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Abstract

The first molecular phylogenetic analysis of the@gdturally important parasitoid
subfamily Phasiinae (Diptera: Tachinidae) is présgénestimated from 128 worldwide taxa (80
genera) and approximately 7.6 kilobases of nudata. Special emphasis is placed on taxa with
controversial taxonomic placement. The resultaytqgenetic tree is used to reconstruct
ancestral character states, trace the evolutisigafficant adaptive traits within the Tachinidae,
and test hypotheses about the classification oiltae. Subfamily placements of the taxa
Eutherini, Epigrimyiini,Litophasig Strongygastrini, and Parerigonini are confidengisolved,
the former three within Dexiinae and the latter tmithin Phasiinae. Due to sparse molecular
evidence, the Imitomyiini are tentatively placedomm the Phasiinae. Ancestral state
reconstruction suggests a dominant and persistamd tn Phasiinae to evolve piercing structures
used to insert eggs directly into host tissuesngls potential synapomorphy of Phasiinae is
identified (elongated hypandrium).

This phylogeny is used to update classificatiowofldwide phasiine genera and tribes.
Many novel phylogenetic hypotheses are presentdddimg the division of Parerigonisi .
into three tribes: Parerigonisi s, Zitini, and Cylindromyiini, and the division oh@siinis. I.
into four lineages: Phasiisi s, Gymnosomatini, Opesiini, and Xystini. Two trikee
resurrected (Opesiini and Xystini) and one newetrdproposed (Zitinnomen novum

Additionally, a survey of phasiine biodiversity weanducted in Great Smoky Mountains
National Park (TN, NC). Species identifications verade using morphological keys, with
further evidence from 900 base pairs of the nuaedng gene MCS. In total, 221 specimens
representing 26 phasiine species were collecteth&3k, 21 species are newly recorded from
the park, four are new records for Tennessee,\aadie new records for North Carolina. All 12
eastern Nearctic phasiine genera were represdopei@ted identification keys to eastern
Phasiinae are provided and DNA barcoding sequemess generated that will aid future

researchers to quickly and inexpensively identtiggiine species.
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Introduction

Parasitoid flies of the subfamily Phasiinae (DiptéFachinidae) attack heteropteran bugs
and are important members of their ecosystemscamdary consumers and pollinators. Many of
their hosts are serious agricultural pests, andiptes show great promise as biological control
agents. Chapter | includes a phylogenetic recoctstiuof relationships within Phasiinae based
on nuclear coding data. Ancestral states of segggaificant traits are included, along with a
discussion of synapomorphies of Phasiinae andsitsrgroup Dexiinae. Chapter Il uses this
new phylogeny to review and update the classificatif world Phasiinae. Discussions of the
taxonomic history and new molecular data for eade tare included. In Chapter lll, the results
of a biodiversity survey of phasiines found in Gr&moky Mountains National Park are
presented.



Chapter I: Evolution and Phylogeny of the Parasitadl

Subfamily Phasiinae (Diptera: Tachinidae)



Abstract

Phasiinae are endoparasitoid flies that attackrdptera, including a multitude of
agricultural pests. A phylogenetically informedsddication of the Phasiinae (Diptera:
Tachinidae) has eluded systematists for over aicgrprimarily because of the conflicting
character states and confusing morphology of cettada that indicate placement in multiple
subfamilies. The unstable nature of phasiine targndiscourages important research into their
classification, life history, and potential usebiological control. In hopes of resolving several
longstanding taxonomic debates and encouragingefuasearch into this important group of
parasitoids, the first molecular systematic analgéithe Phasiinae is presented, estimated from
128 worldwide taxa (80 genera) and approximatedykilobases of nuclear data. Special
emphasis is placed on taxonomically ambiguous grolipe resultant robustly supported
phylogenetic tree is used to reconstruct ancestiaiacter states, trace the evolution of
significant adaptive traits within the Tachinidaed test hypotheses about the classification of
Phasiinae. Subfamily placements of the taxa Euthdtpigrimyiini, Litophasig Strongygastrini,
and Parerigonini are confidently resolved, the farthree within Dexiinae and the latter two
within Phasiinae. The phylogenetic position of lim&omyiini is more difficult to decipher, but
the Imitomyiini are tentatively placed here amohg Phasiinae. Phasiinae is represented by 12
tribes, with the genera of Phasiini and Parerigamidistributed among multiple tribes. Ancestral
state reconstruction suggests a dominant and tersisend in Phasiinae to evolve piercing
structures used to insert eggs directly into hesties. A single potential synapomorphy of
Phasiinae is identified (elongated hypandrium),astite of characters is needed to differentiate

Dexiinae from the other subfamilies of Tachinidae.



Introduction and Background

The biological sub-discipline of taxonomy has betied in various permutations for
millennia by humans exploring, discovering, andamiging the diversity of life on earth. In
addition to being essential for understanding hiediity and conservation, taxonomic research
creates a framework unencumbered by language Isafoieinvestigating ecology, biomedicine,
and biological control around the world. As sucts iindispensable to both basic and applied
research. A subtle but transformative change iortarny came about with the introduction of
cladistics in the middle 20century by Willi Hennig and its eventual accep@among
systematists (Hennig 1965; Wheedtial. 2013). The traditional hierarchical classificatimin
Linnaeus began to be informed by evolutionary higpses rather than simply nested similarity
among organisms (phenetics). As a result, modeyloglnetics, both morphological and
molecular, attempts to create “trees of life” taaturately reflect an organism’s evolutionary
history and relationship with other organisms (Wiend Lieberman 2011).

One hypothesis of evolutionary phylogenetics i$ tlescendants of a common ancestor
should have one or more shared derived traitscrabe used to distinguish them from other
clades and distant relatives/ancestors. Such aegtsermed synapomorphies and form the
cornerstone of cladistics (Mooi and Gill 2010). ésynapomorphies can be fairly easy to
identify in some clades (e.g., halteres of Dipteeaplution rarely creates such neat and tidy
groups. True synapomorphies are sometimes diffiodind as exceptions occur in many clades.
Contributing to this problem are the phenomenaooivergent evolution (Wallace and Gibson
2002). Species in separate lineages often evobsedme or very similar morphological traits.
When the same complex trait appears in two orgas)iime most parsimonious explanation is
that the two species shared a common ancestoaldmpossessed the same trait. This
characteristic was then passed on to its desces)dawowiding an important clue as to the
species’ ancestry. This explanation is beautifulsrsimplicity as it requires only a single origin
for a complex trait or behavior. However, it is moicommon for evolution to produce similar
complex traits in independent lineages (homoplaby)s obscuring their evolutionary history.
What are taxonomists to do then, when a speciesdmapeting homoplastic characters that

imply an evolutionary relationship within differeciades? A satisfying answer to this question is



often difficult to obtain through morphological $gmatics alone because of these conflicting
characters.

For centuries, taxonomy was built solely aroundghgsical traits and behaviors of
organisms, but with recent advances in DNA sequenigchnology and phylogenetic
algorithms, molecular systematics has risen tddrefront of biological classification.

Molecular data offers an independent line of evadefor ancestry and evolution that is often

able to resolve longstanding questions in clasgifo for which the morphological data are
equivocal. While the physical traits of two spe@&slve independently — sometimes diverging
and sometimes converging until little phenotypifsdtence remains — the evolution of DNA
mutations (unlinked to physical traits) steadilydems the genetic gap between the species. Over
many generations then, the molecular data oftew shoonsistent diverging pattern between
taxa even when the morphology is nearly indistisgable.

In this study, we present the first molecular systgc analysis focused on the
agriculturally important parasitoid subfamily Phiaae (Diptera: Tachinidae) — a group long
characterized by uncertain taxonomy due to widegpr®moplasy of morphological traits — and
present new evidence for the subfamily and triffatides of several morphologically confusing
taxa. A robust phylogenetic tree is created whsécthén used to reconstruct ancestral character
states, trace the evolution of significant adaptraés within the Tachinidae, and test hypotheses

about the classification of Phasiinae.

Tachinidae

The family Tachinidae (Superfamily Oestroidea) fascinating and diverse group of
endoparasitoid flies (Stiremaet al. 2006). Tachinidae form a well-supported claderdsdfiin
part by an enlarged postscutellum and obligatesi#san of arthropod hosts (Wood 1987; Pape
1992). With ~8,500 described species worldwide perthaps an equal number still undescribed
(O’Hara 2013a), Tachinidae are considered to bentb&t speciose (second in described species
to Tipulidae) and morphologically diverse familyDiptera (Crosskey 1980) and one of the
largest insect parasitoid groups (Eggleton and2es1992). Tachinids have experienced such
astounding adaptive success in part due to theed/ahoice in hosts. The family includes both
generalist species and specialists that collegtiatbck a multitude of hosts from 14 different

orders of arthropods. They primarily attack catéays, beetles, and bugs (Heteroptera) (Arnaud



1978), but also parasitize scorpions (Williams andaud 1990) and centipedes (Wood and
Wheeler 1972). By parasitizing insect plant pekeslepidopteran caterpillars and heteropteran
bugs, tachinids play an important role in reguigipest populations in both natural ecosystems
and controlled agricultural environments (Nishi®68; Karban and English-Loeb 1997;
Coombs 2004, Stireman and Singer 2003).

Despite their abundance and potential for use@sdical control agents, the taxonomy
of Tachinidae is well known among insect systensfs being difficult and confusing (see
O’Hara 2013b and Blaschke 2015 for reviews). Thiyear to be a recent (minimum Oligocene,
O’Haraet al.2013) and actively radiating group of insects #msl recent evolution has created
substantial problems in reconstructing phylogenetiationships (Guimaraes 1971; Stireman
2002; Cerrettet al. 2014; Winkleret al. 2015). Additionally, there is widespread homoplasy
throughout the family resulting in very few clegnapomorphies that distinguish genera, tribes,
or even subfamilies (Wood 1987).

Modern tachinid experts recognize four subfamilfisasiinae, Dexiinae, Exoristinae,
and Tachininae (Herting 1984; Tschorsnig and Rich®®8; O’'Hara and Wood 2004; Cerreiti
al. 2014). However, relationships within and amongdhlefamilies are poorly understood and
have undergone considerable rearrangement throtigheuhistory (O’Hara 2013b). The
subfamilies Tachininae and Exoristinae are defiveskd on the presence of a collection of
multiple character traits and/or life history teaibat are difficult to identify and contain many
exceptions (Wood 1987). Only Dexiinae and Phasiirae potential synapomorphic character
traits, both found in the male postabdomen (Degiiftienged, membranous connection of
basi/distiphallus; Phasiinae: elongated hypandri(iraghorsnig 1985). Therefore, a phylogeny
that defines relationships even among a singleasuibf like Phasiinae can contribute significant

information to a broader picture of tachinid evmuatand history.

Phasiinae

The subfamily Phasiinae is the smallest of the raghe yet still contains ~600 species
in ~100 genera (Crosskey 1973, 1976; Herting 1984horsnig 1985; Wood 1987; Herting and
Dely-Draskovits 1993; Tschorsnig and Richter 1988gler 1998; Richter 2004; O’'Has al.
2009; Blaschke 2015). Even so, some of the mostmet morphological differences between

genera within the Tachinidae can be found in PhasiiPhasiines differ dramatically in size and



appearance, from one of the smallest tachir@dgharosiaRondani:<2mm) to one of the largest
(LophosiaMeigen: 18mm). Some phasiines are colored inticadil blacks and greys while
others mimic the banded patterns or bright coloas dften indicate toxicity in other insects
(aposematism). As a result, several genera clessgmble various hymenopterans, most
notablyPolistiopsisTownsendFormicophaniaTownsend, an€ylindromyia mirabilis
(Townsend). Most species in the tribes Cylindromyaind Gymnosomatini (including
Trichopodini) have bright red, orange, or black gatlow abdomens that mimic the warning
colors of wasps and bees (Waldbagteal. 1977).

The primary hosts for this group of parasitoidstateropteran bugs — many of which are
prominent agricultural pests, includibggzara viridulaL. (southern green stink budguschistus
servusSay (brown stink bug), arld/gus lineolarisBeauvois (tarnished plant bug) (Coquillet
1897; Arnaud 1978). Phasiines also attack the imgggestdHalyomorphahalys(brown
marmorated stink bug, Aldricgt al. 2007) andViegacopta cribrarialkudzu bug, Goleet al.
2013). Many phasiines identify potential hosts tigio the use of specialized antennal receptors
that are extremely sensitive to host pheromonedri@ et al. 2006). Remarkably, many
phasiines are more sensitive to their host’s pher@s than even the hosts are themselves
(Aldrich et al. 1989). These phasiines are most commonly attraotaggregation pheromones
of the male bugs and as a result generally pazasitiore males than females. Because of their
distinctive ability to use pheromone cues, phasiingld great promise as biological control
agents but have been underutilized as such direitocbnfusing taxonomy and difficult
identification. A predictive and well-supported tezomy of Phasiinae will provide fertile
research ground for future studies in biologicaitonl, co-evolution of interspecies complexes,
pheromone attractants, and tritrophic ecologicaractions.

Taxonomy

The subfamily Phasiinae is taxonomically separ&t@a other tachinid subfamilies by
their reduced chaetotaxy, parasitism of heteropthosts, oviparity (i.e., laying of
unembryonated eggs), possession of a piercer defriom either the Bor 10" sternite (with
exceptions), and an elongated hypandrium in the pastabdomen (Coquillet 1897; O’Hara
1985; Tschorsnig 1985; Stiremanhal. 2006). Their closely related sister group, Dexeina

defined by potential synapomorphies in the maléghaomen including an entirely



membranous and “hinged¥90°) connection between the basiphallus and thigbéalus and

the presence of platiform pregonites (Tschorsn8p19schorsnig and Richter 1998; O’Hara
and Wood 2004; Cerrettit al. 2014). In contrast to the Phasiinae, dexiines aniipattack
Coleoptera and Lepidoptera and are ovolarviparoes lay late developmental stage eggs or
early instar larvae) (Wood 1987; Stirenmetral. 2006). Given these definitions of Phasiinae and
Dexiinae, several taxa cannot be confidently planesither subfamily as they possess
characters used to define both. The conflictingatiars of these taxa are briefly introduced
below.

Epigrimyiini —In favor of a placement in Phasiinae, the two gamétribe Epigrimyiini
(EpigrimyiaTownsend an@eskiaBrauer and Bergenstamm) parasitize Heteropteran(&@ées
1977, Biehler and McPherson 1982; Sutherland arichi2dly 2002), posses¥ 8ternite

piercers, and have reduced chaetotaxy (Wood 18&8kiahas a bright red/orange abdomen.
However, Epigrimyiini do not possess the elongétgaandrium of Phasiinae. Rather, they share
the male terminalic characters of the Dexiinae (tm@mous, hinged connection between the
basiphallus and the distiphallus and platiform preges) (Tschorsnig 1985; O’'Hara and Wood
2004) as well as that subfamily’s ovolarviparityo@nsend 1938).

Eutheriini — The Eutherini EutheraLoew andRedtenbacheri&chiner) are heteropteran
parasitoids (Arnaud 1978; Nishayama 1995), whiakallg indicates a placement within
Phasiinae. They also produce planoconvex eggs (mabs on the ventral side, but thickened
and convex on the dorsal surface) (Herting 19665rMd.966) rather than the entirely
membranous eggs of the Dexiinae (Stireragal. 2006). However, even though their eggs are
morphologically similar to those found in Phasiingee Eutherini are ovolarviparous rather than
oviparous and do not have piercers (Townsend 1038trell 1983). Additionally, they possess
the dexiine-like male terminalia trait of platifonpnegonites, but the connection between the
basiphallus and the distiphallus is neither hingedentirely membranous as in other dexiines
(Tschorsnig 1985; Cerrettt al. 2014). Neither do they possess a phasiine-likegalted
hypandrium. Because of the oviposition strategyeggttype of Eutherini, the subfamily
Exoristinae has also been proposed as a possdagdo for this enigmatic tribe (Cerret al.
2014).



Imitomyiini — Similarly, the Imitomyiini [mitomyiaTownsendProriedeliaMesnil, and
RiedeliaMesnil) are found in a confusing morphological mtediacy between the Dexiinae and
Phasiinae. Hosts are unknown, buttomyiafemales possess a'16ternite piercer and the
males an elongated hypandrium (females of otheergesre unknown) — both uniquely phasiine
traits (Townsend 1936, 1938; Tschorsnig 1985; CéHard Wood 2004). However, the
Imitomyiini are ovolarviparous like the Dexiinaedapossess all the characteristics previously
mentioned of the dexiine male postabdomen excepta®’ angle of the “hinged” connection of
the basiphallus to the distiphallus (Tschorsnig5t 98 Hara and Wood 2004; Cerretti al.

2014).

Litophasia— The rare genukitophasiaGirschner possesses a piercifigs8rnite and has
significantly reduced chaetotaxy, both of whichigade a placement in Phasiinae (Dear 1980),
but its hosts and oviposition strategy are unkndwitcontrast to these traitsitophasia,like
Imitomyiag has all the features of a dexiine male postabdaemeept the hinged connection of
the basiphallus to the distiphallus (Tschorsnig5)98tophasiais currently classified in
Phasiinae: Catharosiini (Crosskey 1980; Herting3)98

Strongygastrini/Rondaniooestrini— Two additional tribes have maintained a debated
taxonomic position between Phasiinae and the sulbyfdrachininae. Foremost among these are
the tribes Strongygastrins{rongygasteMacquart ArconaRichter, andVelastrongygaster
Shima) and the closely related tribe RondaniogaqfRondaniooestru¥illeneuve). These
genera align closely with Phasiinae in respedh¢onale genitalia (including elongated
hypandrium) and overall habitus (Tschorsnig 198&r€lti 2014, pers. com.). The primary
argument for placement in the Tachininae is a teguhe unusual host range found in these
taxa.Rondaniooestrus the only known tachinid parasite of honeyb&&lgneuve 1924) and is
not known to parasitize anything el$trongygasteron the other hand, parasitizes
heteropterans, similar to other phasiines (SabrasklyBraun 1970; Santos and Panizzi 1997;
Panizzi and Oliveira 1999; Golet al.2013; pers. observ.), but also attacks a wideyarfra
other insects including Orthoptera (Kevan and Kasht988), Coleoptera (Arnaud 1978),
Hymenoptera (Eggleton and Belshaw 1992; Feener)20@fidoptera (Sabrosky and Braun
1970), Dermaptera (Sabrosky and Braun 1970), aptet (Ferrar 1977). No other phasiine
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regularly exploits hosts outside of Heteropteral #rerefore the host range $trongygaster
would be unprecedented in the subfamily. Their ualibosts coupled with the fact that these
genera are ovolarviparous rather than oviparousates a placement in Tachininae rather than
Phasiinae (Wood 1987).

Parerigonini — The Parerigonini are currently considered to behasiinae (Tschorsnig 1985;
O’Haraet al.2009; Wood and Zumbado 2010), but have histoyidadlen members of
Tachininae (Townsend 1936, 1939; Guimardes 197dssRey 1973, 1976; Cantrell and
Crosskey 1989). Their external morphology is gqditeergent from typical Phasiinae with strong
correlations to the Linnaemyini (Tachininae). Hoeeheir male and female terminalia
(elongated hypandrium — Tschorsnig 1985; pierceZanrtrell 1988) and hosts, where known,
indicate a placement in Phasiinae (Mesnil 1970m@&a015b).

Objectives

Representatives of each of the above potentialiipleasibes as well as genera from all
widely accepted traditional phasiine tribes werduded in this analysis in an attempt to clarify
the confusion of phasiine classification. This egsh had the following objectives:

1. Determine whether Phasiinae are monophyletic, Bl iif there are any
synapomorphies that define the clade.

2. Assess the monophyly/validity of, and relationstbpsveen, tribes in Phasiinae.

3. Infer the evolutionary relationships of the follawgitaxonomically ambiguous taxa:
Epigrimyiini, Eutheriini, Imitomyiini,Litophasiag Strongygastrini, Rondaniooestrini, and
Parerigonini.

4. Trace the evolution of important traits acrossphglogeny to test hypotheses about

subfamily synapomorphies and the evolution of Taiclaie.
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Materials and Methods

Collection

An international collaboration was necessary t@wbtepresentative genera of Phasiinae
and other subfamilies from around the world. Wevamry grateful for the specimens and
sequences provided by other researchers (see Atdahg@ments section) without which this
phylogeny would have been much more incompletdessisupported. Specimens were
obtained through Malaise trapping and/or hand cbilg. Malaise specimens were preserved in
95% ethanol. Manually collected tachinids were pohto preserve intact morphological
specimens for species identification. During pimione to three right legs from each specimen
were removed and placed in 95% ethanol for DNAaetion. For some very small specimens
with known species identification, the entire flasvused. Post-extraction DNA samples were
stored at -20°C. This study is a subproject ofrgdaongoing phylogeny of Tachinidae and
therefore voucher specimens are being temporaoigéd in the Blaschke Lab — Union
University (TN), the Moulton Lab — University of eessee, the Stireman Lab — Wright State
University (OH), the Canadian National Collecti@tiawa, Canada), the Cerretti Lab —
University of Rome (Italy), and the Tachi Lab — sy University (Japan).

The idealistic goal was to collect representatieraya of every tribe within the diverse
Phasiinae as well as species from every tribe svilebated subfamily position for which
Phasiinae is a possible resting place. Remark#h$/goal was almost achieved — only the two
extremely rare South American tribes Tarassiniansicopoliopterygini (possible phasiines),
which are known from only a few museum specimeresahsent from the phylogeny. In total,
126 specimens (80 genera, Table 1.1) were includ#ds study representing all seven widely
accepted tribes of Phasiinae, an additional seveestwith uncertain subfamily affiliations,
eight tribes of Dexiinae, six tribes of Exoristinaad five tribes of Tachininae. Also included as
outgroup taxa were specimens of Calliphoridae &ig3), Rhinophoridae (3 species),
Sarcophagidae (1 species), Oestridae (1 speciesMascidae (1 species).
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Table 1.1: List of taxa included in the phylogeny ad corresponding gene coverage. * indicates CAD seences are from
the Stireman Lab. ** indicates CAD sequences are ém the Tachi Lab.

