum, pmx =
maxillary palp, psmt = postmentum, pss = pseudosegments of palp (Beutel &

Vilhelmsen 2007).
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hypostomal lobes but no bridge (Tenthredinoidea: Tenthredinidae), HL = hypostomal
lobe, pos = postoccipital sulcus, pt = posterior tentorial pit (Snodgrass 1960). B.
Pelecinus polyturato(Proctotrupoidea: Pelecinidae), HB = hypostomal bridge, hs =
hypostomal sulcus, pt"-pt”” = posterior tentorial pitsE@otussp.(Pteromalidae:
Eunotinae), hyb = hypostomal bridge, hyc = hypostomal carina, hys = hypostomal
sulcus, ptp = posterior tentorial pit. Bcutellista caerule@Pteromalidae: Eunotinae).

E. Nasonia vitripennigPteromalidae: Pteromalinae).Asaphesp. (Pteromalidae:

Asaphinae).
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Figure 3. Hypostomal bridges and dubious cases, hyb = hypostomal bridge, hyc =
hypostomal carina, hys = hypostomal sulcus, ptp = posterior tentorial pit. A.
Doddifoenus wallacgiPteromalidae: Leptofoeninae). Begastigmus transvaalensis
(Torymidae: Megastigminae). Eretmocerus eremicygphelinidae: Eretmocerinae).
D. Coccophagus rusfAphelindae: Coccophaginae). Eales noack{Chalcidoidea:

incertae sedis F.Chiloe micropteror(Rotoitidae).
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Figrre 4. Postgenal bridges and intermediate stateg&\pds mellifera(Apoidea: Apidae)
with postgenal lobes partially encroaching over a hypostomal bridge, iypastomal
bridge, Pge = postgena, PgL = postgenal lobe, pt = posterior tentorial pit (Snodgrass
1960). B.Dolichovespula maculat@/espoidea: Vespidae) with a complete postgenal
bridge (Snodgrass 1960). Cleonymusp. (Pteromalidae: Cleonyminae), hyb =
hypostomal bridge, hyc = hypostomal carina, orc = oral carina, pgb = postgenal bridge
ptp = posterior tentorial pit. D.orymussp. (Torymidae: Toryminae). Eurytomasp.

(Eurytomidae: Eurytominae). Ehromeurytomap. (Pteromalidae: Chromeurytominae).
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Figure 5: Postgenal bridges and dubious caseg®iamopolynema variuifMymaridae),
“pgb” = near postgenal bridge covering mesal lamellae. Bigphomerus stigma
(Torymidae: Toryminae). B. External surface, ptp = posterior tentoriédnoiting an
extended sulcus. C. Internal surface, aat = anterior tentorial arm, pat =qudstenrial

arm as it attaches to the external surface of the head as an elong#teestru

164