Tachinidae: Phasiinae

Tribe Genus species Country CAD LGL MCS MAC
Catharosiini Catharosia nebuloséCoquillett) USA X X X X
Catharosiasp. Australia X X X X
Catharosiasp. Thailand X X X X
Cylindromyiini  Australotachina calliphoroide€urran 1 Australia X X X X
Australotachina calliphoroide€urran 2 Australia X X X X
Besseria atrgCoquillett) Canada X X X X
Besseriasp. South Africa X X X X
cf. Lophosiasp. 1 Thailand X X X X
cf. Lophosiasp. 2 Korea X X X X
cf. Pygidimyiasp. Australia X X X X
Cylindromyia binotatgBigot) USA X X X X
Cylindromyia mirabilis(Townsend) USA X X X X
Cylindromyia rufifrongLoew) Sardinia X X X X
Cylindromyiasp.** Japan X
Cylindromyiasp. 1 Australia X X X X
Cylindromyiasp. 1 South Africa X X X X
Cylindromyiasp. 2 Australia X X X X
Cylindromyiasp. 2 South Africa X X X X
Hemyda aurata&Robineau-Desvoidy USA X X X X
Huttonobesseria verecunddutton) New Zealand  x X X X
Lophosia fasciatiMeigen Finland X X X X
Lophosiasp. Thailand X X X X
Neobracheliasp. Ecuador X X X X
Phania funestgMeigen) Italy X X X X
Prolophosia petiolatd’ ownsend Burundi X X X X
Prolophosiasp. Burundi X X X X
Pygidimyiasp. Australia X X X X
Gymnosomatini  Acaulonasp. Costa Rica X X X X
Cistogaster mesniliZimin) Italy X X X X
Clytiomya dupuisKugler Italy X X X X
Clytiomya solaRondani) Italy X X X X
Ectophasia crassipenn{§abricius) Italy X X X X
Ectophasia oblongéR.-D.) Israel X X X X
Eliozeta hellugFabricius) Italy X X X X
Eliozeta pelluceng~allén) Slovenia X X X X
Euclytia flava(Townsend) USA X X X X
Gymnoclytia immaculat@Macquart) USA X X X X
Gymnoclytia occiduwWalker) USA X X X X
Gymnoclytiasp. Costa Rica X X X X



Table 1.1 (continued)

Tachinidae: Phasiinae
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Tribe Genus species Country CAD LGL MCS MAC
Gymnosomatini Gymnosoma clavatu®ohdendorf) Germany X X X X
Gymnosoma inornatuimin Italy X X X X
Gymnosoma niterideigen Slovenia X X X X
Gymnosoma pawalker USA X X X X
Gymnosoma rotundatu(h.) Italy X X X X
Gymnosomap. Korea X X X X
Pentatomophaga latifasci@/illeneuve)** Japan X
Trichopoda lanipegFabricius) 1 USA X X X X
Trichopoda lanipegFabricius)2 USA X X X X
Trichopoda pennipe@-abricius) 1 Fr. Polynesia X X X
Trichopoda pennipe@-abricius) 2 USA X X X X
Trichopoda pennipe@-abricius) 3 USA X X X
Trichopoda plumipe@~abricius) USA X X X X
Xanthomelanodes arcuat(Say) USA X X X X
Xanthomelanodes californicd®wnsend USA X X X X
Hermyini cf. Formicophaniasp. Thailand X X X X
Hermya beelzebWeidemanr#* Japan X
Hermyasp. 1 Burundi X X X X
Hermyasp. 2 Malaysia X X X X
Penthosia satanicéBigot USA X X X X
Penthosiosomap. Thailand X X X X
Imitomyiini Imitomyia sugenf_oew) USA X X X X
Leucostomatini Calyptromyia barbatd/illeneuve* Japan X
Clairvillia biguttata (Meigen) Israel X X X X
Clairvillia timberlakei (Walton) USA X X X
Clairvilliops breviforcepgvan Emdeny Japan X
Labigastera nitidulagMeigen) Italy X X X X
Leucostomap. 1 USA X X X
Leucostomap. 2 USA X X X
Weberia digrammd#éMeigen) Israel X X X
Opesiaclade Opesia grandigEgger) Italy X X X
Parerigonini Parerigonesp.** Japan X
Zambesomimap.** Japan X
Phasiini Elomya lateraligMeigen) Israel X
Phasia aurulandvieigen USA X
Phasia hemipter@Fabricius)** Japan X
Phasiasp. 1 South Africa X
Phasiasp. 2 South Africa X
Phasiasp. 3 Ecuador X
X

Phasiasp. 4 Japan



Table 1.1 (continued)

Tachinidae: Phasiinae

Tribe Genus species Country CAD LGL MCS MAC
Phasiini Phasia subcoleoptraté..) Israel X X X X
Strongygastrini  Rondaniooestrus apivorotélleneuve South Africa X X X X
Strongygaster robust@ownsend) USA X X X X
Strongygastesp. Thailand X X X X
Strongygaster triangulifer§Loew) USA X X X X
Xystaclade Xysta holosericeéf~abricius) Israel X X X X
Zitini cf. Leverellasp. Australia X X X X
Leverellasp. Australia X X X X
Zitasp. 1 Australia X X X X
Zitasp. 2 Australia X X X X
Zitasp. 3 Australia X X X X
Tachinidae: Dexiinae
Tribe Genus species Country CAD LGL MCS MAC
Campylochetini Campylocheta semiothiséBrooks) USA X X X X
Dexiini Billaea sp. USA X X X X
Euchaetogyne roedefWilliston)* Canada X X X X
Ptilodexiasp. USA X X X X
Dufouriini Oestrophasiasp. USA X X X X
Epigrimyiini Beskia aelopgWalker) USA X X X X
Epigrimyia illinoensisRobertson USA X X X X
Eutherini Euthera tentatrix-oew Australia X X X X
Eutherasp. 1 USA X X X X
Eutherasp. 2** Japan X
Rutiliini Rutilia regalisGuérin-Méneville Australia X X X X
Sophiini Cordyligastersp. USA X X X X
Thelairiini Thelaira american@rooks USA X X X X
Uramyini Uramya pristis(Walker) USA X X X X
Voriini Voria ruralis (Fallén) USA X X X X
Unplaced Litophasiasp. South Africa X X X X
Tachinidae: Exoristinae
Tribe Genus species Country CAD LGL MCS MAC
Blondeliini Blondelia eufitchiad Townsend) USA X X X
Acemyini Ceracia dentatgCoquillett) USA X X X X
Goniini Hyphantrophaga hyphantrig@ownsend) USA X X X X
Eryciini Lespesiasp USA X X X X
Exoristini Tachinomyia nigrican§Vebber USA X X X X
Winthemiini Winthemiasp. USA X X X X
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Table 1.1 (continued)
Tachinidae: Tachininae

Tribe Genus species Country CAD LGL MCS MAC
Ernestiini Panzeria ampellugWalker) USA X X X X
Siphonini Siphona plusia€oquillett USA X X X X
Tachinini Tachinasp.* USA X X X X
Polideini Homalactia harringtoniCoquillett* USA X X X X
Outgroup taxa
Subfamily Genus species Country CAD LGL MCS MAC
Calliphoridae Angioneura abdominali§Reinhard)* USA X X X X
Oestridae Cuterebra austerfsabrosky* USA X X X X
Calliphoridae Lucilia sericataMeigen* USA X X X X
Rhinophoridae  Melanophora roralisL.* USA X X X
Calliphoridae Pollenia pediculataMacquart* USA X X X X
Rhinophoridae  Rhinomoriniasp.* South Africa X X X X
Sarcophagidae Macronychiasp.* USA X X X X
Muscidae Musca domestich.* USA X X X X
Rhinophoridae  Axiniasp.* Australia X X X X
Genes

The genes used in this studgrbamoyl-phosphate synthet&audimentary(CAD),
lethal giant larvag(LGL), methyl-accepting chemorecep{®AC), andmolybdenum cofactor
sulfurase(MCS), were chosen specifically for their abilityresolve nodes within a phylogeny
of rapidly evolving lineages. CAD was first intratkd by Moulton and Weigmann (2004), while
the significant phylogenetic utility of LGL, MACna MCS recently debuted in Winklet al.
(2015). Each gene is a single copy nuclear praeding gene that offers significantly more
phylogenetic signal than more traditional markershsas COl/Il, 28S, EF4, etc. (Winkleret
al. 2015). The standard ribosomal and mitochondrinkegere easier to obtain, but do not
contain enough nonsynonymous mutations to fullplkesthe phylogeny of a young and diverse
group like the Tachinidae. The additional effoquied to amplify our target genes resulted in
substantially better phylogenetic resolution atghkfamily level and for controversial taxa than
what has been produced in previous attempts aihidaimolecular systematics (Stireman 2002;
Tachi and Shima 2010). All sequences for LGL, MAGd MCS were processed in the Moulton
Lab (University of Tennessee). A few taxa for CABre processed in the Stireman Lab (Wright
State University) or the Tachi Lab (Kyushu Univers{see Table 1.1).



16

Extraction and Amplification

Genomic DNA was extracted using a ThermoScientifioNA extraction kit according
to the manufacturer’s protocol with few minor machtions. Custom primers for CAD, LGL,
MAC, and MCS were designed by J.K. Moulton (Tah®) 1The target genes were amplified
using 53uL PCR reactions in MasterCycler thermalerg (Eppendorf North America,
Westbury, NY). PCR reactions combined 36uL of yituae DI HO, 2uL of MgCh (25mM),
5uL of 10x buffer solution, 3.5uL dNTPs solutiondeD.2u L ofTaqgpolymerase (10x, dNTPs,
andTaqfrom Hotstart Ex Taq kits (Takara Bio Inc., Shigapan)) with 1-18_ of purified
template DNA and 8L (10uM) each of forward and reverse primers. A thre@-sdechdown
PCR program was used to amplify the genes. Thengeas of the most commonly used
program “56-51-46" were as follows: 30s denaturatd 94°C; 5 cycles of 94°C for 30s, 56°C
for 15s and 72°C for 1.5 min; 5 cycles of 94°C30s, 51°C for 15s and 72°C for 1.5 min; 30
cycles of 94°C for 30s, 46°C for 15s and 72°C f&rrhin, and a final extension for 5 min at
72°C. For some genes/taxa that were difficult tpldy) annealing temperatures were increased
to “59-54-49” with all other parameters the same.

After PCR, the amplified gene products were elgtiovesed through a 1% agarose gel
at 115V for 25 min, excised from the gel, purifisdh Qiagen© (Redwood City, California)
silica column based gel extraction kits and elume85.L of elution buffer (10mM Tris, pH 8.5).
Purified PCR products served as templates for segug reactions using the same primers used
in PCR reactions at 50% concentration. When redubyeth strands of each product were then
cycle-sequenced using Big Dye Terminator Cycle 8aqung kits (Applied Biosystems,
Carlsbad, California). Subsequent products weraned using Centri-sep purification columns
(Princeton Separations, Adelphia, New Jersey) andte the Molecular Biology Resource
Facility at the University of Tennessee for sequagpaChromatograms of forward and reverse
sequences were then reconciled and verified fanracy using Sequencher 5.3 (Gene Codes
Corp., Ann Arbor, Michigan). The boundaries of eatdhon were identified and the introns
removed following the GT-AG rule based upon achigwa continuous open reading frame of
targeted exons after the exclusion of introns (Reogad Wall 1980). CAD and MAC had a

single intron each, while LGL and MCS each contditveo introns.



Table 1.2: Custom primers for CAD, LGL, MAC, and MCS used in molecular analysis of Tachinidae.

Gene Primer Name F/IR  Sequence (55 3"!

CAD CAD_54F F GTNGTNTTYCARACNGGNATGGT
CAD_54FM F GTNGTNTTYCARCCNGGYATGGT
CAD_53F F GGNGARGTNGTNTTYCARAC
CAD_S57F F TCNATGACNGAYCGYTCRTAYAG
CAD_405R R GCNGTRTGYTCNGGRTGRAAYTG
T’'podine_CAD_P1R R TTCVAGRTCTTCSGGACCAGC
Melanoph_CAD_P1R R CCAATGGCAAAGTCTCAGTG
CAD_320F F TTYGGNATYTGYYTGGGYCAYCA
tCAD_P2F F AAYTTNCCRTGYATYCAYCAYGG
THAX_CAD_P2F F GGACGTTGCTTTATGACATCTC
GLEX_CAD_P2F F TGTTTCATGACTTCWCAAAAYC
CAD_Mesemb_P2F F GGCACTGGGCGTTGTTATA
Oestroph_CAD_P2F F GTATACATCTTGATACAAAG
Epigrimy_CAD_P2F F  TTACAAATGCCAATGACGGT
Billaea_CAD_P2F F CCTTGTAATACATCACGGA
CAD_680R R GCRTCYCKNACMACYTCRTAYTC
tCAD_P2R R GGRTCYAARTTYTCCATRTTRCA

LGL LGL_38F F CARCAYGGNTTYCCNCAYAARCC
LGL_Tach_P2F F AARGCNGGNGARGARCARGA
LGL_36F F ACNGCNCARCAYGGYTTYCC
LGL_Tach_P2F2 F GGHCAYGGNCARAGYGT
LGL_Intron_Fwd_CU F GCNTAYGGYGAYCAYAAYTG
LGL_472R R CACNCCNGTRCARTCCCARAA
LGL_617R R ARYTGRTCRTGNCCYTTCCA
LGL_Tach_P1R R CGRTTWATRYTYTRCA
LGL_Tach_P2R R GGYAWRTCRTCYTGRTTYTCRTG
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Table 1.2 (continued)

Gene Primer Name F/IR Sequence (5> 3)!

MCS Tach_MCS_P1F F TGYTAYYTNGAYCAYGCNGG
MCS_55(Y) F TGYTAYYTNGANNNNCYGG
MCS_TACH_P1_5SP F ATHCTYCARCAYTTYAAYGCYGAYCC
Tach_MCS_P1R R GCRTADATRCADATYTCYTT
APWXB_MCS_P1R R TTAAAAGCTCCACAWGATTT
MCS_P1R R ATYAAATCRTTRTARTCRCTRCA
CYL_MCS_P2F F CARGGNGGNGTNATTACYTTYAA
MCS_463_P2F F YCTNCGNACNGGNTGYTTYTG
TRICH_MCS_P2F F TTYAATATTYTACAYGAAGAYGG
MCS_GTX_P2F F CATGTYTTTCAAYTRGCAAAATAYTG
MCS_446F F TTYGTNGGNTTYGCYGARGT
MCS_838R R TGRTCDATRCADATCANNGRCA

MAC TMAC_P1_F3 F GAYGARAARCGNATGTAYGARAARCA
TMAC_P1_F3-1 F GAYGARAARCGNATYATGTAYGA
GEE_MAC_P1R R NYTTYAAATAMGCCATTATACT
SBT/SST_MAC_P1R R TGCCAYTGATATGTTCTTA
MAC_NEWTACH_PI1R R TTNGCYAARTANGAYTCYTTRTG
MAC_NP2F_MISSING F TATCANTGGCAYARYATATTGG
MAC_NP2F_MISS#2 F GARAAATATCTNAGAACATATCA
TACH_MAC_P1R R TCYTTRTGYGTCARRTGYCRTG
TMAC_NP1R R GTRTCYTTYAARTARGCCAT
TMAC_P2FN_MOD R CAYGCYGAYTGYGCRCTRCARAA
TMAC_NP2_FWD F CCYTTYCCNGTNGAYATACARTA
MAC_949F F ACNACNGARCCRTAYTTAGAYGC
MAC_957F F GCNGGNGGNGCNGGRTAYAT
NEW_TMAC_P2R R TCYTGYTGRCACCAYTCRCA

1 W=A/T; Y=CIT; R=A/G; M=A/C; K=G/T; H=A/T/C; B=C/&T; N=A/T/C/G.

18



19

Phylogenetic Analysis

All phylogenetic analyses were performed throughdhline CIPRES Science Gateway
(Miller et al.2010). Alignment of nucleotides was completed gishe parallel version of
MAFFT v6 (Katohet al. 2002; Katoh and Toh 2010). These alignments wistealized and
final adjustments were made in Mesquite 3.03 (Msaldiand Maddison 2015). Mesquite was
also used to create partitions of codon positiongéch gene.

Maximum likelihood (ML) analyses were performedngsRAxXML 7.0.3 (Stamatakis
2006; Stamatakist al.2008). Phylogenies were created from both paniband unpartitioned
data for each individual codon position of everpgesach entire gene individually, and all data
combined in a single matrix. In the final concatedadata matrix there were 12 distinct data
partitions whose parameters were estimated sepabatiewere analyzed together with joint
branch length optimization. For each patrtition, filee model parameters, including base
frequencies, were estimated by RAXML. The substituimatrix chosen was GTR, and
GAMMA model parameters were estimated from the ixalihe statistical robustness of the
phylogenies was measured by conducting 1000 bapts#plicates and by comparing the tree
topologies from each analysis.

Following the ML analysis, a Bayesian phylogenyngdviarkov Chain Monte Carlo
methods was estimated with MrBayes 3.2.2 (Ronetiat. 2012). Each gene was partitioned by
codon position and evaluated separately. Additignalcombined dataset containing all four
genes with a total of 12 partitions was analyzeataReters were unchanged between
phylogenies and included default priors. Nucleotidbstation matrix, rate variation, gamma
shape parameter, and base frequencies were estiseggtarately for each data partition (nst =
mixed; rate = invgamma; unlink statefreq = (alBymat = (all); tratio = (all); shape = (all);
pinvar = (all); prset applyto = (all) ratepr = \ale). Two runs with six chains each were run for
a total of 30 million generations. Markov chainsg@sampled at intervals of 500 generations
and the first 35% of trees discarded as burn-iorgd assembling a 50% majority rule consensus
tree. Verification that stationarity had been resttvas measured by the standard deviation of
split frequencies (value = 0.0024, should be <@hB,Potential Scale Reduction Factor (value =
1.0, should approach 1.0 as runs converge)immirBayes output overlay plot which showed
no directional trend for either run.



Ancestral State Reconstruction

Seven evolutionarily significant traits were cho$@nAncestral State Reconstruction
(ASR) (Table 1.3, 1.4). Each specimen was scoreddan information extracted from
published literature or physical examination of@pens. When necessary, information from
congeneric species was used. Using Mesquite’s ARRage (v.2.74, Maddison and Maddison
2010), maximum likelihood (ML) methods were useddoonstruct hypothetical ancestral states.
Traits were mapped onto phylogenies generated fhenpartitioned, concatenated ML analysis.
Results were evaluated based on likelihood scorépatential evolutionary explanations for the

trait evolution suggested by the ASR analysis.

Table 1.3: Character matrix used for ASR analysis.

# | Character / States 0 1 2 3 4
1 | Location of piercer| No piercer 8th _sternlte, 8th sternite, 10th sternite 7th sternite
straight corkscrew
2 | Hosts Heteroptera Lepidoptera Coleoptera  Hymenapte©rthoptera
Oviposition N L
3 strategy Oviparity Ovolarviparity
4 Elongatgd Absent Present
hypandrium
Membranous
5| pasildistiphallus | APSeNt Present
Hinged
6 | pasi/distiphalius | APSeNt Present
7 Platlfor_m Absent Present
pregonites

Table 1.4: Coded character states for Tachinidae. 2 unknown state.

Phasiinae
Taxa 1 234567
Acaulonasp. CR 1 001000
Australotachina calliphoroideaUS1 3 0 0 1 0 0 O
Australotachina calliphoroideaUS2 3 0 0 1 0 0 O
Besseria atraCAN 3001000
Besseriasp. SAfr 3001000
Calyptromyia barbata AP 1001000



Table 1.4 (continued)

Phasiinae

Taxa

Catharosia nebulosblSA
Catharosiasp. AUS
Catharosiasp. THA

cf. FormicophaniaTHA

cf. LeverellaAUS

cf. LophosiaTHA

cf. PygidimyiaAUS
Cistogaster mesniliTA
Clairvillia biguttata ISR
Clairvillia timberlakei USA
Clairvilliops breviforcepslAP
Clytiomya dupuisITA
Clytiomya soldTA
Cylindromyia binotatdJSA
Cylindromyia mirabiliSUSA
Cylindromyia rufifronsITA
Cylindromyiasp. AUS1
Cylindromyiasp. AUS2
Cylindromyia spJAP
Cylindromyiasp. SAfrl
Cylindromyiasp. SAfr2
Ectophasia crassipennI§A
Ectophasia oblongéSR
Eliozeta helludTA

Eliozeta pellucenSLV
Elomya lateraliSR
Euclytia flavaUSA
Gymnoclytia immaculatb)SA
Gymnoclytia occidu&J SA
Gymnoclytiasp. ECU
Gymnosoma clavatu@ER
Gymnosoma inornatutit A
Gymnosoma hiterSLV
Gymnosoma padSA
Gymnosoma rotundatufitA
Gymnosomap. KOR
Hemyda auratdJSA
Hermya beelzebuAP
Hermyasp. BUR
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Table 1.4 (continued)

Phasiinae

Taxa
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Table 1.4 (continued)
Phasiinae
Taxa

Xysta holosericetSR
Zambesomimap. JAP
Zita sp. AUS1
Zita sp. AUS2
Zita sp. AUS3
Dexiinae

Taxa
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Rutilia regalisAUS

Thelaira americandJSA

Uramya pristisUSA

Voria ruralis USA
Exoristinae
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Results

Sequence data

In total, the nucleotide data matrix consisted @81 aligned sites for 126 taxa with
>91% gene-by-taxa coverage (97% coverage exclutidgional taxa shared by the Tachi Lab
used only for CAD). Sequence summary statisticsbeafound in Table 1.5 including
information on total/average length and base freges.

Trees

Bayesian and ML analyses of the partitioned, carated dataset reconstructed identical
phylogenies that had very similar support for evedagle recovered (Figure 1.1: transformed,
Figure 1.2: proportional, Figure 1.3: phasiinegsgp This tree is hypothesized to be the best
estimation of the evolutionary history of theseataising these genes. Therefore, this
phylogeny’s clade structure and node support veiltlbscribed first, then used as a reference
phylogeny for further investigation of the phylogéin signal coming from individual genes and
codon positions. Nodal support statistics are grted by “bs” (bootstrap) for ML and “pp”
(posterior probability) for Bayesian analyses.

Outgroups

Nine outgroups were included in this phylogenatialysis, witiMusca domestica
rooting the tree. The single sarcophadith¢ronychiasp.) and oestrid specigSuterebra
austen) that were included formed a moderately suppasisr group (bs = 53; pp = 96).
Rhinophoridae are a potential sister group of thehinidae and three species were included
here. These species expectedly formed a highlystggpclade @xinia sp. +Melanophora
roralis) + Rhinomoriniasp.) (bs = 100; pp = 100). However, this clade m@seconstructed as
sister to the Tachinidae but was instead closdigdavith the calliphorid sister tax@ngioneura
abdominalisandLucilia sericata(bs = 83; pp = 55). A third calliphorid speci€sllenia
pediculata was reconstructed as sister taxon of the Tachewdth very high support (bs = 99;
pp = 100). The family Tachinidae itself forms atutistive monophyletic group (bs = 100; pp =
100).



Table 1.5: Summary statistics of genes used for plogeny.

Sequence length

Base Frequencies

Genes | # Taxa

Longest | Shortest| Average| %A %T %C %G
CAD 122 1686 771 1554 29.5 22.8 29.0 18.4
LGL 112 1546 720 1234 29.9 30.0 18.0 21.7
MAC 113 2197 828 1997 32.3 28.3 20.7 18.1
MCS 114 2003 942 1868 32.2 31.4 15.4 20.5
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Musca domestica USA
=== Macronychia sp. USA
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Euthera sp. JAP
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[ Oestrophasia sp. USA
P .

— Dexiinae

Thelaira americana USA
[ Uramya pristis USA
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__l | C p. USA
Rutilia regalis AUS
l—l [ Ptilodexia conjuncta USA
1 roederi USA
Billaea sp. USA -
Imitomyia sugens USA —
[ Neobratchelia ECU

R i Aus2
i AUS1

[ cf Pygidimyia AUS
Pygidimyia sp. AUS
Hemyda aurata USA
cf Lophosia sp. THAZ
ia verecunda NZ
Phania funesta ITA
Besseria sp. SAfr
Besseria atra CAN
[ f Lophosia sp. THAL

1 — Lophosia sp. KOR
Lophosia fasciata FIN
Cyli ia sp. AUSL

phosia petiolata BUR
I—‘_: Prolophosia sp. BUR
Cylindromyia sp. JAP
Cyli u

rufifrons ITA

| Cyli ia sp. AUS2
Cylindromyia mirabilis USA
Cylindromyia binotata USA
Cylindromyia sp. SAfr2
Cylindromyia sp. SAfr1
Parerigone sp. JAP
Xysta icea ISR
2ZITA sp. AUS1
2ITA sp. AUS2
2ITA sp. AUS3
Leverella sp. AUS
of Leverella AUS
[ Opesia grandis ITA

SAfr

—: I p. THA
1 usA
b Strongygaster robusta USA
Penthosia satanica USA
1 [ p. THA

of Formit ia THA
Hermya sp. BUR
Hermya sp. MAL
Hermya beelzebul JAP

| eo— Catharosia nebulosa USA' .o
{ Catharosia sp. THA  Phasiinae
Catharosia sp. AUS
[ Labigastera nitidula ITA
b Webeeria digramma ISR
Clairvillia biguttata ISR
Clairvillia timberlakei USA
I Clairvilliops brevif AP
1 [ Ce ia barbata JAP
sp. USA1
L Lcucostoma sp. USA2
Elomya lateralis ISR
| [~ Phasia sp. JAP
b phaisia: hemiptera JAP
Phasia aurulans USA
Phasia sp. ECU

Phasia ISR
Phasia sp. SAfr2
Phasia sp. SAfr1

latifascia JAP
Xanthomelanodes arcuatus USA

.
— e

Trichopoda plumipes USA
Trichopoda lanipes USA2
Trichopoda lanipes USAL
Trichopoda pennipes FP
Trichopoda pennipes USAL
Trichopoda pennipes USA2
I Cistogaster mesnili ITA
nitens SLV

par USA
Gymnosoma clavatum GER
Gymnosoma inornatum ITA

‘Gymnosoma sp. KOR
- . . G) tundat TA
_| = bs: >90, pp: 100 ,—a’,,”.-:;‘;”;’u,’,‘;,- o
Ectophasia A
Ectophasia obl ISR
——| = bs: 70-89, pp: 98-99 L cooostions
Euclytia flava USA
I : Eliozeta helluo ITA
—| = bs: <69, pp: <97 1 [ Eliozeta pellucens SIV
{ [ usa

[ fa sp. £CU
Gymnoclytia occidua USA

Figure 1.1: Transformed phylogeny of Tachinidae esghated from the concatenated and partitioned datage



Musca_domestica_USA

_sp_USA
Cuterebra_austen|_USA
4 Lucilia_sericata_USA

Angionoura_abd

uUsA
[ Rhinomorinia_sp_SAIr
I Axinla_sp_USA

Outgroups

Pollenia_pediculata_USA

_plusiac_USA
Epalpus_signifer_USA

Tachininae

Winthemia_sp_USA

\_nigricans_USA icti

Blondelia_eufitchiae_USA - Exoristinae

Hyphantrophaga_hyphantriae_USA

Lespesia_sp_USA -

Litophasla_sp_SAfr
B

— Dexiinae

Rutilia regalis AUS
Ptilodexia_conjuncta_USA
Euchaetogyne_roederl_USA
Billaea_sp_USA
Imitomyia_sugens_USA
Noobracholia_sp_ECU
Australotachina_calliphoroides_AUS2
Australotachina_calliphoroldes_AUS1

<f_Pygidimyla_AUS
—L Pygidimyia_sp_AUS

Homyda_aurata_USA
cf_Lophosia_THAZ
Huttonobesserla_verecunda_NZ

Phania_funest
Boss
Besseria_atra_CAN

cf_Lophosia_THA1
'{ ; Lophosia_sp_KOR
Lophosia_fasciata_FIN
Cylindromyia_sp_AUS1
Prolophosia_petiolata_BUR

_sp_JAP
Cylindromyia_rufifrons_ITA
Cylindromyia_sp_AU

— Parorigono_sp_JAP
Zambesomima_sp_JAP
Xysta_holosericea_ISR
Zita_sp_AUS1
Zita_sp_AUS2
Zita_sp_AUS3
Leverella_sp_AUS
of_Leverella_AUS
Opesia_grandis_ITA

Rondaniooestrus_apivorous_SAfr

<f_Formicophania_THA
Hermya,
Hermya_sp_!
Hormya_boolzobul_JAP
[ Catharosia_nebulosa_USA
I _sp_THA
Catharosla_sp_AUS
Labigastera_nitidula_ITA
Woboria_digramma_ISR
Clairvillia_biguttata_ISR
Clalrvilia_timberlakel_USA
Clairvilliops_breviforceps_JAP
Calyptromyia_barbata_JAP
Loucostoma_sp_USAT
Leucostoma_sp_USAZ

 Phasiinae

Elomya_lateralls_ISR

Phasia_sp_JAP

Phasia_homiptora_JAP
Phasia_aurulans_USA

Phasia_sp_ECU

Phasla_subcoleoptrata_ISR

Phasia_sp_SAfr2

Phasia_sp_SAfr1
Pentatomophaga_latifascia_JAP

Gymnosoma_clavatum_GER

Gymnosoma_inomatum_ITA

Gymnosoma_sp_KOR

Gymnosoma_rotundatum_ITA

Clytiomya_dupuisi_ITA

Ectophasia_crassipennis_ITA
ISR

=bs: >90, pp: 100
: 70-89, pp: 98-99
bs: <69, pp: <97

Eliozota_pollucens_SLV
Gymnoclytia_immaculata_USA
Gymnoclytia_sp_ECU
Gymnoclytia_occidua_USA

111

Figure 1.2: Proportional phylogeny of Tachinidae eimated from the concatenated and partitioned datast.
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— Imitomyiini

— Cylindromyiini

- Parerigonini
— Xystini
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J \

—Gymnosomatini

Figure 1.3: Transformed phylogeny of Tachinidae eshated from the concatenated and partitioned datageOnly

showing Phasiinae, with tribes labeled.
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Tachininae + Exoristinae

TheTachinidae are represented in this phylogeny byliveages. The first clade
includes the subfamilies Tachininae + Exoristirea®] the second contains the subfamilies
Dexiinae + Phasiinae. The Tachininae + Exoristriade is strongly supported (bs = 96; pp =
100) and is composed of two highly supported clagesesponding to the two subfamilies
(Tachininae: bs = 98; pp = 100, Exoristinae: b986;p = 100). The tribes of Tachininae and
Exoristinae were represented by a single genus@ampt for the tribe Tachinini for which two
common species were included (see Table 1.1). meketionships within the subfamilies were
strongly supported and consistent across ML ance8ap analyses (bs/pp >80). The tribal
structure of Tachininae was reconstructed as ({Pioi + Ernestiini) + Tachinini) + Siphonini).
For the Exoristinae, the tribes were laddered Bevis: (((((Eryciini + Goniini) + Blondeliini) +
Exoristini) + Winthemiini) + Acemyini). The somewhanigmatic taxorCeracia dentata
(Acemyini), which has historically been placed wothbof these subfamilies, was reconstructed as
a statistically established member of Exoristinagster to all other included exoristine taxa (bs
=100; pp = 100).

Dexiinae

The Dexiinae have previously been shown to havese@ssociation with the Phasiinae
(Cerrettiet al.2014; Winkleret al.2015) and most taxonomically ambiguous generaidered
here possess intermediate suites of morphologhzabcter states of these two subfamilies. In
order to better assess the placement of these atigggnoups, the Dexiinae were sampled more
thoroughly than the Tachininae and ExoristinaehEigbes represented by ten genera formed
Dexiinaes. s and formed a highly supported clade (bs = 106; 4p0). The three genera of
tribe Dexiini (represented [Billaea sp.,Euchaetogyne roederandPtilodexia conjuncta
coalesced into their expected clade (bs = 100; pPG3. Uramyini + Voriini formed a sister
group (bs = 64; pp = 95), as did Thelairini + Calopketini (bs = 79; pp = 95). Outside these
clades, most inter-tribal relationships within thexiinaes. s.were laddered or only moderately
supported (e.g., Dufouriini sister to clade Thahi# Campylochetini and together forming a
sister group to the rest of the tribes).

Most interestingly, the sister clade to Dexiirsas.was composed of the tribes Eutherini
and Epigrimyiini, as well as the genlisophasia and was reconstructed as a highly supported

clade (bs = 91; pp = 100). Each of the genera dedun this clade share morphological and/or
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behavioral traits with both Phasiinae and Dexiirg@th genera of EpigrimyiiniEpigrimyiaand
Beskig were represented (bs =100; pp = 100) and thregiep ofEutherarepresented the
Eutherini (the only other genus in Eutherini is thee Palearctic genlgedtenbacherig(bs
=100; pp = 100). Epigrimyiini and Eutherini wereoastructed as sister taxa withhophasia
sister to them. This clade forms the sister clad@dxiinaes. |. and these two clades together

form a monophyletic group that is here definedhassubfamily Dexiinae (bs = 99; pp = 100).

Phasiinae

The Phasiinae form a distinct clade as well. Howesgpport for its monophyly is low
(bs = 60; pp = 84). Given the high statistical supfor other clades throughout the tree, it is
surprising that the target group Phasiinae wahighlly supported. Interestingly, but not
unexpectedly, this low support transforms to veghtstatistical support (bs = 95; pp = 100)
when a single enigmatic taxon is excludinitomyia sugendmitomyiais a strange genus
whose characteristics are either unknown or comrathcement in either the Phasiinae or
Dexiinae. The only analyses that placetomyiawithin the Phasiinae are the partitioned,
concatenated ML and Bayesian analyses. Most phyieg@stimated from individual genes and
individual codon positions pladmitomyiaoutside both Dexiinae and Phasiinae as the sestar
to both subfamilies (ML trees) or as an unresopelytomy of Dexiinae, Phasiinae, and
Imitomyia(Bayesian trees). It is clear that this single gempresenting the tribe Imitomyiini
has an unusual evolutionary history that is dittito decipher. Given the supportive genetic
evidence, albeit low, the Phasiinae are defined hsra clade including the Imitomyiini.

Within the Phasiinae, 12 recovered groups are défirere as the tribes Catharosiini,
Cylindromyiini, Gymnosomatini, Hermyini, ImitomyiinLeucostomatini, Parerigonini, Phasiini,
Strongygastrini, the clade Zitini, and the phyloggeally isolated tax®pesiaandXysta Every
tribe was recovered with absolute support (bs 5 pPG= 100). Additionally, within the
Gymnosomatini, two strongly supported clades wecevered: Gymnosomatina (bs = 100; pp =
100) and Trichopodina (bs = 100; pp = 100). THeesiof Phasiinae aggregated into five
“supertribal” clades with varying support: (Gymnaosatini + Phasiini): bs = 100; pp = 100,
(Leucostomatini + Catharosiini): bs = 64; pp = 93Strongygastrini Opesig + Hermyini): bs
= 100; pp = 100, ((Zitini ¥Xystg + Parerigonini): bs = 39; pp = 80, and (Cylindxoim +
Imitomyiini): bs = 28; pp = 55.
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(Gymnosomatini + Phasiini)— The tribe Gymnosomatini is composed of two evolugiry

clades: Gymnosomatina and Trichopodina. The Triodoga are represented in this phylogeny
as ({Trichopoda+ Acaulong + XanthomelanoddsMost genera currently considered to belong
in Phasiini (e.g.CistogasterClytiomya EctophasiaEliozeta andEuclytia) were reconstructed

as members of Gymnosomatini where they joi@gchnosomandGymnoclytiato form clade
GymnosomatinaPentatomophaga latifascias reconstructed as sister taxa to the two clades
and is therefore not placed in either. Two othenmal PhasiiniOpesiaandXystg were placed
rather distant from Phasiini as monotypic linea@es below). The removal of most genera from
Phasiini left this tribe with only two genef@ahasiaandElomya These two genera form Phasiini

and are closely allied with the Gymnosomatini.

(Leucostomatini + Catharosiini) —The Catharosiini were represented by three speties
Catharosiaand the apparently misclassified gehitephasia Catharosiaspecies were
reconstructed as sister to the Leucostomatini e represented by six genera in two clades:
(((Leucostoma Calyptromyig + Clairvilliops) + Clairvillia) and YWeberiat+ Labigastera.

Litophasiawas recovered in Dexiinae.

((Strongygastrini + Opesig + Hermyini) — ThreeStrongygastespecies and the honeybee
parasitoidRondaniooestrus apivorodslleneuve form a clade defined here as the
Strongygastrini. Closely allied to the Strongygasis Opesia -a genusurrently belonging to
Phasiinis. |.but here found apart from that clade. The Stronglyga andOpesiaformed a
strongly supported clade as sister taxon of theriyn (bs = 100; pp = 100). The relatively
small tribe Hermyini was thoroughly representedhrge species dermyaand three
additional genera (cFormicophania andPenthosiosomandPenthosi. The lone New World

genusPenthosiawas recovered sister to the remaining sampledlfer.

((Zitini + Xysta + Parerigonini) — This analysis revealed three separate evolutidiregges
of Parerigonins. |. consisting of 1) the Asian gendParerigoneandZambesomiméhere as
ParerigoninsensuBlaschkeet al), 2) the Australian geneta andLeverella(here as the new
tribe Zitini), and 3) the South American gemiisobracheliacoupled with the aberrant
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Australian generdustralotachinaandPygidimyia(reconstructed as members of
Cylindromyiini).

The (Zitini +Xystg + Parerigonini clade is weekly supported (bs =%9= 80). The
position and support of the Zitini is consistentoss genes and codon positions, but placement
of Xystaand the Parerigonini is much more unstable. Cuirgpotheses placéystain Phasiini
(Herting 1984), but it is here considered to occaphylogenetically isolated position within the
Phasiinae. Even thougfystahas never been associated with the Parerigenint was
reconstructed bisecting two lineages of that nohinize. In no analysis is Parerigonsgnsu
Blaschke more closely related to Zitini tharXigsta This suggests that Parerigorsnis.consists
of multiple evolutionary lineages and thétstashould be considered more closely aligned to

them than to the Phasiini.

(Cylindromyiini + Imitomyiini) — Another lineage of Parerigonisi |, composed of the South
American genudleobracheliaand the Australian genefaustralotachinaandPygidimyig was
discovered to be closely allied with the Cylindramiy(bs = 100; pp = 100Neobracheliaand
Australotachinawere consistently recovered together in individgeie/codon analyses and in
the complete dataset (bs= 70; pp = 8)gidimyiawas more phylogenetically unstable than the
other genera, but was ultimately reconstructeeiststthe Cylindromyiins. s.(bs= 100; pp =
100).

Cylindromyiini s. s.is composed of two clades for which the nameseatikig (1983)
can be applied: Cylindromyiina and Phaniina. Tharfiha clade has absolute statistical support
(bs = 100; pp = 100) and is composed of the geBesaeriaPhanig HuttonobesserigHemyda
and a single difficult to identify specimen néaphosia This species is most likely not a
LophosiasensuCrosskey (1976). The Cylindromyiina enjoy far lststistical support (bs = 29;
pp = 51) mainly due to a grade of nomihaphosiaspecies which sometimes group with
Pygidimyiarather than other Cylindromyiina. Other tHasphosia the clade Cylindromyiina
also includes the speciose geQydindromyiaandProlophosia -an African genus that appears
synonymous witlCylindromyia The Cylindromyiini were found to be sister to threusual

genusimitomyiawhose unstable phylogenetic position is discuseede.
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Taxonomically ambiguous genera

Conclusive subfamily placements for almost all pihmiogically intermediate taxa was
achieved with significant support. Epigrimyiini ahlophasiawere placed in Dexiinae rather
than Phasiinae arfeutherawas recovered in Dexiinae rather than Phasiindeoristinae.
StrongygasteandRondaniooestrugs well as all genera of Parerigorsni., were firmly nested
within Phasiinae rather than Tachininae. Althoughaverwhelmingly convincing, the best

evidence from all available data pladestomyiaas a member of Phasiinae rather than Dexiinae.

Clade frequencies across all analyses

In total, 28 phylogenies were generated for ttugl\g Bayesian analyses included trees
consisting of each gene partitioned individualA{@Bayes, LGLBayes, MACBayes, and
MCSBayes) as well as the concatenated and pagditnee (CLMMBayes). Maximum
likelihood analyses were more thorough. Five treese created for each gene: three trees
consisting of each individual codon position (e@AD1, CAD2, CAD3), one tree with third
positions removed (e.g., CAD12), and one tree wiitpositions included and partitioned
separately (e.g., CAD123). A complete evidence Milpgeny was created using twelve
partitions and a concatenated dataset (CLMM123)p &dditional ML trees were generated to
reduce potential conflicting phylogenetic signadeavithImitomyiaexcluded (not shown) and
one with data from LGL excluded (CMM123).

The numerous trees created from a variety of iaddent lines of evidence provided
helpful insights into which clades and which arramgnts of clades were strongly vs. weakly
supported. Third codons are often extremely vagiald thus often have little phylogenetic
signal at the deeper family/subfamily levels. Setpasitions rarely provide significant signal
because of their genetic stability. When mutatioosur in the first positions, they often have
important amino acid (and therefore phylogenetcafiportant) changes. A clade supported by
each codon position invites substantial confidendbe evolutionary validity of that clade —
even more so if multiple genes are also providinglar signals. A summary of the relative
frequency of each clade appearance across all gényles can be found in Figure 1.4.

A substantial amount of clades were present im 8086 of the trees. This is interpreted
as considerable evidence that these clades adgurgeesent a reasonable evolutionary history.
These clades include Catharosiini, Strongygasffinchopodina, Gymnosomatini, (Epigrimyiini

+ Eutherini), Hermyini, Leucostomatini, Zitini, Gyrasomatina, Phasiina, Exoristinae, and
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Rhinophoridae — the first five of which are onlysaht from one or two low-signal partitions.
Most other clades are consistently recovered inptei® gene analyses, but are more unstable
with less informative partitions (codon positioa@oss all genes, LGL codon positions) as
would be expected. With the inclusionlofitomyia,Phasiinae and Dexiinae are rarely recovered
as monophyletic. However, witmitomyiaremoved, these clades are almost always fully

resolved.

Phylogenetic informativeness of genes and codotiquos

MCS proved to be the single most important gen¢higrphylogenetic analysis,
recovering ~85% of the final clades by itself. Thiity of MCS was closely followed by MAC,
CAD, and lastly LGL. LGL was unable to recover sa¥significant clades on its own,
especially outside the Phasiinae. A comparisoh®fbility of each gene and each codon

position to reconstruct clades is shown in Figuke 1

Discussion

This study is the largest molecular analysis oftili@idae to date and the first to consider
the classification and evolution of the subfamihaBiinae (Stireman 2002; Tachi & Shima 2010;
Winkler et al. 2015). Certain historical hypotheses gained sualiataevidence in their favor and
several novel ideas about phasiine taxonomy anlligmo were generated. In general, this
molecular phylogeny agrees remarkably well withrent concepts of phasiine classification.
However, several significant revisions to tribasdifications within Phasiinae are suggested by
these evolutionary relationships. Most notably efigonini and Phasiini were shown to consist
of three and four different evolutionary lineagespectively. These tribes, and several others,
deserve proper consideration and discussion af tirgbrical taxonomy and the morphological
and molecular evidence for their specific evolutrathin Phasiinae. There is not the space for
such a thorough analysis here, as this present waldvoted to the phylogenetic placement of
taxonomically difficult genera and tracing the extan of traits within Tachinidae. Instead, in a
separate paper, this molecular phylogeny is usedfi@@nework for updating and revising the

classification of all worldwide genera of Phasiir{Béaschke 2015).
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Here, phasiine relationships are briefly summarized the molecular evidence for the
subfamily placement of several taxonomically ambigaigenera is presented. Also, because the
phylogenetic placement of the dexiine taxa EpigimyEutherini, andLitophasiais critical for
reconstructing the evolution of Tachinidae, thakanomic history is explored and discussed in a
phylogenetic context. Lastly, the evolution of imamt and/or potentially synapomorphic

characters traits is applied to the phylogeny aadudsed.

Classification

As a result of the molecular evidence, the Phasiare represented here by 12 tribes,
including the Imitomyiini, Strongygastrini (incluaj Rondaniooestrysand Parerigonini, but
excluding the Epigrimyiini, Eutherini, arldtophasia Morphologically, the Phasiinae can be
defined by the synapomorphic trait of an elongétgasandrium of the male postabdomen.
Specifically, the median plate of the hypandriurel@ngated to such an extent that the
pregonites are attached at the back (first idextiby Tschorsnig 1985). All tachinids with a
piercer derived from the fGsternite (postgenital plate) are found in Phasiitdowever, not all
phasiines have reduced chaetotaxy, are ovipar@8sgeps piercers, or even parasitize
Heteroptera. Furthermore, some tachinid generadthatrasitize Heteroptera and/or have
piercers derived from the"&ternite are placed in the Dexiinae rather tharPthasiinae, making
these traits homoplastic and of less use phylogesikgt(except at the family level). Female, and
especially male, terminalic characters were shanetsignificantly better indicators of
evolutionary history than external morphology, h@astge, or oviposition strategy. Several
phasiine tribes were identified as unnatural grogpiof genera and need to be repositioned into
more evolutionarily meaningful clades (see results)

Convincing corroborative evidence that the Strayagyrini (includingRondaniooestrys
all lineages of Parerigonini, and the Imitomyiimldng in Phasiinae was recovered. Recent
molecular and morphological analyses have placexh§ygastrini within Phasiinae (Cerretti
al. 2014, Winkleret al.2015) and the debate about its subfamily affisiskould now be
completely resolved. Multiple genera of Parerigohawve never been analyzed phylogenetically,
but Cerrettiet al. (2014) found support for a placement in Phasifoa¢he lone genus
Parerigone Despite their tachinine-like appearance, all pgaerine genera were found to be
convincingly phasiines — thus resolving anotheglstanding issue in tachinid classification.

The position ofmitomyiais more unstable and its taxonomy may still be tezhaHowever,
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molecular evidence has now been added to the miagibal evidences that plat@itomyia
within the Phasiinae. Because these tribes beloiihasiinae, their taxonomic history and
classification is more thoroughly discussed withentphasiine taxa in Blaschke (2015).

In contrast to the taxa above, Epigrimyiini, Euthie andLitophasiawere found to be
allied with Dexiinae rather than Phasiinae. WHilis &ffinity has been previously hypothesized
(Tschorsnig 1985; O’Hara and Wood 2004), this esftist molecular evidence and the first
strong phylogenetic evidence that these taxa belobgxiinae. The morphological analysis of
Tachinidae of Cerrettt al. (2014) found.itophasiato be a “basal” phasiine, while the Eutherini
were most often recovered within the Exoristinagigémyiini were not represented). Here,
Epigrimyiini and Eutherini were recovered as sisées@ in almost every partition and represent
one of the strongest supported clades in this arsalyhe close relationship between these two
tribes has not been previously suggested and usi@xpected result from the genetic evidence.

The taxonomic history and phylogenetic affinitiéach of these tribes is discussed below.

Epigrimyiini — Epigrimyiini includes two gener®8éskiaandEpigrimyia), both endemic to the
Western Hemisphere (O’Hara 2014). Historicallyythave been considered members of the
Phasiinae (Townsend 1936, 1938; Sabrosky and Arb@68; Guimarédes 1971, 1977), but have
been recently associated with Dexiinae due toraiBtie secondary structures of the male
postabdomen (Tschorsnig 1985, O’Hara and Wood 200w classification of Epigrimyiini has
never been analyzed phylogenetically until now.

Epigrimyiawas the sole member of Epigrimyiini from Townsenlitial designation of the
tribe (1908) until O’Hara and Wood (2004) includbd additional genuBeskia However, their close
morphological association with each other and éonttodern phasiine tribe Cylindromyiini was noted
by many previous authors (Brauer and Bergenstan8f; M/ulp 1903; Townsend 1891, 1938;
Sabrosky and Arnaud 1965; Herting 1984). Townseiginally placed Epigrimyiini in the now
outdated subfamily Pyrrhosiinae, which also incthdenera in the very different modern tribes of
Leskiini and Leucostomatinbut he also commented on the close affinit§pigrimyiawith the
subfamily Phaniinae (= Cylindromyiini/HermyiniBeskiawas placed by Townsend wilcyptera(=
Cylindromyig in his subfamily Ocypterinae (= Cylindromyiinjlthough he initially positioned
Epigrimyiain its own tribe, Townsend later moved the geuhé Cylindromyiini along witlBeskia
(Townsend 1919). It should be noted that Mallocd2d) insightfully did not considdeskiato belong
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in the same tribe a&ylindromyia In Townsend’s (1936) key to the Cylindromyiigipigrimyiaand
Beskiashare a terminal couplet based on their elongatt@ooscises.

In addition to their external habitus, which is moeminiscent o€Cylindromyiaand relatives
than any member of Dexiina€pigrimyiaandBeskiaalso share host similarity with other phasiinel. A
phasiines with known hosts, excéndaniooestrysare parasitoids of heteropteran bugs and it has
been proposed that this could be a synapomorpPhasiinae (Wood 1987; Stiremanal. 2006). Such
an argument maintains Epigrimyiini in the PhasiiaaEpigrimyiaattacksGalgupha ovaligHemiptera:
Corimelaenidae) (Biehler and McPherson 1982)Beskiaattacks multiple species of Pentatomidae,
most notably the rice stink bu@ébalus pugngxGuimaraes 1977; Sutherland and Baharally 2002).
Additional evidence for a placement of EpigrimyiiniPhasiinae can be found in the female
postabdomen where both genera share a modifiatenite used as a piercing structure for direct
oviposition into a host (Townsend 1938).

Although at a glancEpigrimyiaandBeskiaseem strongly reminiscent of Phasiinae, recent
morphological evidence indicates a position witthie Dexiinae. Tschorsnig (1985) examined the
various structures of the male postabdomen anduded thaEpigrimyiaandBeskiabelong in the
Dexiinae based on the membranous connection dafigiphallus to the basiphallus (among other
secondary structures) that he proposed were syrapbin of Dexiinae. Additionally, Tschorsnig
identified an elongated hypandrium as a potenyiahpomorphy of Phasiinae. This trait was not found
in eitherEpigrimyiaor Beskia The placement of Epigrimyiini in Dexiinae gairenesiderable support
from this molecular analysis, which recovered arggty supported Epigrimyiini (composed Béskia

andEpigrimyia) as part of a monophyletic Dexiinae sister toEa¢herini.

Eutherini — Similar to the Epigrimyiini, the Eutherini share mphological and behavioral traits
with both the Phasiinae and Dexiinae. As a retfudty taxonomic placement has been debated
over the decades by dipterists. Two genera araded in the tribeEutherais a unique tachinid
whose coloration mimics deer flies (Tabanidabrysopsspp.). It is uncommon in collections,
but has a worldwide distribution (O’'Hara 2013a)vieers of the taxonomic history &uthera
can be found in Bezzi (1925), Cantrell (1983), &idara (2012). The only other species in the
Eutherini isRedtenbacheria insignichiner, which is a rare fly found only in the Ratgic

(Herting 1984; O’Harat al. 2009). Three species Blitherawere included in this molecular

phylogeny.
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The similarity of these two genera was first redngd by Stein (1924) who placed them
in his “GruppeTrixa”’, and most modern tachinid experts have considetgderaand
Redtenbacheri#o share a close affinity (Herting 1984; Ziegl®©&; Richter 2004; O’Haret al.
2009; although see Crosskey 1976). Significantexweé for this relationship comes from the
specialized shape of the phallus (Tschorsnig 1888)the posterodorsal “window” on their eggs
(Cerrettiet al.2014), which are both synapomorphies of the tflitee subfamily placement of
Eutherini is more controversial, with various expgreferring Phasiinae (Guimaraes 1971,
Crosskey 1977; Crosskey 1980; Herting 1984; Tsctigrk985; Cantrell and Crosskey 1989;
Tschorsnig and Herting 1994; Tschorsnig and Rich®88) or recently Dexiinae (Shima 1989,
1999; O’Hara and Wood 2004; Shima 2006; O’Hatral. 2009).

The most convincing reason for placing the Euthénif?hasiinae is their parasitism of
heteropteran host&(thera— Arnaud 1978Redtenbacheria Nishayama 1995), which has long
been considered a distinctive trait of PhasiindmyTalso produce planoconvex eggs (Herting
1966; Mesnil 1966) rather than the entirely membusneggs of the Dexiinae (Stirematral.
2006) and share this trait only with Phasiinae somde Exoristinae. However, the development
and oviposition of these eggs is unlike any phasiuatside the Strongygastrini.

Phasiinae lack a uterus and are therefore ovipdr@uslay unincubated eggs). In
contrast, the Eutherini are ovolarviparous (i&y,ihcubated eggs, Cantrell 1983). If included in
the Phasiinae, the Eutherini would not be alonteawing this trait as the Strongygastrini are also
ovolarviparous, but these two groups are not cjosshted and such a classification would
require the non-parsimonious explanation of ovopemity evolving in two separate lineages
within the Phasiinae. In addition to their ovipasitstrategy, several other important
morphological traits indicate a placement in Dex@n

When O’Hara and Wood (2004) moved the Eutherinnfi@hasiinae to Dexiinae, they
did so based on Tschorsnig’s analysis of male pdstaen structures (1985) and their own
examination of the male terminaliaBiéithera These authors identified several morphological
traits shared between Eutherini and Dexiinae inolgithe shape and location of the pregonites,
postgonites, sternite 5, and the distiphallus édse Cerrettet al.2014). However, unlike the
Epigrimyiini discussed above, the Eutherini do passess a hinged membranous connection
between the basiphallus and the distiphallus aiadonsidered to be the most convincing

synapomorphic character trait of the Dexiinae. Uihier confuse the issue, neither do they
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possess the elongated hypandrium characterisBbagiinae. This evidence led Shima (1989) to
conclude that the Eutherini represented the onlgrestaxa of the Dexiinae that retained the
primitive trait of a sclerotized basi/distiphallagnnection. As with the Epigrimyiini, the
hypothesis that Eutherini belongs in Dexiinae amy mave retained some ancestral traits
throughout its evolution is strongly supported big tmolecular phylogeny. Interestingly, these
two phasiine-like dexiines were recovered as moylapic sister groups in the phylogenetic
analysis.

The molecular phylogenetic evidence stands in eshto an earlier morphological
phylogeny that nested the Eutherini within the Estorae (Cerrettet al. 2014). While the
monophyly of the Eutherini was strongly suppori&iplacement in the Exoristinae was largely
a result of their egg type and oviposition strategg was not recovered in every analysis. The
Tachinidae contains widespread homoplasy througtheutamily and the morphological
analysis of Cerrettet al.’s (op. cit.) highlights the difficulty of reconstriileg the evolutionary
history of such a group using solely morphologdaracters. Under different weighting
schemes numerous trees were obtained that sometiffesed dramatically, especially for the
taxonomically ambiguous groups like the Euthei@ame of these trees agreed quite well with
the molecular evidence, and in situations witheaxtly high morphological homoplasy, it is
perhaps best to trust the genetically inferredstraéher than the structural traits. Therefore,
Eutherini are considered here to be a tribe wibéxiinae that possesses several significant

ancestral characters states.

Litophasia— The atypical genukitophasiaGirschner is composed of two diminutive and rarely
observed flies, one species found in the PaleaRetgion and the other from South Africa
(Herting 1984, Crosskey 1984). Initially thoughtiielong to the Rhinophoridae (van Emden
1945, Crosskey 1977 jtophasiais now considered a tachinid that lacks the alroostersal

trait of an enlarged postscutellum (Wood 1987; Bsshig and Richter 1998). Females possess a
piercer (& sternite) very similar to those found in the phastribes Catharosiini and
Leucostomatini, but are not found in any known Rpimoridae (Dear 1980). As a result of this
unique trait and other morphological similaritiegrting considered it a member of Catharosiini

(see communication in Dear 1980), an opinion witticly Dear (1980) agreed and subsequent
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authors have followed (Crosskey 1980, 1984; Her1id84; Belshaw 1993; Herting and Dely-
Draskovits 1993).

However, the male terminalia bitophasiawere not examined comparatively until Tschorsnig
(1985). In the Tachinidae, the traits of the malstpbdomen are generally more phylogenetically
informative than those of the female postabdomggs darvae, or behavioral traits. As with the
Epigrimyiini and EutheriniLitophasiapossesses dexiine-type characters in the malahmshen,
including the distinctive membranous connectiomieein the basiphallus and the distiphallus
(Tschorsnig 1985) and does not have the phasippe-dlongated hypandrium. Given its taxonomic
ambiguity, it is not surprising that in the morpbgical phylogeny of Cerretét al. (2014)Litophasia
was inconsistently placed as either sister to Rreesior Dexiinae under different weighting schemes.
However, strong supporting evidence for a posituithin Dexiinae comes from this molecular
phylogenetic analysis whetdgtophasiawas reconstructed with high support as sisterpigrimyiini +
Eutherini. This clade in turn was sister to the odexiinae. Thereforkitophasiais included here in

the Dexiinae rather than the Phasiinae.

Evolution of Tachinidae

Any analysis of trait evolution using a phylogasynly as good as the tree itself. If even
a single clade is misplaced it can often have megatverberations for ancestral state
reconstruction throughout the tree, resulting comect evolutionary theories and misplaced
relationships. The phylogeny presented here was/ezed with very high statistical support
throughout the tree and largely corroborates ctteetonomic hypotheses. As a result, this
phylogeny was used to trace the evolution of ingrrtachinid traits/behaviors and visually
analyze any potential synapomorphies of PhasiindeDeexiinae. The robustness of this
phylogeny provides confidence in the analysis,daumtral to the ancestral state reconstruction is
the phylogenetic position of the “phasiine-like diegs”: Epigrimyiini, EutheriniLitophasia
andIimitomyia With their curious amalgamation of traits, the/lplgenetic position of these taxa
heavily influence any potential subfamily synapoptoes as well as the evolution of Tachinidae
in general. Each trait analyzed will be discusselividually below.

In summary, according to this analysis, the ancest®hasiinae can most likely be
characterized by the homoplastic traits of pamssitof Heteroptera and oviparity, along with the

pleisiomorphic trait of lacking a piercer. The onécognized synapomorphy of Phasiinae is an
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elongated hypandrium in the male postabdomen. trast, the Dexiinae cannot be defined by a
universal synapomorphy. None of the potentiallyaggomorphic traits of the male postabdomen
were recovered exclusively in Dexiinae, mainly du¢he placement dmitomyiain Phasiinae.
The ancestor of Tachinidae was reconstructed Wwelfdllowing traits: lacking a piercer,
parasitizing Lepidoptera, ovolarviparous, and ragggssing any trait or combination of traits in

the male postabdomen that could be used to detimer @hasiinae or Dexiinae.

Piercers —Used to inject eggs directly into the body cavityosts, piercers have evolved
several times throughout tachinid evolution andesppn many tribes. However, not all piercers
are identical in origin. Those found in the Exariae (e.g., Blondeliini) are derived from thé 7
sternite, while those in the Phasiinae have beaptad from either theBor 10" sternite (Figure
1.6). Parsimoniously, it is expected that there lvdne three origins of the piercer — one for each
type. Remarkably though, each type of piercer ageshave evolved independently in several
different lineages. The focus of this analysis washe Phasiinae, and therefore only the
evolution of the 8 and 1@ sternites is discussed here.

Three phasiine tribes posses# s@ernite piercers (Imitomyiini, Cylindromyiini, én
Zitini) (Townsend 1938; Herting 1983, Cantrell 1988is partially this trait that
morphologically supports the inclusionlaiitomyiain Phasiinae as no other tachinid subfamily
is known to have this unique trait. According tsthhylogeny, the 10sternite piercer evolved
once in the ancestor of (Imitomyiini + Cylindronmyil and then separately in the ancestor of
Zitini. This non-parsimonious explanation was urestpd given that the genera of Zitidita
andLeverellg have historically been closely allied wiygidimyig Australotachinaand
Neobrachelian Parerigonini. The latter three genera were repey in the Cylindromyiini as a
paraphyletic sister group to Cylindromyimis.Morphologically, the simplest classification
would be to include the Zitini in Cylindromyiini #i the other former parerigonines possessing
10" sternite piercers or as a separate tribe sist€yliodromyiini. However, no molecular
analysis with any gene or codon position suppbis naturally parsimonious explanation.
Therefore, the Zitini are left in their own tribpaat from Cylindromyiini and the 10Osternite
piercer is hypothesized to have arisen indepenglenthe two lineages.

The evolution of the®8sternite piercer is quite remarkable. This potaiytiadaptive trait

appears in both the Dexiinae and Phasiinae, wikkaat three separate origins in the former and.
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Siphona cristata USA
Epalpus signifer USA

Tachina sp USA Tachininae

Panzeria ampelius USA

Homalactia harringtoni USA
Ceracia dentata USA
Winthemia sp USA
Tachinomyia sp USA icti
Blondelia polita USA Exoristinae
Hyphantrophaga hyphantriae USA
Lespesia sp USA

Litophasia sp SAfr

Beskia aelops USA

Epigrimyia sp USA

Euthera sp JAP

Euthera tentatrix USA

Oestrophasia sp USA
Campylochaeta semiothisae CAN T

Thelaira americana USA — Dexiinae
Uramya pristis USA

Voria ruralis USA

Cordyiigaster sp USA

Rutiia regalis AUS

Ptilodexia harpasa USA
Euchaetogyne roederi USA

Bilaea sp USA

Imitomyia sugens USA
Neobrachelia ECU

Australotachina calliphoroides AUS2
Australotachina callphoroides AUS1
of Pygidimyia AUS

Pygidimyia sp AUS

Hemyda aurata USA

Lophosia sp THA

Huttonobesseria verecunda NZ
Phania funesta ITA

Besseria sp AN
Besseria alra CAN

of Lophosia THA

Lophosia sp KOR

Lophosia fasciata FIN
Cylindromyia sp AUS1
Prolophosia petiolata BUR
Prolophosia sp BUR
Cylindromyia sp JAP
Cylindromyia ruffrons ITA
Cylindromyia sp AUS2
Cylindromyia mirabilis USA
Cylindromyia binotata USA
Cylindromyia sp SAf2
Cylindromyia sp SAfr1

Xysta holosericea ISR

Zita sp AUS1

Zita sp AUS2

Zita sp AUS3

Leverella sp AUS

of Leverella AUS

Parerigone sp JAP
Zambesomima sp JAP

Opesia grandis ITA
Rondaniooestrus apivorous SAfr
Strongygaster sp THA
Strongygaster triangulifera USA
Strongygaster robusta USA
Penthosia satanica USA
Penthosiosoma sp THA

of Formicophania THA

Hermya sp BUR

Hermya sp MAL

Hermya beelzebul JAP
Catharosia nebulosa USA I
Catharosia sp THA - PhaSIInae
Catharosia sp AUS
Labigastera nitidula ITA
Weberia digramma ISR
Clainvilia biguttata ISR
Clairvillia timberiakei USA
Clairviliops breviforceps JAP
Calyptromyia barbata JAP
Leucostoma sp USAT
Leucostoma sp USA2
Elomya lateralis ISR

Phasia sp JAP

Phasia hemiptera JAP
Phasia aurulans USA

J\

Phasia subcoleoptrata ISR
Phasia sp SAfr2

Phasia sp SAfr1
Pentatomophaga latifascia JAP
Xanthomelanodes arcuatus USA
Xanthomelanodes californicus USA
Acaulona sp CR

Trichopoda plumipes USA
Trichopoda lanipes USA2
Trichopoda lanipes USA1
Trichopoda pennipes FP
Trichopoda pennipes USA1
Trichopoda pennipes USA2
Cistogaster mesnili ITA
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four in the latter, as evidenced by the non-pigr@ncestor of Phasiinae (89%) and Dexiinae
(97.7%). Eight tribes can be wholly or partiallyfided by the presence of th& 8ternite piercer:
Dexiinae —-Litophasia Epigrimyiini, and Dufouriini (here represented ®gstrophasig
Phasiinae Xysta Catharosiini, Leucostomatini, ParerigorsensuBlaschkeet al, and Phasiini.
Additionally, at least one genera of Gymnosomdfiinichopodina) possesses dhsernite
piercer Acaulong. Within the Phasiini, an interesting state isfduOf the two genera included,
Phasiapossesses the typicd? 8ternite piercer, but thé"&ternite ofElomyais not developed
into a fully functional piercer. RathefJomyauses its uniquely shaped “narrow point” 8
sternite to firmly insert its eggs into the intagsental membranes of the host, but the®&rnite
does not actually pierce the exoskeleton (Hert@@01 Tschorsnig and Richter 1998). This may
represent an evolutionarily intermediate state betwpiercing and non-piercing forms

Given the numerous independent origins of the8d 10" sternite piercers, the
possession of such a trait seems to be highlyteeldéor within phasiine populations. In contrast
to most other tachinids that generally attack boffied immature insects, phasiines exploit adult
hosts with hardened exoskeletons. Attaching an@gfge outside of the host requires the
phasiine larvae to utilize powerful chitinase-delyng proteins and/or specialized mandibles to
break through the host’'s exoskeleton. There is sibstantial risk for the exposed egg from
predation, desiccation, and physical removal byhibe. A piercer solves these problems by
bypassing the host’s cuticle. As such, naturalcsiele would most likely encourage the
evolution of postabdominal sclerites toward a pregestructure, perhaps via a structure similar
to the narrow point dElomya(see above). Once evolved, it seems unlikely thaecer would
be lost through natural selection. This reconsioacsupports that hypothesis. Even with 10
different piercer origins theorized, there is ngngiicant evidence of a loss of a piercer in any
lineage.

The unique morphology ofystadeserves special mention here. While derived fitzan
8" sternite, the piercer ofystais significantly divergent from other phasiinengiers. The 8
tergite ofXystahas special modifications that allow it to be msé between the host's body
segments and expanded, thus exposing the inndy cdithe host to the fly's piercer. Th&' 8
sternite then protrudes from between the structoiéise 8" tergite and injects the eggs into the
body cavity of the host (Herting 1957). Most phasipiercers are simple and needle-like, most

often slightly curved but sometimes straight. Hoerethe piercer oKystais curved around
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itself like a corkscrew and rotates on its axis whserted, thus “drilling” into the host rather
than stabbing. These unusual structures strondigate an independent evolution of the piercer
unrelated to other phasiine piercers.

ConsequentlyXystahas been uniquely coded here for the piercer.dbafe to its
important phylogenetic position, codiXystaindependently as opposed to lumping it into an
“8™ sternite piercer” character state significantlages the ASR analysis. Wiystaincluded
as a typical 8 sternite piercer, the evolution of piercers isléms parsimonious. The ancestor of
Phasiinae is split almost equally between the thtates (non-piercer: 38%4" 8ternite piercer:
34%; 10" sternite piercer: 28%, not shown), and ancesbdés throughout the Phasiinae are
recovered as most likely possessing &rsi@rnite piercer. Such a reconstruction requires
multiple gains and losses of piercers throughoaitRhasiinae, with Zitini specifically losing the
8 sternite piercer and gaining theMsternite piercer during a very short evolutiontame.

This creates a quandary for both parsimony ana J@gid therefore provides additional evidence
that the piercer aKystg while homologous to other phasiine piercersniependently derived

and justifies its unique character coding.

Hosts —The diverse host range of Tachinidae, charactebyadultiple host shifts and rapid
exploitation of new hosts, has made speculatingiethe original tachinid host difficult.
Lepidoptera is often seen as the “default” hypdthas a majority of tachinids utilize
lepidopterans as hosts (Cerretti & Tschorsnig 2@ha) caterpillars are exploited by an
enormous array of other insect parasitoids, whidicates they are an easy group to invade.
However, the morphological phylogeny of Tachinidaeducted by Cerretét al. (2014) did not
find strong evidence to support a lepidopteran hrote ancestral tachinid population, instead
finding some support for a coleopteran host. Thas mferred primarily as a result of the
coleopteran parasitoid taxanadochaetand the Palpostomatini being reconstructed sistell
other tachinid genera and a parsimony ASR analyhisse genera were not included here and
that specific hypothesis remains unverified. Ingupof the historical views on host evolution,
the maximum likelihood ASR analysis presented Inecevered moderate support (67%) for
Lepidoptera as the original host of Tachinidae (Fégl.7). From there, tachinids radiated into

Heteroptera, Coleoptera, and ever further into dejpiera. A more comprehensive molecular
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Figure 1.7: Ancestral state reconstruction of hostise in Tachinidae.
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Tachinomyia sp USA
Blondelia polita USA
Hyphantrophaga hyphantriae USA
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Lophosia sp THA
Huttonobesseria verecunda NZ
Phania funesta ITA
Besseria sp SAfr
Besseria atra CAN
¢f Lophosia THA
Lophosia sp KOR
Lophosia fasciata FIN
Cylindromyia sp AUS1
Prolophosia petiolata BUR
Prolophosia sp BUR
Cylindromyia sp JAP
Cylindromyia rufifrons ITA
Cylindromyia sp AUS2
Cylindromyia mirabilis USA
Cylindromyia binotata USA
Cylindromyia sp SAf2
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phylogeny of Tachinidae, already in progress (8taeet al. 2013), will allow a more confident
theory of host evolution within the Tachinidae sdonstructed.

The ancestor of the (Phasiinae + Dexiinae) cladereeonstructed as a parasitoid of
Heteroptera (80%) as were the individual anceswdes for each subfamily (Phasiinae: 99.9%;
Dexiinae: 80%). Thus, parasitism of Heteropteratrtiksly arose once in this ancestral
population and was retained in Phasiinae, Epigiim&Eutherini, and therefore probably
Litophasiaas well (host unknown). Inferring from this restitte ancestor of Dexiinage s.(i.e.,
excluding Epigrimyiini, Eutherini, anditophasig switched hosts from Heteroptera to
Lepidoptera and later, the tribes Dexiini and Dufioudiverged from attacking Lepidoptera to
parasitizing Coleoptera. The Voriini, Uramyini, Bgnini, Thelairini, and Campylochetini retain
their ancestral parasitism of Lepidoptera. Thegmtheses stand in contrast to those endorsed
by Cerrettiet al. (2014) whose morphological phylogeny found Phasi s.to be derived from
a paraphyletic clade of Dufouriini (coleopterangsatoids) and thus recovered Heteroptera as a
derived rather than ancestral state, having beelvey independently in Phasiinae and
Eutherini. These conflicting results are due toghglogenetic placement of the ((Epigrimyiini +
Eutherini) +Litophasig clade. The Epigrimyiini, Eutherini, adtophasiaare extremely
difficult to resolve morphologically but are corsistly recovered together as members of
Dexiinae in molecular analyses, lending suppo# heteropteran parasitoid ancestor of
(Phasiinae + Dexiinae).

The Phasiinae have long been characterized bygheasitism of heteropteran hosts
(Dupuis 1963; Wood 1987; Tschorsnig and Richter8)98ut here, that trait is found within
Dexiinae as well, making that trait symplesiomogpiidditionally, including the
Strongygastrini in Phasiinae means that not alkjas are parasitoids of Heteroptera.
Strongygasteparasitizes a plethora of hosts, including bugstles, and caterpillars, while
Rondaniooestrusxclusively parasitizes honeybees. Heteroptergtasned as the primary host
in all other phasiine lineages with known hostsstd@are unknown fdritophasia but given its
phylogenetic position belonging to a clade inclgdihe Epigrimyiini and Eutherini, it is

hypothesized thdtitophasiaparasitizes small members of Heteroptera.

Oviposition strategy —Another way in which the Strongygastrini are exmaml with respect to

Phasiinae is their method of oviposition. Phasiiaa@ whole is characterized by oviparity (i.e.,
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laying unembryonated eggs), but the Strongygagtossess uteri and are therefore
ovolarviparous (i.e., lay embryonated eggs). Phasirepresent one of the largest oviparous
lineages (others are found in Exoristinae) ancchegacterized by an oviparous ancestor (82%,
Figure 1.8). Consequently, ovolarviparity most lkevolved secondarily in the Strongygastrini
and in the Imitomyiini as well.

Ovolarviparity requires significant modificatiors the female reproductive system in
order to incubate eggs (Herting 1957; Wood 1988)aAesult, oviparity has historically been
considered the more primitive condition of TachaedHerting 1960; Tschorsnig and Richter
1998; Stiremaret al. 2006; Tachi and Shima 2010). However, Ceredttl. (2014) found all
oviparous lineages to be nested within ovolarvipadmeages, thus implying that ovolarviparity
may have characterized the tachinid ancestor. ABR analysis provides corroborating
molecular evidence to support this somewhat coumtgtive hypothesis. Ovolarviparity was
recovered at the ancestral node of (Dexiinae +iPla&$ (96%) and Tachinidae as a whole
(99.5%). Unlike reconstructing Lepidoptera as aceatral host — which had only moderate
support and was missing crucial taxa — there ig $#png statistical support for an
ovolarviparous tachinid ancestor. Furthermore, ibésilt seems unlikely to change with more

taxa included as most tachinid lineages not reptedeare ovolarviparous.

Synapomorphies of Phasiinae/Dexiinae Fhe placement of several taxonomically ambiguous
genera within a robustly supported phylogeny allpatential synapomorphic character traits of
Phasiinae and Dexiinae to be explored in a phyletecontext for the first time. As already
discussed, neither oviparity nor parasitism of fogieeran hosts can be used to define Phasiinae
as a clade. In fact, there seems to be only aesingjk that is synapomorphic for Phasiinae: an
elongated hypandrium in the male postabdomen.

The elongated hypandrium was first identified aéséinguishing feature of Phasiinae by
Tschorsnig (1985) and is here visualized with ABRIgsis (Figure 1.9)mitomyiadeserves
special mention as it possesses a suite of tratscharacterize the dexiine male postabdomen as
well as the phasiine-like elongated hypandriunmbmy respects (ovolarviparous, platiform
pregonites, and membranous basi/distiphallasi}pmyiaaligns more closely with Dexiinae
than Phasiinae. However, given its elongated hygamd 10" sternite piercer, and moderate
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Figure 1.8: Ancestral state reconstruction of ovipsition strategy in Tachinidae.
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Figure 1.9: Ancestral state reconstruction of an elngated hypandrium in Tachinidae.

molecular support as sister to Cylindromyiimnitomyiais here considered to belong to
Phasiinae, thus making the elongated hypandriurortheknown synapomorphy of Phasiinae.
Dexiinae has historically been considered a monigpioygroup primarily characterized
by three features of the male postabdomen: 1) atimmebetween basiphallus and distiphallus
membranous, 2) basiphallus and distiphallus joatesiright angle or “hinged”, and 3) the
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presence of platiform pregonites. Taking into cdasation the novel hypothesis about the
phylogenetic placement of the ((Epigrimyiini + Eetimi) + Litophasig clade, each of these
three characters was visualized with ASR analysget if any of them represent true
synapomorphies of Dexiinae (Figures 1.10-1.12) hHedit is a derived trait not present in the
ancestor of (Phasiinae + Dexiinae) and all Deximaepossess these traits.

The membranous and hinged connection of the bdkipha the distiphallus is the most
often cited potential synapomorphy of Dexiinae. ldger, mapping these states onto this
phylogeny reveals that basing a classification smgle origin of one or both of these characters
results in confusion. This is clearly seen in asary of these states across taxa: the connection
between the basiphallus and distiphallus is charaetd in the “Dexiinae” as membranous and
hinged, in the Phasiinae (excludimgitomyig as non-membranous and not hinged, in
Litophasiaandimitomyiaas membranous but not hinged, in the Epigrim@simembranous
and hinged, and in the Eutherini as non-membraaadsiot hinged. Using only these
characters, Eutherini would align with Phasiinaelevgpigrimyiini has all the features of
Dexiinae.Litophasiaandimitomyiaare intermediate.

Platiform (strap-like) pregonites present an eadiaracter to discuskitophasig
Epigrimyiini and Eutherini all possess platifornegonites and at first glance it looks like this
could be a synapomorphic trait for Dexiinae in $hene way an elongated hypandrium is for
Phasiinae. Unfortunately, the aberrant gdmitomyiaalso possesses platiform pregonites. In
this analysis, no single trait stands out as agp@pomorphy for Dexiinae. However, when
taken together as a whole, it seems that possessiagor all of a suite of characters (including
additional secondary characters like position andpimology of the epiphallus and postgonites)
can be used to define the “gestalt” of dexiine ntateninalia. The only genus this definition
would not apply to i$mitomyia Neverthelesdmitomyiaalso possesses the phasiine elongated
hypandrium, and perhaps the possession of thtgdradnomically “trumps” other features of the

male terminalia.

Conclusions
Molecular systematics has been shown to be a usefilor reconstructing the evolution

of Tachinidae, with an emphasis on the Phasiinded contributed important information to
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Figure 1.10: Ancestral state reconstruction of plaftorm pregonites in Tachinidae.
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Figure 1.12: Ancestral state reconstruction of hingd connection of basiphallus to distiphallus in Taunidae.
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several longstanding taxonomic debates. The subfgrfasicements of Eutherini, Epigrimyiini,
Litophasig Strongygastrini, and Parerigonini have beenuwlidompletely resolved. The
Imitomyiini were shown to be as difficult to decgrtmolecularly as they are morphologically,
but the sum genetic and phenotypic evidence sugggsacement in Phasiinae. Ancestral state
reconstruction suggests a dominant and persisend tn Phasiinae to evolve piercing structures
used to insert eggs directly into host tissuesingle potential synapomorphy of Phasiinae is
identified (elongated hypandrium), but a suite lndracters is needed to differentiate Dexiinae.
Finally, a robust framework of phasiine classifioatis provided for use in future revisionary

work in the subfamily.
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Abstract

Historical hypotheses about the classificatiothefendoparasitoid subfamily
Phasiinae (Diptera: Tachinidae) are reviewed amopewed to phylogenetic trees inferred
from modern phylogenetic analyses of nucleotideiseges. An updated classification of
worldwide genera and tribes is created and disonsaf each tribe’s taxonomic and
evolutionary history is included. Several historitteeories about relationships within
Phasiinae are affirmed, including the subfamilycplaents of Epigrimyiini, Eutherini,
andLitophasiawithin the Dexiinae, and the placement of ImitomiyiParerigonini, and
Strongygastrini within the Phasiinae. Trichopodiiegarded as a clade within
Gymnosomatini (Trichopodina) rather than an indeleen tribe. Many novel
phylogenetic hypotheses are also presented ingutadivision of Parerigonimi. . into
three tribes: Parerigonini, Zitini, and Cylindronmyj and the division of Phasiini into
four lineages: Phasiini, Gymnosomatini, Opesiing Xystini. Two tribes are resurrected

(Opesiini and Xystini) and one new tribe is progb&&tini nomen novuin



66

Introduction and Background

Importance of Taxonomy

Taxonomy, the discovering, naming, and organizihiff@on earth, is among humanity’s
most ancient professions. This daunting task has bppreciated by philosophers and
naturalists throughout recorded history from Arilgtdo Linnaeus to Darwin. Through centuries
of diverse thought and research, the purpose apdrtance of classification has persisted
almost unchanged. Taxonomy has three primary pagydg discover and document what plants
and animals are valuable to humans, as food, nmegiclothing, labor, aesthetics, or
companionship; 2) identify organisms that are piddiy harmful to humans, including
predators, parasites, and those that are venorpoissnous, or passively or aggressively
defensive; and 3) organize life into predictiveegatries into which new species can be easily
placed and that bridges cultural and linguistiaileas to ensure all of humanity has access to the
same tree of knowledge. These practical benefittagsification are well-known and incredibly
important, but there is an additional, often undéred reason to study taxonomy: scientific
curiosity.

Humans are the only creatures on earth known tayehg diversity of nature itself as
beauty and art. Among the diversity of humans,atave always been those who are deeply
compelled to explore and describe, and often compiheese tasks not out of obligation to
produce something useful to humanity, but out aftexnent and passion for the task itself.
Taxonomy is a profession that provides an exciéind interesting vocation coupled with
important practical applications. As such, it hasitiban occupation or hobby of choice for some
of the brightest minds and deepest thinkers throughistory (Theophrastus, Shen Nung, John
Ray, Lamarck, etc.) However, naming and organiaih@ife on earth is a prodigious task. Given
the diversity still unknown in certain groups ligeokaryotes and arthropods, it is possible that
classifying all life on earth will never be a comigd project. Even so, significant progress has
been made throughout history and it is fascinatingxamine how new ideas and new
discoveries have provided clarity to puzzling tasmic relationships.

With the ultimate goal of creating a predictive aatnprehensive classification of their
study taxa, modern taxonomists are challenged awtays. First, with the recent introduction
and popularization of molecular systematics, the frav decades have seen significant changes

to historical hypotheses of classification baseschewly acquired genetic evidence. Therefore,
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phylogenetic trees generated using modern techsiguoe statistics should be compared to
classical taxonomic hypotheses to create the btdtavidence, evolutionarily meaningful
classification. Second, the level of inter-contitaicollaboration, cooperation, and
communication in our modern world is unprecedentdus allows for synthesis of scientific
research across biogeographic regions and thaamezttruly worldwide taxonomic

hypotheses. In this paper, these two challengesodirn taxonomy are applied to the
agriculturally important parasitoid fly subfamily&siinae (Diptera: Tachinidae). The taxonomic
history of Phasiinae is reviewed and comparedderrtemolecular and morphological
phylogenies and a new classification of Phasiisggesented that includes all worldwide genera
placed in phylogenetic context with discussiongr and intra-tribal evolutionary

relationships.

Phasiinae

The Phasiinae are an intriguing group of insecsudy. As internal parasitoids, these
diverse flies primarily attack true bugs (HeteropjgWood 1987) and many genera use their
host’s own aggregation pheromones to locate they @Aldrich et al.2006). As a result,
phasiines have largely untapped potential for sd@i@ogical control agents for both native (e.
g. Euschistus servuSay, Coquillet 1897;ygus lineolarisBeauvois, Arnaud 1978) and exotic
invasive crop pests (e. galyomorphahalysStah| Aldrich et. al 2007Megacopta cribraria
Fabricius, Goleet al.2014). One genus in particuldirichopodaBerthold, has been extensively
used around the world to contidézara viridula(Harris & Todd 1981; Sands & Coombs 1999),
but use of other genera for biological controlasnpered by the difficult and confusing
taxonomy of Phasiinae. Also, within Phasiinae atentl numerous interesting evolutionary
adaptations, including specialized piercers usedjéat eggs directly into host tissue (Stireman
et al. 2006), aposematic mimicry colors/patterns (Waldbatal. 1977), and a remarkably
variable external and internal morphology (Crossk@y6; Tschorsnig 1985). Analyzing
phasiine relationships in a rigorous phylogenetiatext will provide a crucial foundation for
both applied research in biological control andtkécal research into the evolution of unique
character traits.

Historically, the classification of Phasiinae hagb unstable, with numerous genera and

tribes maintaining a debated placement within Rhasibased on contradicting morphological
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and/or life history traits (see Blaschke 2015).9#ha taxonomy is further complicated by
significant dissonance between the classificatymtesns of the six biogeographic regions of the
world (O’Hara 2013a). Currently, there is no chestkdf world Phasiinae and there is
considerable disagreement among experts as to \ghiotra even belong in the subfamily. Of
the 17 tribes discussed here, nine have had aledtonomic history with various lines of
evidence indicating placement into Phasiinae oradrike other three subfamilies of Tachinidae
(e.g., Dexiinae, Exoristinae, Tachininae). Howevecent morphological (Cerrett al. 2014)

and molecular (Blaschke 2015) phylogenies haveigealvsignificant statistical support for
tribal and generic relationships within PhasiinBeese studies have established the necessary
robust phylogenetic framework on which to buildwuaprecedented, evolutionarily informed
worldwide classification of the Phasiinae and hreplve several longstanding debates within
dipteran systematics.

Using these phylogenies as a framework, the taxanbistory of each recognized and
potential phasiine tribe is reviewed and updatedecessary. A global list of phasiine genera is
included. This is not meant to be a complete rewisif the subfamily, which would require
extensive examination of type specimens, but rattgathering of historical and current
taxonomic hypotheses blended with modern phylogeegtdence. The goal is to provide an
evolutionary informed classification that can bedifor testing hypotheses about trait evolution
and biogeography, while highlighting areas in nekfiliture systematic research. A cladogram
of proposed tribal relationships can be found guFe 1 and a cladogram of phasiine genera is

presented in Figure 2.

Methods

A global list of genera belonging to the tachinidbfamily Phasiinae was compiled from
the most recent catalogs of every major biogeodcagigion. These regional catalogs served as

indispensable primary sources for this work andaaréollows:

Afrotropical Region Crosskey 1980
Australasian Region Cantrell & Crosskey 1989
Nearctic Region O’Hara & Wood 2004

Neotropical Region Guimaréaes 1971
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Oriental Region Crosskey 1976, 1977
Palearctic Region Herting & Dely-Draskovits 1993
China O’Haraet al.2009

A preliminary list of genera was then cross-refeszghagainst the world list of tachinid genera
found in O’Hara 2014 and updated to reflect resgnobnyms and name changes. Global species
counts for each genus were documented by compsgpegjes names and numbers across
regional catalogs and creating an inclusive listvofldwide species. When relevant, generic
revisions published in the years since the catalmge first written were used to determine
current estimates on species diversity. Phasiinergethat have been recently reviewed
systematically include the following:

ArconaRichter Richter 1988

BesseriaRobineau-Desvoidy Cerretit al. 2010

Cylindromyia Meigen (Neotropical) Guimaraes 1976

Cylindromyia Meigen (Australia)  Cantrell 1984

Cylindromyia Meigen (Palearctic) Sun & Marshall 1995

Cylindromyiini Herting 1979
Ectophasiopsigownsend Dios 2014
EutheraLoew (Nearctic) O'Hara 2012
EutheralLoew (Australia) Cantrell 1983
LophosiaMeigen (China) Sun 1995
MelastrongygasteShima Shima 2015a
ParerigoneBrauer & Bergenstamm Shima 2011
ParopesiaMesnil Shima 2014
PhaniaMeigen Gilasiaret al.2013
PhasiaLatreille Sun & Marshall 2003
Sepseocar®ichter Richter 1986
TrichopodaBerthold Dios 2014
Zambesomimesnil Wanget al. 2014

To understand the taxonomic history of these geaedaultimately place them in a

phylogenetic context, several landmark papers cmrted morphological systematics were
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closely examined, most notably Townsend’s (19388} @iagnoses of adults and immatures,
Herting’s (1957) analysis of the female postabdoniaschorsnig’s (1985) research on the male
postabdomen, and Zeigler's (1998) work on tachjnigaria and larvae. Insightful discussions of
tachinid history and systematics were found througlCrosskey’s publications (1973, 1976,
1977, 1980, and 1984) and in more current liteeafWood 1987; Tschorsnig & Richter 1998;
Stiremaret al. 2006; Wood & Zumbado 2010; O’'Hara 2013b).

Modern phasiine systematics has benefited greatiy fwo recent phylogenetic
analyses. Cerretéit al. (2014) provided the first cladistic analysis otclmidae using modern
morphological techniques, while Blaschke (2015akisthed a statistically sound phylogeny of
Phasiinae generated from multiple nuclear protetirgg genes. The molecular phylogeny of
Blaschke (2015) is used here as the framework®stibfamily and tribal structure of Phasiinae
and is compared to the historical theories of phasilassification to create a predictive and

evolutionarily meaningful classification of worldh&siinae.

Results and Discussion

Subfamily Phasiinae(14 tribes, 100 genera, 597 species)

Tribe Catharosiini (2 genera, 13 species)

CatharosiaRondani, 1868(12 species)
Stackelbergomyi&ohdendorf, 1948 (1 species)

Phylogenetics and Classification

The tribe Catharosiini dates back to Townsend (1886 has been little changed since
its creationCatharosiaRondani species occur worldwide and are amongrtiadlest tachinids —
some measuring <2mm (Tschorsnig & Richter 1998% dily other genus included is
Stackelbergomyi&ohdendorf, which contains a single PalearcticiggseHerting 1984). Until
Herting (1981) added this strange, sand-diggingiggethe tribe primarily contained only
Catharosia albeit with numerous synonyms (Townsend 1936{ikig1957; Crosskey 1980,
1984; Tschorsnig 1985; Herting & Dely-Draskovit939Tschorsnig & Herting 1994; O’Hara
2004). Some authors have also included thelridgophasiain this tribe due to the shared
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terminalia and wing venation (Crosskey 1980, 1®=Ishaw 1993; Herting & Dely-Draskovits
1993; Tschorsnig & Herting 1994), but that genuisase considered a member of Dexiinae
Tschorsnig (1985) and Blaschke (2015). The redwaerd venation and atypical postscutellum
of Stackelbergomyiafluenced Rohdendorf (1948) to place this unigarus in its own family
Stackelbergomyiidae. Herting (1981) later examitiedfly and noted similarities between it and
Catharosia,specifically the small calypters, partly membrampostscutellum, reduced
proboscis, and male genitalia. He subsequentlyesigd includingtackelbergomyia the
Catharosiini.

Catharosiafemales use thei8sternite, which has been modified into a pieremject
unincubated eggs into their hosts (Herting 195%)s Trait is shared with many other phasiine
tribes (e. g. Leucostomatini, Phasiini) and isféedént evolutionary adaptation then thé"10
sternite (postgenital plate) piercer of the Cylordyiini. According to Tschorsnig (1985), males
of Catharosiini CatharosiaandStackelbergomyiacluded) can be distinguished from other
phasiines by the following post-abdominal charactsurstyli completely reduced, aedeagus
bent towards back, and arms of sternite 6 fusel stérnite 7 + 8. Molecular phylogenetics
places the Catharosiini (onGatharosiaspp. included) in the Phasiinae sister to the
Leucostomatini (Blaschke 20195tackelbergomyilas yet to be included in a modern
phylogenetic analysis and its hosts and femalet@enare unknown. Its systematic position in

the Catharosiini should be verified by future malec and morphological research.

Tribe Cylindromyiini (17 genera, 199 species)

Clade Cylindromyiina (4 genera, 155 species)
CylindromyiaMeigen, 1803(~122 species)
LophosiaMeigen, 1824 (30 species)
NeolophosialTownsend, 19391 species)
PolistiopsisTownsend, 1915 (2 species)

Clade Neobracheliina(3 genera, 7 species)
AustralotachinaCurran 1834 (1 species)
NeobracheliaTownsend 19315 species)

PygidimyiaCrosskey, 1967 (1 species)
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Clade Phaniina (8 genera, 35 species)
Bellina Robineau-Desvoidy, 1863 (1 species)
BesseriaRobineau-Desvoidy, 183015 species)
Catapariprosopal ownsend, 1927 (4 species)
HemydaRobineau-Desvoidy, 18306 species)
HuttonobesseriaCurran, 1927 (1 species)
MesnilettaHerting, 1979 (1 species)
PhaniaMeigen, 1824 (6 species)
PolybiocypteraGuimaraes, 1979 (1 species)

Generaincertaesedis(2 genera, 2 species)
ArgyromimaBrauer & Bergenstamm, 18891 species)

Phasiocypterarownsend, 192711 species)

Phylogenetics and Classification

The worldwide tribe Cylindromyiini is the most spese of the phasiine tribes, with the
extremely diverse and comm@ylindromyiaMeigen accounting for over 100 species alone. It
is also one of the oldest recognized groups witlaichinidae. The Cylindromyiini (as various
forms of Ocypterinae) have been associated withiPtiasiinae for most of their taxonomic
history (Villeneuve 1924; Townsend 1936; Mesnil 2p3ften as a tribe but sometimes as a
separate but closely related subfamily (HertingZd9®orphologically, the Cylindromyiini
could be considered dexiine-like Phasiinae in Hraesway that the Epigrimyiini (historically
included in the Cylindromyiini) are considered pheeslike Dexiinae. These tribes form part of
an abstract morphological “bridge” between the subfamilies as dexiine characters merge into
phasiine characters (i.e., Dexiinmes — Dufouriini — Epigrimyiini/Eutherini/itophasia-
Cylindromyiini — Phasiinas. s). The unique gradation of morphological featuvetveen these
tribes has made creating an evolutionarily inforrakegsification of the Phasiinae/Dexiinae
nearly impossible. Recent advances in moleculalogieyetics however, have provided support
for historical hypotheses and offered new insighits the systematics of these insects (Blaschke
2015).

Most cylindromyiines have elongated, subcylindrigatlomens with enlarged terminal

segments that are often curved beneath the abd{@nesskey 1976). Many are fantastic mimics
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of various wasp species (Townsend 1938). Althougty distinct from other cylindromyiines in
coloration and abdominal structure, two of the nstsking mimics,Jchneumonopsirabilis
Townsend an€linogastemotabilis Wulp, have been transferred@glindromyia(Herting

1979) A third mimic, PolistiopsisTownsend, still remains in its own genus (Arnadég;
Herting 1979) even though Malloch (1929) doubteaas truly different fronCylindromyia

The synonymy ofchneumonopsvith Cylindromyiahas been confirmed molecularly (Blaschke
2015) and indicates a remarkable adaptive potantahcestraCylindromyiapopulations to
mimic sympatric wasp species.

Unlike many phasiine tribes, the Cylindromyiini @ easy group to define
morphologically. Except for the closely related tomnyiini and Zitini, the Cylindromyiini are
the only phasiines whose females possess pieregred from the 10 sternite (postgenital
plate) rather than the"&ternite (Herting 1957). Herting (1983) furtheridetl Cylindromyiini
by the fusion of tergite 7 and sternite 7 whichetibgr contain a pair of hooks used for prying
open the host’s sclerites during oviposition. Tason characterizes all cylindromyiines except
those found in the clade Neobracheliina in whidahftision is incomplete and probably
represents a pleisiomorphic state.

Tschorsnig (1985) characterized the males of Cytimyiini (Cylindromyig Lophosia
Meigen,PhaniaMeigen,HemydaRobineau-Desvoidy, arBesseriaRobineau-Desvoidy
examined) by a horseshoe shaped basal-hypandridroyatine unique structures found in the
membrane between the hypandrium and sternite @lddefound synapomorphic characters that
further divided the Cylindromyiini into two monopleyic groups corresponding to Herting’s
(1983) clades Cylindromyiina and Phaniina. In thydir@romyiina Cylindromyiaand
Lophosig, the pre/postgonites and part of the hypandriormfa “guide cone” to the female
postabdominal cavity during copulation, while ie tAhaniinaPhania Hemyda andBesseria
the surstyli perform this function (Tschorsnig 128Bhe molecular phylogenies of Blaschke
(2015) support the monophyly of the Cylindromyias well as the two clades of
Herting/Tschorsnig discussed above. A third cladeere added to the Cylindromyiini based on
new molecular and morphological evidence. The Nadliina is composed of three genera

formerly included in Parerigonini. Each clade isadissed individually below.
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Clade Cylindromyiina

The molecularly defined Cylindromyiina clade of Btake (2015) incorporated multiple
species each @ylindromyiaandLophosia as well as representatives from the nominal gener
IchneumonopandProlophosiaTownsend. These analyses also confirmed the sympioy
Ichneumonopsvith Cylindromyiaand identified another potential generic synonyregween
Prolophosiaand Cylindromyia

First described from South Africa in 193RrplophosiapetiolataTownsend was placed
nearCylindromyiain the Cylindromyiini. Concurrently, Curran (1934#s describing the same
fly as two new species @ylindromyia C. atypicaandC. ugandana- both from Uganda. After
studying the variable forms of these species, En{#i@d5) synonymized Curran’s species to
Prolophosia petiolataand conveyed his opinion thatolophosiamay be morphologically
distinct enough fron€ylindromyiato warrant generic or sub-generic rank. Crosskésimed
Prolophosiaas a separate genus in his Afrotropical catal®g§@Land keys (1984). Molecular
evidence placeBrolophosiapetiolataand an undescribderolophosiaspecies firmly within the
Cylindromyiaclade (Blaschke 2015). Townsend was a notoriolisesf tachinid taxa. Many
of his genera have since been synonymized, but stilhawait scrutiny via a modern
systematic study. It is not very surprising thefind thatProlophosiais not genetically distinct
enough fronCylindromyiato merit its own generic ranking. Given the molacevidence and a
taxonomic history that has considered mergingwwetaxa togetheRrolophosiais considered
a synonym ofCylindromyia

Although not included in the molecular analy®igolophosia shannoffiownsend is also
included in this Cylindromyiina clade. Little is &wn about this fly other than what can be
gleaned from Townsend’s original description (193%wnsend conveyed that the genus would
key out toParalophosia(= LophosiaCrosskey 1976) but is actually closeMalayia— a genus
that is now in Rhinophoridae (Cerregtial. 2014). It seems probable that Townsend erredisn th
hypothesized connection kbalayia because he describisolophosiaas having a large
hypopygium with a piercer derived from what he ipteted could be theé"sternite (most likely
the 10"). No rhinophorids possess these characters byiatteetypical of Cylindromyiini. |
therefore assume the rightful systemic positioNeblophosids nearl.ophosiaand thus suggest

its placement here until type specimens can be ie@nThe wasp mimiPolistiopsisis also
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included here in the Cylindromyiina based on itssel morphological similarity t€ylindromyia
(Malloch 1929).

Clade Neobracheliina

The Australian generaustralotachinaCurran andPygidimyiaCrosskey are here
included with the South American geridsobrachelialownsend in the Neobracheliina. This
grouping is a result of molecular evidence thairggty indicates a close evolutionary
relationship between the three genera and plaees #s a paraphyletic sister group to the
Cylindromyiini (Blaschke 2015). This novel evolutiary hypothesis has since been confirmed
by morphological evidence (Cerretti, O’'Hara, Stiesn2015 pers. com.). Formerly members of
Parerigonini and closely associated with the Zitinese unusual genera look very different from
other cylindromyiines. Their bristly appearance tachinine-like head shape seem to contradict
a placement in Cylindromyiini and it was these dieas$ that led early authors to place them in
the Tachininae (Townsend 1938; Guimaraes 1971;9keys1973).

In contrast to their external morphology, a placetwéthin Phasiinae is supported by
male and female terminalia. In females, the Nedimhioapossess the distinctive 1 8ternite
(postgenital plate) piercers found only in PhagiflBownsend 1940, ag&snopyxisCantrell
1988). In his examination of terminal segments o§#alian tachinids, Cantrell (1988) was the
first to identify that the piercers &ygidimyig AustralotachinaandZita (Zitini), were derived
from the 10 sternite rather than thé& &nd were thus strongly reminiscent of the Cylimalyoni
— indicating a placement for these taxa in Phasinagher than Tachininae. This hypothesis was
confirmed by molecular analyses that plaBgdidimyia, Neobrachelignd Australotachina
within a monophyletic clade including Cylindromyiis s.(Blaschke 2015).

The most distinctive characteristic of the Cylingisaini is the complete fusion of tergite
7 and sternite 7 into a complete “ring” segmentrfidg 1957, 1983). Interestingly, these
segments are only partially fused in the Neobraictae{Cantrell 1988, Cerretti, O’'Hara,
Stireman 2015 pers. com.), and thus the Neobracae&an be separated from other
cylindromyiines by this unique pleisiomorphic chete. Molecular data indicates a fairly close
relationship betweeRygidimyiaand varioud.ophosiaspecies, sometimes reconstructing them
together in the same clade (see Blaschke 201iS)tHts association withophosiathat prevents

a monophyletic Neobracheliina. These taxa are whaidied and there are undescribed species
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waiting to be discovered and in collections waitindpe described. Including some of these
additional taxa in future phylogenies may help medite the two groups through more accurate
reconstruction of ancestral states and thus pgs®bllt in a monophyletic Neobracheliina.
However, as a consequence of their current molepalaphyly, the Neobracheliina are here
included in an expanded Cylindromyiini and formraup therein rather than being considered
as their own tribe.

A few notes about the genera of Neobracheliinanareanted. Although most modern
tachinid experts consid&eobracheliaa parerigonine (Wood & Zumbado 2010; O’'Hara 2014
pers. com.), the genus was initially placed iroitsm monogeneric tribe: Neobracheliini. In the
most recent catalog of South American Diptera, Guéas (1971) included the Neobracheliini
in the subfamily Tachininae. At about the same iB¥ Wood was relaying his thoughts to
Mesnil (see Mesnil 1970) on the similaritiesN#obracheliao the Parerigonini and suggesting
these taxa should share a systematic relationstapnil, and later Herting (1974), agreed with
Wood's assessment and realized that inclutiegbrachelian Parerigonini finally added
crucial host information for the tribe. No hostsrev&nown for any Parerigonini except
Neobracheliaand becausBeobracheligparasitizes Heteroptera, the debate about sulyfamil
placement of the Parerigonini swung in favor of Btasiinae (for a more detailed history of
Parerigonini see their section below).

Townsend (1940) described the confusing systermpasition ofNeobracheliaas
XenopyxisTownsend) as follows:

“This genus has the weak abdominal macrochaettdeedirnestiini, the head of

the Linnaemyiini, the thoracic chaetotaxy of the@ariini and Schineriini, the

male hypopygium of the Melanophryctini, the genetaracters of the Aphriini,

the wide front of all the above tribes and the flEntgypopygium of none of

them.”

Ultimately, he decided to place the Neobrachethigar the Aphriini and Linnaemyiini in his
Pyrrhosiinae (Tachininae) (Townsend 1931). Howewemphological evidence for a placement
in Phasiinae comes from Tschorsnig (1985) who itledtthe elongated hypandrium
characteristic of Phasiinae NeobracheliaandParerigone Interestingly, Tschorsnig did not
find much in common between these two genera otizer the structures of the pregonites and

postgonites which he found to be similar to thedcsiomatini as well.
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Neobracheliavas once thought distinct enough to warrant ite @wbe.Australotachina
as well has long been seen as an aberrant pargregemne that most authors retained in
Parerigonini solely for convenience until a morertdugh analysis of the genus could be made
(Crosskey 1973, 1976; Cantrell 1988). The last gdrare included in the Neobracheliina is
Pygidimyia Crosskey (1976) considered it “undoubtedly” pig@nine and placed it in that tribe
in the Tachininae (Crosskey 1973, 1976). HoweVer enlarged hypopygium that gave
Pygidimyiaits name, has strong similarity to the postabdaieand in Cylindromyiini and has
hinted at a placement in Cylindromyiini for almastentury even before the internal anatomy of

the genitalia was thoroughly examined.

Clade Phaniina

The molecular phylogenetic clade correspondingédilig’'s Phaniina provides
corroborative evidence of a close relationship leetwPhanig BesseriaandHemyda(Blaschke
2010). Additionally, the genuduttonobesserigoriginally PhaniaHutton) was placed
molecularly in the Phasiina. This rare New Zeal#ydiffers from Besseridby only a few
characters (e.g., strong lateral bristles on abdgiRé+5 open in wing margin near wing tip, and
the presence of palpi (Curran 1927)), so its presémthis clade was expected. The genera
CatapariprosopalownsendBellina Robineau-DesvoidyylesnilettaHerting, and
PolybiocypteraGuimardes were not included in the molecular pigthy but are included here
in the Phaniina due to significant morphologicatiarity with other members of the clade.

The taxonomic history of the genGatapariprosopas complicatedCatapariprosopa
closely resembleBhaniaand may be doubtfully distinct from that genuswhieend (1927a)
first describedCatapariprosopa curvicaudkom Taiwan (as “Formosa”) and treated it as a
cylindromyiine distinct fronLophosia Meanwhile, a two new species of the same genus we
described by Villeneuve (1932) ¥Weberiarubiginans(subgenu€haetoweberipand by Emden
(1945) aPhania edwardsiVilleneuve (1937) again described what he thouglitet a new
genus (actuallCatapariprosopa asHemiphania(with single speciehl. trispang, which he
placed neaPhania Herting (1979) later combined EmdeiPBania edwardsand Villeneuve’s
Hemiphania trispanavith C. edwardsandC. trispanarespectivelyMost of these authors
(Townsend, Villeneuve, and Emden) did not haveradern definition oPhaniawith which to

compare their specimens. These genera, if trulgirsg¢g, are not sympatric and thus no tachinid
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cataloger has, to my knowledge, examined both getemparatively (Crosskey 1976, 1977,
1980, 1984; Herting 1984; Herting & Dely-Draskovi893; O’Haraet al2009). However, when
Herting (1979) treateB. edwardsiandH. trispanaasC. edwardsandC. trispana he surely
would have hadPhanias. I.in mind and would have merged the genera togetthttat time if
warranted. He did not, however, so neither do $peeially without having examined the type
specimens. Regardleg3atapariprosopas undoubtedly very similar tBhaniaand so belongs
in the Phaniina.

Another puzzling genus is the monotygiellinawhichwas described from India in
1863. The type specimens of the type spdBiaaelanurahave since been lost and the species
has never been identified again. Based on thenaligiescription, Townsend (1936, 1938)
placedBellinain Cylindromyiini. Crosskey (1976) agreed thawas a cylindromyiine and
hypothesized thdellina should be placed ne@atapariprosopaOn that basis alonBellinais
included here in the clade Phaniina n€atapariprosopandPhania

Mesnilettais a relatively recently described genus creabedhie previously named
Gymnosoma ventricosude Meijere from Java. Herting (1979) examinedgpbecies and
concluded based on the genitalia that it did nédrigeto Gymnosomabut was rather a
cylindromyiine. The species was different enougimfrother Cylindromyiini to justify a new
genus, but the postabdomen was reminisceBesgeriaPhanig andHemyda With this
associationMesnilettais here placed in the clade Phaniina. SimilaHg, wasp mimic
Polybiocypteras included in the Phaniina due to its affinitieish Hemyda Guimaraes (1979)
initially considered the genus ndwolistiopsisandCylindromyia However, Herting (1979)
classified the genus neldemydabased in part on the indentation of the eye amdagity of

postabdominal characters.

Generaincertaesedis

Several genera are only known from their origiredaiptions and thus their systematic
placement within the Cylindromyiini is uncertafrgyromima mirabilisBrauer & Bergenstamm
was described in 1889 from a single South Amerggatimen and has not been rediscovered
(Townsend 1928, 1938; Guimaraes 1971). This genas apparent dolichopodid-counterfeit (of
Argyra Macquart), does not have palpi (Aldrich 1925: 122)] was placed in Cylindromyiini
by Townsend (1936, 1938) and Guimaraes (1971).I1&iwithe only published discussion of
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the Brazilian specieBhasiocyptergpunctataTownsend was by Townsend, who placed it in
Cylindromyiini (1927b, 1936, and 1938) where it watained by Guimardes (1971). These two
genera remaimcertae sedisvithin Cylindromyiini.

Finally, the aberrantachinophasia transitdownsend is worth mentioning. This unusual
species was placed in the Cylindromyiini (Towns&886; Guimaraes 1971) but then moved to
the Linnaemyini (Tachininae) by Herting (1979). Moscently, Tachinophasiavas not placed
in any subfamily (O’Hara 2013a) and it is uncertaimat ultimate systematic position this
strange tachinid will occupy. Because of the urasty surrounding its classification, | have

also excluded it from the Cylindromyiini and theref the Phasiinae.

Tribe Euscopoliopterygini (2 genera, 2 species)
EuscopoliopteryxTownsend, 1917 (1 species)

ShannonomyiellaTownsend, 1939 (1 species)

Phylogenetics and Classification

Very little information is available on these enigic tachinids and no molecular work
has been done due to their rarity. The two geramrad in Euscopoliopterygini are monotypic
and found only in South and Central AmeriEascopoliopteryXownsend was described from a
single damaged male specimen taken from a spidets(another male specimen,istya
externaFabricius was later examined by Townsend, 193d)Srannonomyielld@ownsend
described from one male and one female (Townsehd, 1939). Townsend (1931, 1936)
relates that Wiedemann consideEagscopoliopteryxan acalyptrate fly in the “Cypseloidea”.
Townsend included the Euscopoliopterygini in himifg Gymnosomatidae (mostly modern
Phasiinae, but including some Dexiinae and Tach#j)imnd Guimardes (1971) maintained their
position in the Phasiinae in his South Americamlcat It is unknown if Guimarées examined
types of these species when considering theiritilzegson. Wood & Zumbado (2010)
considereduscopoliopteryxo be in Phasiinae but gave no indication abdatiomships to
other genera within the subfamily. In their keyQentral American Tachinidae,
Euscopoliopteryxan be found in the midst of other phasiines ¢duts mostly bare parafacial)

and is coupled witlPhasig primarily due to the petiolate wing venation. Hawar,
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Euscopoliopteryalso has slightly plumose arista which is only Isafeund in Phasiinae and is
considered a pleisiomorphic trait (Wood & Zumba@4d @ op. cit.).

In his original description, and indicated by itsme, Townsend (1917) related
Euscopoliopteryxo EuscopoliaTownsend — a genus that for a time was placelden t
Cylindromyiini (Sabrosky & Arnaud 1965kuscopoliawas moved to the Linnaemyini
(Tachininae) by Herting (1979) and now rests inRédeini (Tachininae) (O’Hara 2002). It
may be that the Euscopoliopterygini also belonthenTachininae, but without examining
specimens or molecular markers, the tribe is migeathin the Phasiinae due to taxonomic
precedence and until such an examination can beucted. Unfortunately, no one has ever
indicated where Euscopoliopterygini belongs wittia Phasiinae, therefore, the tribénisertae

sedis

Tribe Gymnosomatini (35 genera, 174 species)

Clade Gymnosomatina (10 genera, 73 species)
CistogastelLatreille, 1829 (7 species)
ClytiomyaRondani, 1861 (4 species)
Compsoptesi¥illeneuve, 19153 species)
EctophasiaTownsend, 1912 (9 species)
EliozetaRondani, 1856 (2 species)

Euclytia Townsend, 1908 (1 species)
GymnoclytiaBrauer & Bergenstamm, 1893 (14 species)
GymnosomaMeigen, 1803 (30 species)
Perigymnosom&/illeneuve, 1929 (2 species)
SubclytiaPandellé, 1894 (1 species)

Clade Trichopodina (21 genera, 94 species)
AcaulonaWulp, 1884 (5 species)
AtrichiopodaTownsend, 1931 (1 species)

Bibiomima Brauer & Bergenstamm, 1889 (1 species)
BrasilomyiaOzdikmen, 2010(1 species)
Cesaperua&Kocak & Kemal, 2010(2 species)
CylindrophasiaTownsend, 1916 (4 species)
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DallasimyiaBlanchard, 1944(1 species)
Ectophasiopsislownsend, 1915 (3 species)
EuacaulonaTownsend, 1908 (1 species)
EutrichopodaTownsend, 1908 (6 species)
EutrichopodopsisBlanchard, 1966 (4 species)
HomogeniaWulp, 1892 (8 species)
ItaxanthomelanaTownsend, 192711 species)
MelonorophasiaTownsend, 19341 species)
Pennapodalownsend, 1897 (1 species)
Syringosomarlownsend, 19171 species)
TapajosiaTownsend, 19341 species)
TrichopodaBerthold, 1827 (36 species)
Urucurymyia Townsend, 1934 (1 species)
Xanthomelanode§ ownsend, 1892 (12 species)
Xanthomelonopsigownsend, 1917 (3 species)
Generaincertaesedis(4 genera, 9 species)
BogosiaRondani, 1873 (5 species)
BogosiellaVilleneuve, 1923 (1 species)
Pentatomophagale Meijere, 1917 (2 species)
SaralbaWalker, 1865 (1 species)

Phylogenetics and Classification

As presented here, the Gymnosomatini follow thgpsed classification of
Gymnosomatinsensurlschorsnig (1985) and thus include species froaski sensu
Townsend (1936), Gymnosomatsensulownsend (1936), and Trichopodsensul ownsend
(1908). As a result, the Gymnosomatini form bytfer largest phasiine tribe in number of
genera — more than doubling the diverse CylindramyThe Gymnosomatini are divided into
two clades that are each individually corrobordigenorphological and molecular evidence.
The clade Gymnosomatina includes genera of Gymnasoirsensulownsend as well as most
genera currently considered in PhassiensuHerting (1984) (excluding onlghasialLatreille

andElomyaRobineau-Desvoidy). The Trichopodina are incluteNeotropical genera formerly
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of TrichopodinisensuTownsend. Four additional gymnosomatine generaatdre confidently
placed within either clade at the present.

The three nominal tribes Phasiini, Gymnosomaéing Trichopodini have shared an
interwoven and convoluted taxonomic history. Thieibes are distributed worldwide and
regional experts have typically followed their ovagional taxonomic precedent when
considering tribal placement for their local genana only rarely considered global patterns of
diversity. Over the past century or more, thisledsto a confusing picture of phasiine
classification. Nearctic experts have recognizech@ysomatini and Trichopodini as separate
tribes distinct from the Phasiini since Townsen@d@, 1936) first established them (Guimaraes
1971; O’'Hara & Wood 2004). However, Palearctic eigpand the authors of the Afrotropical,
Australasian, and Oriental tachinid catalogs dilreoognize them as valid taxonomic units
(Crosskey 1976, 1977, 1980, 1984; Herting 1984 t@li& Crosskey 1989; Richter 2004;
O’Hara et. al 2009).

In his Australian catalog, Crosskey (1973) ifigi#ollowed Townsend’s concept of
Trichopodini and include&aralbaWalker andPentatomophagde Meijere in the Trichopodini.
However, after examining more species from arotmedatorld, Crosskey founderigymnosoma
Villeneuve to be morphologically intermediate betw&ymnosoméeigen and typical
Phasiini, andPentatomophagas intermediate betwedmnichopodaBerthold and=ctophasia
Townsend (in his view a typical Phasiini). In Cikesgs opinion, three distinct tribes were not
justifiable and in his Oriental catalog he thereforergedPentatomophagéand thus
Trichopodini) into Phasiini based primarily on mbgtogical homology (Crosskey 1976). This
“lumping” was based solely on adult charactersiargdinteresting that Crosskey also recognizes
that with an expanded Phasiini it becomes diffibcaléven discern that tribe from the
Cylindromyiini. This hints at the futility of relyig solely on tachinid external morphology for an
evolutionarily meaningful taxonomy. As has beerc@abfor other tachinid tribes, terminalia
characters and molecular evidence have recentiyged a framework of taxonomic stability for
the Phasiini, Gymnosomatini, and Trichopodini.

Tschorsnig (1985) was the first to consider thglggenetic utility of male postabdomen
characters for delineating phasiine groups andalkésto examine species from around the
globe including representative members of Gymnosiaimsensul ownsend Gymnosompg

Phasiinisensur ownsend EctophasiaEliozetaRondani SubclytiaPandelléPhasig and
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Elomyg, and TrichopodinsensuTownsend TrichopodaBerthold,BogosiaRondanj and
BogosiellaVilleneuve). He discovered thBRhasiaandElomyaclearly belonged to a separate
lineage, but all other genera examined were uritea very strong synapomorphy: three rigid,
tubular spermatic ducts. Consequently, this groap defined as the Gymnosomasensu
Tschorsnig. In his pupal and larval diagnostic guideigler (1998) followed Tschorsnig in
recognizing a Gymnosomatini distinct from the Pima&iased on non-adult characters, but also
considered Trichopodini a separate tribe. Howevter experts have been more conservative
about splitting the Phasiini into separate tribesnethough the distinction between
Gymnosomatini and Phasiigi s appears to be evolutionarily significant and sglg supported
(Tschorsnig & Herting 1994; Richter 2004; O’Hataal. 2009; Shima 2014). Whether or not
Gymnosomatini itself should be divided into twd&s (Gymnosomatini and Trichopodini) is
less certain.

In his revision of theAcaulonacomplex” within the Trichopodini, Toma (2003) redd
the morphological work of Tschorsnig to an expangexip of trichopodines including
Homogeniawulp, BrasilomyiaOzdikmen(asPlatyphasiaTownsend)BibiomimaBrauer &
BergenstammXanthomelanodeSownsend, an@€esaperu&ocak & Kemal (asenophasia
Townsend). His analysis corroborated the sperndatit synapomorphy suggested by
Tschorsnig in the male terminalia of Gymnosomatimima also found a small yet consistent
difference between the structure of the elongatg@duhdrium between his study taxa and
Tschorsnig’s (see Toma 2003) suggesting a natwaiah within the Gymnosomatini.

In recent phylogenetic analyses, Gymnosomagnsulschorsnig has been consistently
recovered as a monophyletic group separate fromiiRhs. s.In the tachinid morphological
analysis of Cerreteet al. (2014), the clade Gymnosomati@ymnosomgEctophasiaClytiomya
andTrichopodaincluded) was separated from Phasiini by the symapphic sclerotized sperm
ducts. However, because only a single represeatafiVrichopodini was included
(Trichopodag, nothing could be inferred about the phylogenesiidity of separating the
Trichopodini from the Gymnosomatini. The moleciydaylogenetic studies of Blaschke (2015)
included multiple gymnosomatine and trichopodinegga and established a statistically strong
phylogenetic structure of the Gymnosomatini. Then@gsomatini were recovered as the sister
tribe of Phasiini (composed &hasiaandElomyg, and within the Gymnosomatini, two

additional clades were reconstructed with absdta#stical support. The first corresponds to
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Gymnosomatins. |. and includedCistogaster, ClytiomydctophasiaEliozetg Euclytig
Gymnoclytia andGymnosomarlhe second clade corresponds to the Trichopadinand
includedTrichopoda XanthomelanodesndAcaulona

Phylogenetically, these two clades reflect wa#l statistical support and diversity of
other tribes in Phasiinae and at first glance siebe clearly deserving of tribal status.
However, inclusion oPentatomophaga the same genus whose morphological ambiguity
prompted Crosskey (1976) to merge the Trichopadioithe Phasiini — in the molecular
analysis resulted in an enlightening phylogendacgmentPentatomophag#aas reconstructed
as the sister group to the gymnosomatines plusiti®podines. This phylogenetic placement
provides the final piece of evidence for an inclesiymnosomatini concept. If retained in either
Trichopodini or Gymnosomatini, its host tribe be@mparaphyletic with respect to the other
tribe — a taxonomic situation that should be avidi@ossible. Consequently, given the
morphological evidence that provides a stronglyagygmorphic trait to the Gymnosomatini and
the molecular evidence that clearly places allggeera into a single highly supported — albeit
large — clade, | endorse an inclusive concept@tiibe Gymnosomatini in which the
Gymnosomatini are composed of the two clades Gyomatina and Trichopodina as well as a

few unplaced genera.

Clade Gymnosomatina

The recent phylogenetic analyses of Ceratttil. (2014) and Blaschke (2015) have
provided strong support for dividing the Phassensulrownsend/Herting into two separate
groups.PhasiaandElomyaare left in the Phasiini and are treated in thasithi section below.
All other genera are here transferred to the clagmnosomatina. Molecularly, the
Gymnosomatina are supported by genetic evidenageseqd fronCistogaster, Clytiomya
EctophasiaEliozetg Euclytia, Gymnoclytia andGymnosomarlhese genera create a strongly
supported monophyletic clade that provides the énaork for the Gymnosomatina (Blaschke
2015). Morphological support for the Gymnosomatinenes from Tschorsnig (1985) who
groupedEctophasiaGymnosomgEliozetg andSubclytiatogether, Tschorsnig & Herting
(1994), who found a shared larval trait betw&mnosomandEctophasiaventral margin of
their labrum serrated), and Cerrettial. (2015) who recovered a morphologically supported

clade including=ctophasiaClytiomyg andGymnosoma
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The molecularly supported Gymnosomatini and tmeé&l removal of several genera
from the Phasiini solves a taxonomic problem tlzat heen discussed since Townsend first
established the Gymnosomatini consistingsgimnosomaPerigymnosomaand
Stylogymnomyig=Gymnosompand the Phasiini includinGymnoclytia Euclytia Eliozetg
EctophasiaClytiomya CistogasteyPhasig andElomya Even in his diagnoses, Townsend
recognized that there were two groups within thasithi — those with piercers and those
without. This difference in reproductive morphologgs widely known to divide the Phasiini
into the ‘Phasiacomplex” and the Gymnosoma@&omplex” (Brooks 1946), but most experts
continued to use the established taxonomy in tipesithat future revisionary work would be
possible on a global scale (Sabrosky 1950). Thisidn within Phasiini was quantitatively
defined by Herting (1957, female postabdomen) asthdrsnig (1985, male postabdomen,
discussed above). Herting separdtetbphasigasPhasig, Clytiomyg andGymnosomdrom
Phasiabased on the functionality of th& 8ternite as a piercer (functionalRhasig non-
functional in others). Interestingly, Herting sugtgethat the blunt'8sternite of th&Symnosoma
group may have been derived from the functionaicpieofPhasia— a hypothesis that is
compatible with the molecular phylogeny.

Two more genera historically considered withia BhasiiniPerigymnosomand
Compsoptesjsare here included in the Gymnosomatini. Boththese genera are endemic to
Southeast Asia where little is known about thebitsaor characters, and their original diagnoses
did not include pertinent genitalia characters fesm to be essential for delineating between
Phasiini and Gymnosomatini (Villeneuve 1915, 192%e abdominal segments of
Perigymnosomare fused together as@ymnosomand the abdomen is yellow/orange as in
most Gymnosomatini (Crosskey 1976pmpsoptesikas very unusual wing venation (closed
R4 +5 cell) when compared Rhasiaand also has golden coloration on the abdomenigbtal
1930; Dear & Crosskey 1982). Genetic evidence @ctlinvestigation of the male and female
genitalia will allow us to place these genera witimfidence, but until such diagnoses can be

made, they seem to align more closely with the Gygomatina than with the Phasiini.

Clade Trichopodina
In contrast to the Cylindromyiini, whose diversityspecies and morphology positively

correlate with their apparent antiquity, the Tripbdina appear to be an actively radiating and
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relatively new evolutionary clade within Phasiind@is creates a unique problem in the
taxonomy of Trichopodina. Many genera (e.Gymnosomarrichopodg contain species that
are not quite diverse enough to be justifiably rramed as distinct species, but they are not
similar enough to be conspecific either (see Zit¥66, Blaschke 2015). A further complication
is that this speciose group is characterized bgrafecant reduction of morphological characters
typically used to differentiate genera of tachinids., chaetotaxy, terminalia) while at the same
time they possess an abundance of visually strikatgrs and patterns that at first glance seem
ideal for species delimitation. Unfortunately, patts vary, stripes fade, and colors tarnish given
even a modest amount of time — both as the flyiisd and after a lengthy museum repose — all
but erasing potential taxonomic characters (Towd<ge&397, Blanchard 1966, pers. obs.). As a
result, the taxonomic history of this clade is euderized by various experts wrestling with
where to draw species and genus lines around aeneadly limited repository of specimens
whose morphology weaves irascibly around and betwéger taxa.

Townsend chose to split the trichopodines intorfane finer taxonomic units and left
future researchers with primarily monotypic geremnd no reliable keys for identification
(Townsend 1908, 1917, 1936, 1938). Most of his &ilremain valid even though many are
undoubtedly synonymous. Sabrosky (1950) attempt@dganize the group into three
“complexes” {richopodaBerthold,AcaulonaWulp, andXanthomelanode$ownsend), but
admitted there was little evolutionary significartoghe distinction between the two largest
groups TrichopodaandAcaulong and it was primarily a classification of convarge. Dupuis
(1963) provided a classification that accountedefgg, larval, and female terminalia characters.
Again, three groups were formed (clades Trichopadicualonina, and Cylindrophasiina), with
only minor differences between Dupuis’ and Sabr&s&ybgroupings. Blanchard (1966) and
Toma (2003) also contributed new species, recants$ synonyms to the Trichopodina, with the
latter providing the most recent modern revisiothef “Acaulonacomplex”. The characters used
by these authors to organize the trichopodinesvatmus subgroups might have potential
generic value if a more inclusive genus-conceptiwithe Trichopodina was endorsed. For this
checklist, it is unnecessary to subdivide the Topddina into smaller and smaller clades of
ambiguous distinction, so | will only mention a feglationships within the clade that warrant

comment and leave all other genera in a phylogepetidle.
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There are 21 genera included in the TrichopodinamRhese, two genera,
XanthomelanodeandCesaperuacan be easily characterized as sister taxa lyltmg, widely
diverging scutellar bristles and distinctively asygetrical male terminalia (Sabrosky 1950,
Toma 2003). Next, in contrast to all other Trichdima, AcaulonaandCylindrophasia
Townsend both have piercers derived from thet@rnite with which they inject eggs into their
hosts (Townsend 1936, Sabrosky 1950, Dupuis 196®)se two genera are split by Sabrosky
and Dupuis between thcaulonacomplex/Acualonina and thigichopoda
complex/Cylindrophasiina, but because the femadecpr is a character that has significant
phylogenetic signal throughout the Phasiinae, bter these two genera closely related until a
more thorough examination can be made. The oth&ichibpodine genera can be broadly
classified as eithefrichopodalike or Acaulonalike. In the former are the tax&richiopoda
TownsendBibiomima Brasilomyig EutrichopodalownsendEctophasiopsig ownsend,
Eutrichopodopsiglanchard HomogeniaSyringosoma ownsendPennapoda ownsend
TapajosiaTownsend, andrichopoda Ectophasiopsisvas placed in Phasiini by Guimaraes
(1971, 1977) but Townsend (1915) initially consateit nealEctophasiaandTrichopoda(as
TrichopodopsisTownsend). Dios (2014) revised the genus and gladeack in Trichopodini as
a close relative ofrichopoda

The Acaulonalike trichopodines includ®allasimyiaBlanchard Euacaulonalownsend
Itaxanthomeland ownsendMelonorophasiarownsend UrucurymyiaTownsend, and
Xanthomelonopsi$ownsendMelonorophasiaandXanthomelonopsishare similarities in egg
morphology (Dupuis 1963Future research should focus on minimizing the nategural
challenges of this group and creating effective emrbistent identification keys. This is a clade
ripe for molecular systematics as genetics maye®nly avenue through which the

evolutionary relationships within the Trichopoditen be confidently elucidated.

Generaincertaesedis

The last four genera of Gymnosomatini rematertaesedisfor various reasons.
Molecular evidence necessitatesntatomophagéa placed in an isolated position and because
Bogosiais very closely related, if not synonymous, wiéntatomophagéCrosskey 1973, 1976;
Barraclough 1985), it too is unplacdbgosiellais an African genus that was synonymized with

Phasiaby Sun & Marshall (2003), but the synonymy hasbexn accepted by other tachinid
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experts (O’Hara 2015 pers. com.) and so | am uaicevthere to place the seemingly
intermediate group. Finallygaralbamost likely fits within the Trichopodina given igeneral
morphology, but because it would be the only nowthgical genus in the clade, | think it best

to leave it unplaced without more specific morplgatal or molecular clues as to ancestry.

Tribe Hermyini (5 genera, 23 species)
FormicophaniaTownsend, 1916 (1 species)
HermyaRobineau-Desvoidy, 183018 species)
ParaclaraBezzi, 19082 species)
PenthosiaWulp, 1892 (1 species)

Penthosiosomd&ownsend, 1926 (1 species)

Phylogenetics and Classification

Historically affiliated with the Cylindromyiini, & Hermyini share many external traits
with the familiarCylindromyiaandLophosia Both tribes contain species with elongated
subcylindrical abdomens and quite a few remarkhiteenopteran mimics. In the Hermyini,
Formicophania elegan§ownsend has an appearance reminiscent of thel sasaRopalidia
binghami(Crosskey 1976) andenthosia satanicsVulp is a rare jet black fly known only from
a few New World localities (Guimarées 1971; O’H&r&Vood 2004). Except foPenthosiathe
Hermyini are found throughout Africa (Emden 194%50€3key 1980, 1984) and eastern
Asia/Oceania (Crosskey 1976, 1977; O’Haral. 2009). However, only the relatively speciose
genusHermyaRobineau-Desvoidy is distributed throughout thisgen Most other genera are
monotypic and are known from only a few localities.

Because of their close morphological and behavalffality to Cylindromyiaand allies,
the members of Hermyini were originally placedhie Cylindromyiini (Townsend 1936, 1938).
This designation was followed by Crosskey in hisofopical (1980, 1984) and Oriental (1967,
1977) catalogs (also Dear & Crosskey 1982) andthgranon-European authors (Guimarées
1971; O’Hara & Wood 2004). However, according tdi®aky (1999), the family group hame
Hermyini dates back to Dupuis (1958, Hermyina) Btesnil (1980, Hermyini). The impetus for
these authors to separate Hermyini from Cylindramngirobably stemmed from Herting’'s

(1957) analysis of female postabdomen charactedintd placed his “Gruppdermyia
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[sic]/Clara (= ParaclaraBezzi)” in the Phasiinae, excluding them from hibfamily
Ocypterinae (= tribe Cylindromyiini) because thagKed the characteristic 1 8ternite piercers
that defined the Ocypterinae. Since then, Paleaaciihors have maintained two distinct
phasiine tribes (Herting 1983, 1984; Tschorsnigsl 38erting & Dely-Draskovits 1993; O’'Hara
et al.2009, Tachi & Shima 2010), and this two-tribe sysis currently accepted by worldwide
tachinid experts (O’'Hara 2014 pers. com.).

Even though many earlier authors combined the Higtirapd Cylindromyiini, most also
commented on the similarities of the modern hermygeanera to each other and their differences
from cylindromyiines. In his diagnoses and deswi of tachinid tribes/genera, Townsend
(1938) documented the telescopic female termimalidermyaandParaclara which differ
substantially from the greatly enlarged terminalighe Cylindromyiini. He also noted that
Formicophaniawas very similar tdiiancosmiaSpeiser (Hermyg. Elsewhere, Townsend
(1926, 1928) also suggested thi@rmyaandPenthosiosoma@ownsend were ne&enthosia.
Crosskey (1976, 1984) mentioned that dedhmicophanialownsend andaraclarashould
probably be synonymized withermyabecause of the obvious similarities between thmeige
He chose to maintain their generic status untilerggecimens could be examined. Crosskey
(1976) also associat&knthosiosomavith Hermyabased on superficial similarities in the
chaetotaxy and shape of their abdomens, but nb&gdHey were still distinct genera.
Additionally, he identified Hermyaand allies” as a distinct group of the Cylindromiybased
on the presence of palpi and the open posterovel®chvity in the thorax. In summary, the
genera belonging in Hermyini have long been assetiaith each other apart from
Cylindromyiini s. s.by tachinid experts — whether placed in an offitidle or otherwise.

Further support for a tribal status for these gewemes from molecular phylogenetics.
Blaschke (2015) recovered a monophyletic Hermyt#tar(nya PenthosiaPenthosiosomaand
cf. Formicophaniaincluded) which was placed rather far from thei@jdomyiini as sister group
to the Strongygastrini + Opesiini. This relatiorshupports several interesting hypotheses from
the morphological analyses of Herting (female teaha, 1957) and Tschorsnig (male
terminalia, 1985). According to Herting, this cladntains those genera that have the primitive
condition of retaining a terminal tergite, eithexakily developedH{ermya Paraclara and
Opesiaexamined) or reduced but not abs@&ttgngygastgr Additionally, Herting hypothesized

that the broad and blunt"&ternite ofStrongygastecould have been derived through reduction
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from the spoon-shaped'&ternite oHermyadParaclara(Herting characterized the Hermyini by
this distinctive feature). This hypothesis is rgected by the molecular evidence. For his part,
Tschorsnig (op. cit.) identified the extreme flattey of the basiphallus as a distinguishing
character of Hermyini. Notably, Tschorsnig charazeal the structure of the hypandrium and
pre/postgonites as being more similar to the Phiakian the Cylindromyiini. More work is
needed to answer questions on generic synonymypbaoow, the Hermyini represent a robustly

supported phasiine tribe, closely allied with ttieB8gygastrini an@pesia

Tribe Imitomyiini (4 genera, 9 species)
Imitomyia Townsend, 19146 species)
ProriedeliaMesnil, 1953 (1 species)
RiedeliaMesnil, 1942 (1 species)
Sepseocard®ichter, 1986 (1 species)

Phylogenetics and Classification

The tribe Imitomyiini presents one of the most icipberable taxonomic difficulties
within all of Tachinidae. Morphologically, imitomiyies maintain traits of both the Dexiinae and
Phasiinae, and unlike other tribes whose classificdimits have greatly benefited from
molecular research, the Imitomyiini remain somewdmbiguous. Three genera are currently
included in the ImitomyiiniimitomyiaTownsend (extremely rare but with an almost woittdw
distribution),RiedeliaMesnil (Palearctic), anBroriedeliaMesnil (East Asia). Nothing is known
about the female morphology, biology, or geneticBmriedeliaandRiedeliaand no hosts are
known for any imitomyiinelmitomyiamust therefore stand as representative of theethnible
for purposes of classification hypothesizing. Fodtely, the male and female terminalia are
known fromimitomyiaand there is a substantial amount of moleculax fitatthe genus as well.
Unfortunately, the available evidence is largelyieqgcal. After considering both morphological
and molecular evidence, the most appropriate plaoéfor Imitomyiini seems to be within the
Phasiinae sister to the Cylindromyiini.

Townsend (1908) was the first to assigritomyia(asHimantostomd.oew) a taxonomic
position, placing it neatlistomorpha(= Strongygastérin the Clistomorphini (Phasiidae)

probably due to similarities in overall habitus amze. When Townsend replaced the
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preoccupiedHimantostomawith Imitomyia(1912), he placetinitomyiawithout comment in
Eutherini (Exoristidae: Pseudodexiinae) possiblg thuthe prominent facial carinas present in
both genera (Aldrich 1919). Later in his careenvfisend (1936) once again repositioned
Imitomyiato the Gymnosomatidae (= mostly Phasiinae) battthie in its own tribe
Imitomyiini. Crosskey, the only author to eventyadkamine all three Imitomyiini genera,
placed the tribe in the subfamily Dufouriinae i ifrotropical (1980, 1984) and Oriental
catalogs (1976, 1977). This classification followkdt of Emden (1945) who included
DiplopotaBezzi (=Imitomyig in the tribe Dufouriini (Phasiinae). Crosskey 16941-43)
provided the most complete hypothesis of the elaludnd classification of Imitomyiini up to
that time. He considered them as potentially derivem the Prosenini (Dexiinae) with perhaps
coleopterous hosts. AccordingRriedeliaandProriedeliawith their plumose arista and short
proboscises, represent a more pleisiomorphic hathtan doestmitomyiathat has gently
pubescent (not plumose) antennae and a much e&whgeiboscis.

The best morphological evidence that suggestsiigoamong the Phasiinae for
Imitomyiais found in the female terminalia. Townsend (198&:77; 1938: 178-179) describes
the unique postabdomen lofitomyig most notably the piercer derived from what hésdhle
gt sternite. An illustration of this structure canfoand in Townsend (1942, fig. 477) and
indicates that the structure identified as thes@rnite is actually the ¥Gsternite (postgenital
plate) of modern authors (see comparison of Cyingiini abdomens on same plate, e. g. fig.
473). If so, this provides very strong evidencedbasiine affinity, as the ¥Gsternite piercer is
only found in the closely related phasiine tribgdirt@lromyiini and Zitini (Blaschke 2015). The
Imitomyiini were subsequently placed in Phasiingdderting (1984) and Herting & Dely-
Draskovits (1993).

In contrast to the evidence aboimjtomyiais ovolarviparous (O’Hara & Wood 2004)
which suggests a closer relationship with Dexiitia with Phasiinae. Additionally, the male
terminalia of tachinids has provided excellent plgginetic information for many confusing
tribes (Eutherini, Epigrimyiini, antitophasig and for these charactelsjitomyiaseems to
have more in common with Dexiinae than with Phasinrschorsnig (1985) examined
Imitomyia(asDiplopota) and identified many similarities shared with atbexiine taxa,
including the distinctive membranous connectiomieein the basiphallus and the distiphallus.

However, he also noted that this connectiotneiomyiais not as “hinged” as in other dexiines
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(a trait shared withitophasig. Imitomyiawas also found to possess the secondary hypandrial
characters of the Phasiinae, which may be a morlegénetically important character,
Tschorsnig ultimately retainddhitomyiain Phasiinae. Wood & O’Hara (2004) examined
Imitomyiaand decided the tribe fit better in Dexiinae, sgythatimitomyiahas “somewhat
dexiine-like genitalia”.

In recent phylogenetic analyses, there has begted but consistent support for a
placement within Phasiinae fomitomyia In their morphological phylogeny, Cerrettial.

(2014) recovered a weakly supported clade of Piessiincludingmitomyiathat was supported
by two non-homoplasious apomorphies (medial platee@hypandrium elongated and pregonite
posteriorly connected to the hypandrium). Undefed#int weighting schemes however,
placement ofmitomyiawas unstable. Molecular evidence plaltegomyiawith moderate
support in a monophyletic Phasiinae (Blaschke 201k analysis used four different nuclear
genes under both maximum likelihood and Bayesiadeaiso When examined individually, each
gene tree pushdditomyiaout of both the Dexiinae and Phasiinae and reoacted it as sister
to both subfamilies (maximum likelihood analysesgieated an unresolved polytomy
composed ofmitomyiaand the dexiine and phasiine lineages (Bayesialyses). Only when all
genes were analyzed together biidtomyiatake up a position in a monophyletic clade sisier
Cylindromyiini in the Phasiinae.

Although statistical support for a monophyletltaBiinae includingmitomyiais
relatively low in both morphological and molecutaralyses, this classification is supported by
the synapomorphic phasiine-like elongated hypanaiiuthe male and the uniquely formed™10
sternite piercer of the female, which is only foundPhasiinae. Consequentlgitomyia(and
therefore the tribe Imitomyiini) is here considesegdhasiine taxon that has retained several
pleisiomorphic characters (plumose arista, ovofamrity, and dexiine-like features of the
basi/distiphallus). As an indirect result of thisyfpgenetic placement, the unknown hosts of
Imitomyiaand relatives most likely belong to Heteroptetaeathan Coleoptera.

The rare Russian gen8gpseocar®ichter is also included here in the Imitomyiini,
although this association is only loosely suppaort®tien first describing the genus, Richter
(1986) conveyed th&epseocarpossesses some features of the Catharosiini (venation,
spiracle shape) but is excluded from that tribéHeypiercing 10 sternite (postgenital plate). As

a result, Richter placeSlepseocara the Cylindromyiini with other genera that shéres
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feature. However, other than the pier@&epseocarahares little in common morphologically
with Cylindromyiini and noticeably lacks the fusiohtergite/sternite 7 that characterizes that
tribe (Richter 1986). Additionally, the abdomemdt recurved as in most Cylindromyiinig&

is long petiolate, and the head is distinctly nghadromyiine. These characteristics are more
reminiscent of Catharosiini as Richter already dpote maybe better lmitomyiaand allies.
Perhaps this genus is a pleisiomorphic (or higlelyweéd) cylindromyiine, but given its general
habitus and 10sternite piercelSepseocarappears more closely allied with the Imitomyiini

than any other phasiine tribe and is thereforeatergly placed here for now.

Tribe Leucostomatini (21 genera, 59 species)
ApomorphomyiaCrosskey, 1984 (1 species)
Brullaea Robineau-Desvoidy, 1863 (1 species)
CaheniaVerbeke, 1960 (2 species)
CalyptromyiaVilleneuve, 1915 (1 species)
Cinochira Zetterstedt, 1845(2 species)
Clairvillia Robineau-Desvoidy, 1830 (8 species)
Clairvilliops Mesnil, 1959(1 species)
ClelimyiaHerting, 1981 (1 species)
DionaeaRobineau-Desvoidy, 1830 (4 species)
DionomeliaKugler, 1978 (1 species)
EulabidogasteiBelanovsky, 1951 (1 species)
LabigasteraMacquart, 1834 (3 species)
Leucostomavieigen, 1806 (25 species)
OblitoneuraMesnil, 1975 (1 species)
PradocaniaTschorsnig, 1997 (1 species)
PsalidoxenaVilleneuve, 1941 (1 species)
PseudobrullaeaMesnil, 1957(1 species)
TakanoellaBaranov, 1935 (1 species)

Truphia Malloch, 1930 (1 species)
VanderwulpellaTownsend, 19191 species)
WeberiaRobineau-Desvoidy, 1830 (1 species)
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Phylogenetics and Classification

The Leucostomatini are distributed worldwide bt by far the most diverse in the
Palearctic region (Herting 1984). They represet @iithe few phasiine lineages that possesses
an easily discernable synapomorphy and as a tbsiltclassification has been historically
stable since Townsend (1908) first designatedrthe.tFemale leucostomatines possess unique
horizontal pincers as extensions of tHetérgite (Herting 1957) that are used to ensuresiom
of copulatory organs during mating (Tschorsnig )98%ese pincers are often discernable
without dissection and have allowed researchecsmdidently place genera within the
Leucostomatini with little debate for over a cegt(ifownsend 1936, Crosskey 1976, 1980;
Herting 1984; O’Hara & Wood 2004; O’Haed al. 2009). Female leucostomatines also possess
piercers derived from thé"&ternite (Herting 1957,eucostomaeigen DionaeaRobineau
Desvoidy andCinochiraZetterstedexamined) and share this trait with the closelgtesl tribe
Catharosiini among others. Phylogenetically, thedostomatini are consistently recovered as a
monophyletic group both morphologically (Cerrettial. 2014, WeberiaRobineau-Desvoidy,
BrullaesaRobineau-Desvoidy, andlairvillia Robineau-Desvoidy included) and molecularly
(Blaschke 2015, eucostomaClairvillia,, CalyptromyiaVilleneuve,Clairvilliops Mesnil,
LabigasteraMacquart, andVeberiaincluded) where they are reconstructed as sistiret
Catharosiini.

Intratribal relationships within the Leucostomatiemain largely unexplored. Mesnil
(1966) divided the group into three tribes — Letiowsna, Takanoellina, and Calyptromyina —
but this classification was not followed by othethers. In his analysis of the tachinid male
postabdomen, Tschorsnig (1985) found that in mesichstomatini thpincers are used to grasp
a constricted part of the male terminalia betwéenepandrium and cerdi€ucostoma,

Clairvillia, TakanoellaBaranoy EulabidogasteBelanovsky Brullaea,and TruphiaMalloch
examined). Exceptions occurliabigasterawhich uses its pincers to grasp the hypandrium and
in Weberiawhose pincers extend between the hypandrium andehital membrane

(Tschorsnig op. cit.). Two genera require furthemnfication as to their placement within the
LeucostomatiniPseudobrullaedesnil was considered by Crosskey (1976) as patinti
intermediate between the Leucostomatini and then@wmyiini, particularly in regard to head
shape and chaetotaxy. However, this genus posgbssiesicostomatine pincers and therefore

most likely resides within the tribe. The femaléd/anderwulpellalownsend, on the other
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hand, are unknown and so a clear tribal placermamat be ascertained. Townsend placed
Vanderwulpellan the Leucostomatini, but Crosskey (1973) congideéhe placement most
likely an error. These genera are left within tleaitostomatini until types can be examined.

In describing the aberrant tachinid gedaheniaVerbeke, Verbeke (1960) erected the
tribe Cinochirini to hous€aheniaandCinochirabased on certain similarities of the male
genitalia between the two genera. Although notivad Cinochirini was doubtfully distinct from
the Leucostomatini, Crosskey (1984) included his genusApomorphomyiarosskey in the
Cinochirini and provided an insightful synopsistioé taxonomic relationship between the two
nominal tribes. As discussed here, the Cinochgioup encompasses the genénaochira,
Caheniga Apomorphomyia, Oblitoneunslesnil, andDionomeliaKugler (Crosskey 1984; Kugler
1978). These genera are loosely united by variedsations in external morphology that
remarkably seem to form a bridge between the Laaotinis. s.and the Catharosiini. All
display some degree of reduced wing venation coeapiar Leucostomatirs. s.,from the
straightM vein and missing apical crossvein@hochiraandDionomelia,to the drastically
reduced wing venation &pomorphomyiaCinochirg Cahenia,andOblitoneurashare the
absence of a lunula, whilpomorphomyiandDionomeliaboth possess extraordinarily reduced
lower calyptersApomorphomyialso lacks an enlarged subscutellum and only shikig
reduced feature with the rar@ophasia(Dexiinae) which has been historically allied wilie
Catharosiini (Crosskey 1980; Herting 1983).

Given the shared morphological reductions, it sgeng to place these generain a
separate tribe or clade. However, the femald&Sindchira ApomorphomyigandDionomelia
possess the distinctive pincers found only in Letmmatini as well as'8sternite piercers
(Crosskey 1984) and thus probably represent anuBopary clade nested within Leucostomatini
S. s.The Middle Eastern gen@blitoneuraoccupies a phylogenetically intriguing position
between these genera and the Catharosiini. Whisgssing a piercer derived from tlie 8
sternite, the female genitalia Oblitoneuraare reminiscent of botBatharosiaandClairvillia
(Mesnil 1975; see Crosskey 1984) and it is undfaapossesses a leucostomatine pincer
(Mesnil relates that there are two small triangtesugh which the piercer extrudes). Mesnil
(1975) placed this rare fly in the LeucostomatiearCinochira but Crosskey (1984) considered
the genus without a doubt to be close€atharosiathanCinochiraor ApomorphomyiaWhen

considered collectively, the Leucostomasns.merge seamlessly into the Cinochirini which are
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in turn linked with the Catharosiini through the mploological intermediacy dDblitoneura In
light of this, future phylogenetic analyses mayawer evidence that justifies a complete merger
of the tribes Leucostomatini and Catharosiini.

Lastly, from the Cinochirini group, and indeeddITachinidaeCaheniastands in
isolation. Originally associated witBinochirabased on similarities in the male terminalia
(Verbeke 1960)Caheniashares little in common with the external morplyylof either
Leucostomatini or Catharosiini. Unfortunately, titeylogenetically essential characters of the
females as well as potential hostCatheniaremain unknown. Further obscuring its systematic
position,Caheniapossesses the pleisiomorphic characters of pluarist@, 3 postsuturalc
bristles, and strongly developed leg chaetotaxpg€key 1984). It is possible tHaahenia
belongs in another subfamily altogether (similakitophasig and | suspect that @ahenia
belongs within the Leucostomatini it would be asegitaxa to an inclusive Leucostomatini +

Catharosiini clade.

Tribe Opesiini (1 genus, 4 species)
OpesiaRobineau-Desvoidy, 1863 (4 species)

Resurrected tribe: Opesiini Mesnil 1966: 887
Type genusOpesiaRobineau-Desvoidy, 1863
Includes:Opesia american®igot 1889;0pesiacanaMeigen, 18240pesiadescendens

Herting, 1973; an®pesiagrandisEgger, 1860

Phylogenetics and Classification

The rarely collected gen@pesiaRobineau-Desvoidy contains three Palearctic/Asian
species (Herting & Dely-Drasvkovits 1993; O’Haataal. 2009) and one western Nearctic
species (O’Hara & Wood 2004). It has spent itsrentiodern taxonomic history closely allied
with Phasiain the tribe Phasiini (Herting 1984; Tschorsni@39Belshaw 1993; Herting &
Dely-Drasvkovits 1993; Tschorsnig and Richter 19984ara & Wood 2004; O’Harat al.
2009). However, several authors have noted petiggwithin the genus that separate it from

other phasiines.
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Herting (1957) noted a strong terminal tergit®jpesia canaHe commented that this
trait is shared witiHermyaandClara (= Paraclara) and potentially represented a primitive trait
of Phasiinae. More significantly, Herting discowtbat the 8 sternite ofOpesia canavas
completely reduced (this is the sternite from witlod modified piercer dPhasiais derived).
This unique reduction of thé"&ternite inOpesiacanawas confirmed by Tschorsnig & Richter
(1998) and establishes a distinctive trait for@peesiini. In malesQpesiadiffers fromPhasia
Elomya andXysta(PhasiinisensuTschorsnig 1985) by the location of spiracle &, ldck of
lateral epandrial lobes, the shortened surstytl, the particularly small processus longi
(Tschorsnig 1985). It should also be noted thatschorsnig’'s analysis he was unable to find
significant synapomorphies to define PhasiEibfmya Phasig Opesia andXystaincluded).

In their morphological analysis of Tachinidae, @éret al.(2014) did not recover the
Phasiini Phasig Opesia andXystaincluded) as a monophyletic group under any weight
schemes. This lends support to the herein propdisesion of Phasiini into separate tribes.
Substantial evidence f@pesiaforming its own tribe distinct from Phasiini wascbvered
through molecular systematics. Blaschke (2015)vexaa a monophyletic Phasiini that only
includedPhasiaandElomya Opesiawas reconstructed as a well-supported sister gobtipe
Strongygastrini. This clade together formed th&esislade to the Hermyini and supports
Herting’'s (1957) comments on the morphological Enties ofOpesiato HermydParaclara
As a resultOpesiais here removed from the Phasiini and is constiaydelong to the newly

revived tribe Opesiini, closely allied with Strorggstrini and Hermyini.

Tribe Parerigonini (3 genera, 17 species)
ParerigoneBrauer 1898 (11 species)
ParopesiaMesnil, 1970 (4 species)

Zambesomimaviesnil, 1967 (2 species)

Phylogenetics and Classification

The ParerigoninsensuMesnil (1966), Crosskey (1973, 1976), and Woodunbado
(2010) include eight generBarerigoneBrauer & Bergenstamn®aropesiaMesnil,
Zambesomim#esnil, Zita Curran,LeverellaBaranov PygydimyiaCrosskeyAustralotachina

andNeobrachelia This diverse group of geographically isolatedegarfrom around the world
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has never been comparatively examined in a glafrsteat and the tribe is taxonomically
unstable. Recent molecular evidence indicateshimtassortment of unusual taxa includes three
separate evolutionary lineages (Blaschke 2015)edsuggested classification is followed here.
AustralotachinaNeobracheliaandPygidimyiaare considered members of Cylindromyiini and
are discussed above. The final five genera araatepbhere into two tribes corresponding to
biogeography and the location of piercers in timedie flies. The tribe Parerigonisi s.includes
genera found only in eastern Asia and have piediised from the 8 sternite Parerigone
Paropesia andZambesomimawhile the newly established tribe Zitini contaithose genera

with piercers derived from the #Gternite (postgenital plate) and are found onlgistralia

(Zita andLeverellg see section below).

When early authors first described these genkeeg, foutinely judged the flies based on
external characters and did not place much impogtam the morphology of the postabdomen
(or could not discern the characters easily) (Bra@®8; Malloch 1930Mesnil 1957).
Consequently, these unusual phasiines were igitiatlught to belong in Tachininae due to the
similarity in head shape, chaetotaxy, and otherattars that seem unlike traditional phasiine
morphology but link thento genera of the Linnaemyini. A placement withirchiainae in or
near the Linnaemyini has been a consistent therak iagional catalogs since that time
(Townsend 1936, 1939; Guimaraes 1971; Crosskey, 197%; Crosskey & Cantrell 1989). It
should be noted, however, that Townsend (1936, 1j91lag@edZita andPygidiaMalloch (=
Pygidimyig in the Leucostomatini (Gymnosomatidae), thougHdogely unjustified reasons
(Crosskey 1976).

Even though superficially they appear more sintetachinines than phasiines, tachinid
experts have considered Parerigonini as potenadiérrant phasiines since Mesnil first
described the new genBairopesia(1970) which is considered very closely related to
Parerigone(Shima 2014). Mesnil noted thAaropesiaandParerigoneboth possess piercers
derived from the 8 sternite — a common trait among Phasiinae. Hosts wnknown for
Parerigonini at that time (hosts are now knownHarerigoneandZambesomima-Heteroptera:
Urostylididae, Shima 2015b), but due to the paisaibf Heteroptera by the closely related
NeobracheliaMesnil (1970, and DM Wood, pers. com. in Mesi®iYQ@) suggested that
Parerigonini may belong in Phasiinae. Herting (2840 commented on the similarity of the

piercing structure dParerigoneto the piercers found in Leucostomatini. The tlgeshus of
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ParerigoniniZambesomimayas described by Mesnil (1967; male only) who fburdifficult to
classify and placed it ne®elatachina(Tachininae). But this genus also possesses eepier
similar to those found iRarerigoneandParopesiaand seems to be a firmly established member
of Parerigonini (Wangt al.2014). The most recent regional tachinid catatdigvs this pattern
and considers Parerigonini to belong in PhasiiczEldraet al. 2009).

Phylogenetic evidence that Parerigonini shouldireBhasiinae can be found in both
morphological and molecular analyses. Morphologjc&errettiet al. (2014) recovered
ParerigonenearHermyaand the Leucostomatini within the Phasiinae. Molady,
phylogenetic reconstructions placed ParerigondyirmPhasiinae but its placement in relation
to other tribes was equivocal (Blaschke 2015). Engd from a single gene (CAD) placed
ParerigoneandZambesomimas either close tdystaand Zitini (maximum likelihood analyses)
or near Leucostomatini and/or Catharosiini (Bayesiaalyses). Statistically, there was slightly
more support for the former arrangement, but camsid the weight of the morphological
evidence and especially the similarity in pierdeetveen the Parerigonini and
Leucostomatini/Catharosiini, | here suggest thatRharerigonini be placed in the Phasiinae as
sister to the diverse clade of ((Leucostomatiniath@rosiini) + (Hermyini + (Opesiini +

Strongygastrini)).

Tribe Phasiini (2 genera, 76 species)
ElomyaRobineau-Desvoidy 183Q1 species)
PhasiaLatreille, 1804 (75 species)

Phylogenetics and Classification

This proposed classification of Phasiinae differsstantially from previous hypotheses
regarding the structure of the Phasiini. Molecalaalyses of the subfamily have revealed the
historically defined Phasiini to be composed oftiplé evolutionary lineages that do not form a
single monophyletic group (Blaschke 2015). Consetiyethis once large tribe is here reduced
to two generaPhasiaandElomya The gener&liozeta Euclytia EctophasiaClytiomya
CistogasterSubclytia PerigymnosomaandCompsoptesiare transferred to the Gymnosomatini
while OpesiaandXystaeach form their own tribe with systematic posisigalatively far from

the Phasiini (see sections on Gymnosomatini, Omeaind Xystini for discussion).
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The taxonomic history d?hasiais long and extremely varied (see Sun & Marshall
2003) with numerous generic synonymies, but itstiposin Phasiini alongsid&lomya(when
present) has been a constant (Herting 1957, 196in&aes 1971; Crosskey 1977; Crosskey
1980; Herting 1984; Tschorsnig 1985; Cantrell & €5key 1989; Belshaw 1993; Herting &
Dely-Drasvkovits 1993; Tschorsnig and Herting 19944ara & Wood 2004; O’Harat al.
2009). InPhasia the & sternite forms the characteristic piercing strcefiound in many
phasiine tribes (Herting 1957). However, tifesBernite inElomyadoes not form a strongly
sclerotized and curving piercer. Herting (1957,d)3#escribes it as a "narrow point” thatged
to deposit eggs into host body niches (intersegah@mémbranes, Tschorsnig & Richter 1998).
This trait is distinct from the piercer Bhasiaand may be an intermediate form between non-
piercing sternites and fully functional host-statgppiercers.

Along with the molecular evidence for their clos@lationary history, these two genera
also share the following morphological traits of thale postabdomen which can be used to
separate them from other Phasgensurschorsnig (1985): tergite 6 is platiform and ety
discern, the confluence of tergite 6 and sternit® Torms a nearly acute angle, the lobes of
sternite 5 are developed into cone-shaped strigc{asein mosPhasiaspecies), and the surstyli
are longer than the cerci (Tschorsnig 1985). Theskti also share the absence of teeth on the
apex of the first instar larval mouth hook (Dupli®#63; Sun & Marshall 2003).

Tribe Strongygastrini (4 genera, 16 species)
ArconaRichter, 1988 (2 species)
MelastrongygasteShima, 2015 (5 species)
Rondaniooestrud/illeneuve, 1924 (1 species)

StrongygasteMacquart, 1834 (8 species)

Phylogenetics and Classification

Possessing traits and behaviors of both the Plagsénd Tachininae, the Strongygastrini
is yet another puzzling tachinid tribe with uncarteaxonomic affinities. Distributions vary
considerably throughout the group. The type g8tusngygasteMacquart is found worldwide,
Rondaniooestru¥illeneuve is an African genus (O’Hara 2012), &rdonaRichter and

MelastrongygasteShima are known only from Russia and eastern &héma 2015a). A
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position in Phasiinae is easy to support supelfyceés most of the genera are very similar to the
phasiine gener@pesiaandPhasiain overall appearance (head shape, chaetotaxyyisg
venation). Herting (1957) consider&édmicleaandHyalomyiodegboth =Strongygastérto be
primitive phasiines based on host use and eggllaamd female postabdomen characters.
However, Dupuis (1963) chose to exclude the Strgaglyini from his monograph on Phasiinae.

In morphological studies of male terminalia, Vere€k962) identified the same general
structure of the distiphallus BtrongygasterCylindromyia,andPhasia,and Tschorsnig (1985)
recognized the characteristic elongated hypanddfithe Phasiinae iBtrongygaster
Consequently, the historical classificationStfongygasteas a member of Phasiinae (Townsend
1936, as Gymnosomatidae) has been followed by @amnomists (Mesnil 1966; Guimaraes
1971; Herting 1984; Tschorsnig 1985; Shima 198ghteir 1993; Tschorsnig & Herting 1994;
Shima 2006, 2015). Recently, the newly discovemtligMelastrongygastewas described and
associated witlstrongygasteandArconabased on considerable homology of the male
terminalia even though the genus is otherwise naqgically uncharacteristic of
Strongygastrini (Shima 2015a). The femillelastrongygastediffers from other Strongygastrini
in that the & sternite is modified into a piercing structureisTtharacter strongly implies a
phasiine ancestry, as similar piercers are fourmbghout the Phasiinae and occur almost
nowhere else in Tachinidae (e. g. Epigrimyiini, Buifini).

In contrast to the characters aboS&apngygastedevelops eggs in a uterus (Wood 1987)
and is ovolarviparous (lays incubated eggs or e@asltar larvae), thus setting it apart from the
oviparous Phasiinae — although Herting (1960) atered this a derived featui®trongygaster
also differs from other Phasiinae in its choicéos$ts. It commonly attacks the phasiine staple of
heteropterans (Sabrosky & Braun 1970; Santos &22ahD97; Panizzi & Oliveira 1999; Golec
et al.2013; Blaschke 2014 pers. ops.) but also attasksgl@array of other insects including
Orthoptera (Kevan & Koshnaw 1988), Coleoptera (Ach&a978), Hymenoptera (Eggleton &
Belshaw 1992; Feener 2000), Lepidoptera (SabrosByatin 1970), Dermaptera (Sabrosky &
Braun 1970), and Diptera (Ferrar 1977). As a rediuthis evidence, many recent authors have
chosen to associagirongygastewith the Tachininae (O’Hara & Wood 2004; Stireneral.
2006; Cerrettet al.2009; Inclan & Stireman 2011).

The genera of Strongygastrini have also beentgsity aligned with the Dufouriini

(Dexiinae). The generfdondaniaand Campogaste(= Microsomg, now in Dufouriini (Herting
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1984), were considered members of the StrongygabtyiTownsend (1936Rondaniooestrus
was initially placed in the Dufouriina (in Phasi@gMesnil 1939), and Dear & Crosskey (1982)
positionedStrongygastein the subfamily Dufouriinae. However, this retatship does not have
any specific morphological synapomorphies in it®fa

Hosts are unknown fdvlelastrongygasteandArcona(although see Richter 1998 [in
Russian] for possible mention of hosts), &whdaniooestrus the only known tachinid
parasitoid of honey bees (Villeneuve 1924). If uddd in the Phasiinae thdRondaniooestrus
would be the only phasiine with known hosts thanhdbinclude heteropterans. This distinction
in part led Mesnil (1980) and Crosskey (1984) tontan Rondaniooestru its own tribe
Rondaniooestrinal/i in the Tachininae, although iHgr(1983) considered it belonging to
Strongygastrini. Evidence for the inclusionRidndaniooestrum Strongygastrini comes from
molecular phylogenetics which places the genus kigh support as sister &rongygasteand
the entire clade firmly within Phasiinae (Blascl##5). The male terminalia of
Rondaniooestrus, ArconandMelastrongygastecontain the same reduced phallus and other
derived characters identified 8trongygaste(Tschorsnig 1985), which help define the
Strongygastrini (Richter 1988; Cerretti 2014 pemn.; Shima 2015a). The molecular
phylogeny also revealed a close relationship withgenu®pesiawhich was recovered as sister
to the Strongygastrini (Blaschke op. cit.). Morgdgital phylogenetics provides additional
confirmatory evidence that the Strongygastrini bglon Phasiinae (Cerrett al.2014).

The evolution of this clade within the Phasiinaenggue in a number of ways. First, it
represents the only one of two origins of ovolaavity within the subfamily — a complex
reproductive strategy that dominates the DexiimakTachininae (found also in Imitomyiini).
Second, the Strongygastrini includes a speciekmmi/n to parasitize Heteroptera
(Rondaniooestrysand a species with one of the widest host ranfje§ Tachinidae
(Strongygaster These traits are unknown in other phasiinestdl i Melastrongygastedoes
belong to the Strongygastrini, its piercer probaklyresents an ancestral character for the tribe.
The piercer was most likely lost in the ancestd8mbngygaster- Arcona+ Rondaniooestrus
after the ancestor dflelastrongygastediverged. The loss of the piercer is a poten&atdr in
the explosion of host diversity in these generthadlies were no longer specialized to attack
hosts with hardened cuticles (Blaschke 2015). DMedog additional hosts of Strongygasterini,
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especiallyArconaandMelastrongygastergould shed light on this interesting evolutionary
guestion.

Tribe Tarassini (1 genus, 1 species)
TarassusAldrich, 1933 (1 species)

Phylogenetics and Classification

The genu§arassusAldrich was named from the Greek wddtasseinmeaning to “stir
up trouble, throw into confusion” (Aldrich 1933)dars an apt moniker for this unusual fly.
Described from a single female specim&arassudacks the usual tachinid characters of
enlarged calypters, meral bristles, and enlargedaiuellum. As a result, Townsend (1935) did
not even consider it belonging to Calyptratae (Guars 1971). Other experts, however,
including Malloch and Aldrich (see Aldrich 1933)daHennig and Guimarées (see Guimaraes
1971) considered it an anomalous tachinid.

Aldrich (1933) originally suggested a new subfgnidr Tarassushear “Trichiopodinae”.
Guimaréaes (1971) only bestowed tribal status orflyhend placed it near the Trichopodini in
Phasiinae. The gestalt ®&rassuss certainly Tachinidae and in my opinion it lodike a
much-reduced trichopodine (Figure 3). Given th&datoration of its body and wings, the
virtual absence of stout macrochaetae, and thestlpatiolate abdomeitarassusnay be
mimicking a sympatric wasp species (eQylindromyia mirabilisor Polistiopsisspp.).

The only specimens known to me include the holqgtygech Aldrich originally
described from Brazil and is housed in the Natidhaseum of Natural History (Smithsonian
Institution, Washington DC, USA), and one from Qulwa housed in the National History
Museum (London, UK). There may be others scattémemighout regional museums but this is
undoubtedly an extremely rare and fascinating@gnetic evidence would undoubtedly place
this genus with more certainty. Unfortunately, suate species are difficult to obtain for
molecular analysis. Therefor€arassuss left here in its own tribe near Trichopodinitilin

further research is completed.
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Tribe Xystini (1 genus, 1 species)
XystaMeigen, 1924 (1 species)

Resurrected tribe: Xystini Lioy, 1864: 882
Type genusXystaMeigen, 1824

Includes:Xysta holoserice&abricius, 1805

Phylogenetics and Classification

The general habitus ofystaMeigen is strongly reminiscent of fellow phasigenera
PhasiaandOpesia As a resultXystahas been included in the tribe Phasiini for méstso
taxonomic history (Herting 1957, 1984; Tschorsr@@3; Herting & Dely-Draskovits 1993).
However, when internal structures are examiXggtacontains notable differences from these
taxa that set it apart as unique.

In his examination of female terminalia, Hertin@%¥) commented thatystaheld a
very isolated position within the Phasiinae. Unléwey other phasiineSystapossesses a
normally developed postgenital plate which Hersaggested could be an ancestral trait of
Phasiinae. Additionally, Herting hypothesized ttie uniquely shaped@ergite ofXystawas
used by the fly to spread open its host’s elytnanduoviposition. The characteristic corkscrew
ovipositor (8" sternite) ofXystawould then penetrate the host and deposit eggslaBiy,
Tschorsnig (1985) examined the male postabdomelysthand found it to be quite distinctive
when compared with other Phasiini. Probably agecticonsequence of the corkscrew
ovipositor and the mating requirements for suchodification to the abdomeiXystamales
have a uniquely asymmetrical postabdomen. The#s &t@ not found anywhere else in the
Tachinidae.

Molecular phylogenetics supports the hypothesisXlistaoccupies an isolated position
within the Phasiinae and suggests a closer evolattily history with the Zitini rather than the
Phasiini (Blaschke 2015). As a result, this unigaeus is here removed from the Phasiini and

placed in its own tribe Xystini.
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Tribe Zitini (2 genera, 3 species)
LeverellaBaranov, 1934 (2 species)
Zita Curran, 1927 (1 species)
New tribe: Zitini
Type genusZita Curran, 1927
Includes:Zita aureopygaCurran, 1927t everella institutimperiali8aranov, 1934; and

Leverella novaeguinedgaranov, 1934

Phylogenetics and Classification

The new tribe Zitini is erected for the under-saatiAustralian generdita Curran and
LeverellaBaranov. Formerly of the Parerigonini (see theat®n above), these genera are
distinct from the Parerigonimsi. s.by their geography (Australia vs. Asia) and morgamantly
by their possession of female piercers derived filoenl " sternite rather than thé §Cantrell
1988). No hosts are known fdita or Leverellg few specimens have been caught, and there are
undoubtedly new species waiting to be describeteraally, Zita andLeverellado not appear
phasiine-like but rather share tachinine-like afii@s similar to the Parerigonini, wittita
initially related toArctophytoTownsend (FAteloglossaCoquillett, Dexiini; Curran 1927). The
Zitini were therefore placed in Tachininae by Toemd (1936, see section on Parerigonini for
full history), but now reside firmly in PhasiinaBl@schke 2015).

Molecular phylogenetic analyses have positiodgd andLeverellg along with some
unknown species near these genera, in the Phasisnsister taxa to all other phasiine tribes
outside of clade Cylindromyiini + Imitomyiini (s&daschke 2015). The tribes Imitomyiini,
Cylindromyiini, and Zitini share the unique positing of the female piercer (IGternite) that is
not found anywhere else in Tachinidae (Cantrell83hd may have characterized the early
phasiine ancestor. The Zitini are also closelytegldoXystg another unusual tachinid with an
aberrant piercer (derived froni' 8ternite, but is corkscrew unlike other phasiiieeqers).
Surprisingly,Pygidimyia,another Australian genus formerly of Parerigoaimd closely
associated witiZita andLeverellg was not reconstructed within the Zitini but wather placed
within Cylindromyiini (see Cylindromyiini sectiorof discussion), leaving onEjita and

Leverellaas strongly supported members of Zitini. Thgseera are distinct from the
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Cylindromyiini morphologically due to the lack afdion of sternite 7 and tergite 7, which is a

characteristic feature of Cylindromyiini (Cantr&B88).
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Abstract

In contribution to the All Taxa Biodiversity Invesrty (ATBI), a survey of the subfamily
Phasiinae (Diptera: Tachinidae) was conducted eaGSmoky Mountains National Park.
Phasiines are brightly colored endoparasitoid tied attack true bugs (Heteroptera) and can be
important pollinators in meadow habitats. Collectiavere made from August to October over a
two year period at two sites: Purchase Knob (20IG3: Haywood Co.) and Cades Cove, Hyatt
Lane (2014: TN: Blount Co.). Phasiines were collddly hand and with the aid of Malaise traps
baited with host pheromone lures. Collected spetsweere brought back to the Moulton Lab at
the University of Tennessee for sorting and idesaifon. The three right legs of each specimen
were removed and placed in 95% ethanol for potemidecular analysis. Species identifications
were made using morphological keys, with furthederce from 900 base pairs of the nuclear
coding gene MCS. In total, 221 specimens reprasg2 phasiine species were collected. Of
these, 21 species are newly recorded from the f@rkare new records for Tennessee, and two
are new records for North Carolina. All 12 eastdaarctic phasiine genera were represented.
Phasiines of the gen@ymnoclytiawere shown to be exceptionally attracted to phera of
the brown stink bugHuschistuspp.). Updated identification keys and DNA barogdi
sequences are provided for future researchersi¢glgand inexpensively identify phasiine

species.
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Introduction and Background

Great Smoky Mountains National Park

Containing over 1700 species of native trees asdular plants, Great Smoky
Mountains National Park (GSMNP) is one of the nimslogically diverse temperate areas in the
world and a protected International Biosphere Res@Xichols and Langdon 2007). However,
the persistence of the park’s diversity and beautlyreatened by habitat fragmentation and
pollution (Caiet al.2012). In 1998, GSMNP and Discover Life in Amerimzgan the All Taxa
Biodiversity Inventory, or ATBI (Sharkey 2001). Bhproject has the ambitious goal of
identifying and cataloging every species in thekparorder to better protect and steward this
valuable natural resource. Since its inceptiony 820 species have been identified as new to
the park, with a remarkable 951 of these being twescience as of March 2015 (Nichols pers.
com.). The inventory relies extensively on profesal taxonomists who primarily identify
organisms in their personal group of expertiseaAssult, many taxa still await their own
specialist for identification. Among these undereséd groups are the Phasiinae (Diptera:

Tachinidae), a diverse subfamily of insects comgassirely of endoparasitoid flies.

Phasiinae

Phasiines vary significantly in size (2mm — 17mmq aolor (drab to vivid) but the
average phasiine is a medium-sized brightly coldisedith a red/orange abdomen often
accented by various black markings. They are conyralyserved feeding on flowering plants,
especially Queen Anne’s ladequcus carotd..) and goldenrodSolidagoL. spp.). Phasiines
attack a variety of insects in the suborder Heterap(Hemiptera), from minute tarnished plant
bugs LygusHahn spp.) to leaf-footed budgsefptoglossusuérin-Ménevillespp.), including
several important agricultural and invasive pellisz@raviridula L., HalyomorphahalysStal,
Megacopta cribrariaFabricius etc.) (Arnaud 1978; Aldrich et. al 200HFpst location is often
accomplished through specialized antennal recephatsare extremely sensitive to their host's
pheromones (Aldriclet al. 2006). Many phasiines deposit eggs on the exteurtalle of their
prey, but others have a modified piercing structbeg enables them to inject eggs directly into
the host’s tissue (Wood 1987).
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Phasiines serve two primary roles in the ecosystesecondary consumers and
pollinators. As secondary consumers, phasiinesregjplate populations of plant damaging
insects and thereby affect the health and diveditite plants themselves. This can be
especially useful in agricultural systems wherg tten achieve almost 100% parasitization rates
of target pests (Davis 1964). As pollinators, pima@si contribute to the continued reproductive
health of flowering plants and are thus importaetwbers of meadow habitats (Kearns 2001;
Nihei and Schwarz 2011).

Although phasiines are ecologically important aad be quite abundant and diverse in
the right habitat, this is the first attempt atiaventory of Phasiinae in GSMNP. There are
currently five unofficial records of Phasiinae frahe park (Nichols pers. com.) but actual
phasiine diversity is shown herein to be much higlmethe Eastern US, there are 47 species of
Phasiinae organized into 12 genera and 7 tribedd@ & Wood 2004, plus the inclusion of
StrongygasteMacquart). Some of these species (€gtharosiafrontalis Smith), are known
from only from their type localities, but it is grable that a majority of eastern Nearctic phasiine
species inhabit GSMNP.

Materials and Methods

Site Selection

Collections were made over a two year period (22QB4) at two separate sites, one site
per year: Purchase Knob (2013: NC: Haywood Co. 846031370 m elevation) and Cades
Cove, Hyatt Lane (2014: TN: Blount Co. ~1900 f8@5m elevation). These sites were chosen to
maximize potential climatic variability in phasiispecies, as an increase in elevation provides a
similar change in species abundance and diversityaalld an increase in latitude (Rahbek
1995). Both sites contained meadow habitats witmdant flowering plants that are attractive to
phasiines (Apiaceae and Asteraceae) surroundearestfand nearby streams. Because species
diversity is greatest at the borders of habitagsctbilections at Cades Cove were made along a
mown corridor through a meadow that borders Abr@mesk. This provided a natural flight way
and helped concentrate the phasiines along the Plagne were no such natural corridors at
Purchase Knob so collections were made througlheutieadow and along the forest and road

edge.
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Collection

A Malaise trap was placed at each site and momit8+&0 times over the fall collecting
season (mid-August to mid-October). Because maagiptes exploit pentatomid bugs as hosts,
the Malaise trap at Purchase Knob was baited widtgmones fronkuschistuspp (brown
stink bug) andHalyomorphahalys(brown marmorated stink bug) purchased from AgBio
(AgBio, Inc., Westminster, CO). The Malaise trapsveperated for six weeks, the first three
without pheromone lures and the last three withrguene lures.

Malaise traps are incredibly useful for catchingedse species of flying insects, but
unfortunately, phasiines are rarely caught in thewen if locally abundant. In addition to
Malaise trapping, manual collecting of phasiinesgsn aerial sweep net was conducted during
each visit to the selected sites to maximize sgampture. Specimens were frozen, pinned, and
taken to the Moulton Lab at the University of Tessee for sorting and identification. During
pinning, the three right legs of each specimen wem@ved and placed in 95% ethanol for

potential molecular barcoding.

Identification

Phasiines belong to the diverse family Tachinide, of the largest and most
morphologically variable families of flies. Extetmaorphology in the Tachinidae has only a
limited ability to distinguish subfamilies, tribemnd even genera due to the widespread
homoplasy of character traits throughout the farf\ilfood 1987). Identification keys to genera
are by necessity long, cumbersome, and difficuitde for all but the most experienced dipterist.
Although dichotomous keys may be unwieldy, the Neagenera of Phasiinae can be relatively
easily recognized without keys by examining theingral habitus, size, and coloration.
Identifying specimens to species, however, remaicisallenge.

Identifying species of Phasiinae required a thghosearch of the literature to find the
most recent keys and generic revisions, some aflwduie close to 100 years old. These papers
were then examined for generic and species syn@syand updated, using O’Hara & Wood
(2004) as a guide, to reflect the decades of taximwork since their publication. The
following keys were used in this study for non-mtypic eastern Nearctic gene@ylindromyia
— Aldrich (1926);GymnosomandGymnoclytia— Brooks (1946)t.eucostoma- Reinhard
(1956);Phasia— Sun & Marshall (2003)frichopoda— Coquillett (1897)Xanthomelanodes
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Sabrosky (1950); an8trongygaster Brooks (1942). The modified species keys toezast
Nearctic genera of Phasiinae used in this studynateded in Appendix I. Specimens were first
sorted by morphospecies, then keyed out usingtdrature listed above and assigned a tentative
identification when possible. When dissection & plostabdomen was necess&@ylindromyia
andGymnosomp terminalia were cleared using lactic acid acoaydo the protocols found in
O’Hara (2002). Several specimens did not fit dggicns provided in the keys and were set
aside as “unknowns”. Specimens were then seleoded éach morpho-group that would best
encompass the variation found within the group @reallest/largest specimens, various
localities). The previously removed ethanol-presdriegs from each corresponding specimen
was then used for a DNA barcoding analysis. Whessipte, the gene sequences obtained were
compared to sequences from known specimens thatweened to species by tachinid experts
(P. Cerretti, J.E. O'Hara, and/or J.O. Stiremargwiver, the inherent difficulty in identifying
phasiines to species means that there was stik smroertainty even for these “known” species.
The final species identification then, was onlafired when all three lines of evidence, when
available, agreed on the same identification. Istheases, the groups of morphospecies aligned
remarkably well with the molecular clades and, whessent, the known specimens were
recovered in their expected clades.

There are three main benefits to this thorough otetf identification. First, confidence
can be placed in the final species identificatisritavill have both morphological and molecular
evidence supporting it. Second, this initial baragdanalysis will provide reference sequences
for future researchers who can then quickly anaépheidentify phasiine species. Third, it has
the potential to reveal cryptic species divergitpvide phylogenetic insight into each phasiine

genus, and highlight areas that are in need ofdusearch.

Barcoding

DNA barcoding was carried out on 59 morphologicdiverse specimens from GSMNP
and 13 specimens with known species identificatibifsy-five other phasiine specimens from
around the world were included to provide phylogensontext and test species ranges.
Approximately 900bp of the nuclear gene MCS werpisaced. This gene was chosen over the
more traditional “barcoding gene” COI/II for thipexific analysis due to the inconsistency of

COI/ll when used for distinguishing species of Bijat (Meieret al. 2006) and the much greater
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phylogenetic informativeness of MCS (Winklgtral. 2015). Ideally, both genes would have
been sequenced and our phylogeny created frompieuitidependent genetic lineages, but time

prohibited us from such an analysis.

Phylogenetics

Genomic DNA was extracted with a ThermoScientifi©lMA extraction kit and amplified
using the forward primers 446F (TTYGTNGGNTTYGCYGARzand CYL2F
(CARGGNGGNGTNATTACYTTYAA), and the reverse primeB&R
(TGRTCDATRCADATCANNGRCA) in a Scientis Inc. thermeycler using the following
reaction: 30s denaturation at 94°C; 5 cycles of29#t 30s, 56°C for 15s and 72°C for 1.5 min;
5 cycles of 94°C for 30s, 51°C for 15s and 72°Clf@& min; 30 cycles of 94°C for 30s, 46°C for
15s and 72°C for 1.5 min, and a final extensiorbfonin at 72°C. Final sequences were obtained
from the Molecular Biology Research Facility at theiversity of Tennessee. Chromatograms
were inspected in Sequencher 5.3 and aligned tissnNyIAFFT algorithm (Katolet al. 2005)
through the online CIPRES portal (Millet al. 2010). Phylogenetic relationships were
reconstructed using the maximum likelihood progRAxML (Stamatakis 2014) and visualized
in FigTree v1.4.2.

Results

Inventory (Tribes, Genera, Species)

Over a two year period (2013-2014), 518 tachinidsexcollected from GSMNP at
Purchase Knob, NC and Cades Cove, TN. Two hundrédveenty-one of these belonged to the
subfamily Phasiinae, representing 8 tribes, 12 igeraand 26 species (Table 3.1). Of these, 23
species are new to the park, five are new statgaedor Tennessee, and two are newly recorded
from North Carolina. All 12 eastern Nearctic phasigenera (O’Hara & Wood 2004, including
Strongygasterwere collected in a relatively short time fromyoa few sites, indicating high

biodiversity in the park. Two additional speciBgskiaaelopsWalker andepigrimyia
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Townsend sp., that have historically been claskifiePhasiinae but are currently placed in the

closely related subfamily Dexiinae were collected are here included.

Table 6: Identification and specimen counts of Tachinidae (pmarily Phasiinae) collected in GSMNP from 2013-204.
PK= Purchase Knob, CC= Cades Cove.

Subfamily Phasiinae Net Malaise Total New to:
Tribe Genus Species PK CC|PK CC GSMNP NC TN
Catharosiini Catharosia nebuloséCoquillett) 1 1 1
Cylindromyiini  Besseria atraCoquillett 1 1 1
Cylindromyia binotataBigot) 6 11 17 1
Cylindromyia euchenafwalker) 2 2 1
Cylindromyia fumipennigBigot) 1 1 2 4 1
Cylindromyia interrupta(Meigen) 6 6 1
Cylindromyia nangTownsend) 1 1 1 1
Hemyda aurat&obineau-Desvoidy| 1 1
Gymnosomatini Gymnoclytia immaculaté@Macquart) 1 1 1
Gymnoclytia minutdrooks 10| 2 12 1
Gymnoclytia occidué#Walker) 14 19 | 44 1 78 1
Gymnoclytia unicolo(Brooks) 2 2 1 1
Gymnosomearf. filiola Loew 1 1
Gymnosoma occidentateurran 1 1 1
Gymnosomaf. par Walker 21 9 1 31 1 1 1
Euclytia flava(Townsend) 1 1 1 1
Leucostomatini Leucostomaf. acirostreReinhard 1 1 2 1
Leucostomaf. simplex(Fallén) 1 1 2 1
Phasiini Phasiacf. aurulansMeigen 1 1 2
Phasiacf. purpurascens 1 1 >
(Townsend) 1
Strongygastrini  Strongygaster trianguliferboew 2 6 3 2 13
Trichopodini Trichopoda lanipegFabricius) 1 2 3 1
Trichopoda pennipeg=abricius) 6 19 1 26
Trichopoda plumipe@~abricius) 1 1 1
Xanthomelanodes arcuat(Say) 1 1
Xanthomelanodes atripenriSay) 7 7
Subfamily Dexiinae Net Malaise New to:
Tribe Genus Species PK CC|PK CC Total GSMNP NC TN
Epigrimyiini Beskia aelopgWalker) 1 1 1 1
Epigrimyiasp. Townsend 1 1 1
Totals: 8 14 28 63 95 59 4 221 23 2 5
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Purchase Knob displayed the most species divg&itgpecies, 7 unique) compared to
Cades Cove (14 species, 3 unique) but excludinghleeomone traps had less total specimens
than Cades Cove (76 vs. 99). Many of the speciscted at Purchase Knob were represented
by only a single specimen. The most commonly entewad phasiines we@ymnoclytia
occiduaWalker (78 specimenszymnosomaeigen cf.par Walker (31),Trichopodapennipes
Fabricius (26 specimens), a@glindromyiabinotataBigot (17 specimens). These four species
represent almost 70% of the phasiines collectede&n species were represented by two or

fewer specimens.

Barcoding

Phylogenetic trees provided corroborative eviddoc@reliminary morphospecies
identifications and in some cases revealed additigpecies. In the tribe Cylindromyiini, 16
specimens from GSMNP representing four morpho-ggegelded five distinct phylogenetic
clades (Figure 3.1). Specimens from the extra olggle dissected and identified as
Cylindromyia euchenogma species that is externally indistinguishabdefC. binotata In the
tribe Trichopodini, 11 specimens representing foorphospecies yielded only three
phylogenetic species (Figure 3.Zyichopoda lanipeg-abricius and’. pennipedorm a single
monophyletic clade rather than two independentwimiary groups. In the Gymnosomatini
there is significant morphological variation wittgpecies, therefore 32 specimens representing
the morphological extremes of 12 potential morppeeses were included. These 12 different
groups formed seven separate phylogenetic spdéigaé 3.3). On&ymnosomap. remains

unknown.

Pheromones

Most phasiines (158) were hand collected as th&ted flowers, primarily5olidagospp.
andDaucusspp., but the Malaise trap provided a unique oppatt to study pheromone lures.
The aggregation pheromones fr&uschistuPallas spp. that were placed in the Malaise ttap a
Purchase Knob attracted 44 specimenSyrhnoclytia occiduaver a three week period. No
Gymnoclytiaspecimens were found in the Malaise trap duriegfitist three weeks when the

lures were not in use.
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Discussion

Usefulness of barcoding

Even though the ATBI is over fifteen years in pexgy and nearly 19,000 species are
currently recorded from the park, the Phasiinaeaageoup that has received little attention.
From personal observation in this study, phasiwee found to be among the most abundant
floral visitors outside of common hymenopteran&BMNP. All tribes and over half of all
known eastern Nearctic species of Phasiinae weradfto inhabit the park. Such diversity
accents their importance as pollinators in meadoegystems and highlights the diversity that is
still undocumented in GSMNP. Because little rededuas been conducted on phasiine diversity
in the park, almost all species discovered are meeards for the park.

One of the primary reasons phasiines are ofterianled as research subjects is the
difficulty of species identification. As with manysects, species keys are difficult to find,
outdated, and are often unreliable. Additionallany phasiines require dissecting genitalia for
confident species placement—a difficult task foraéenr entomologists. Accurate species
identification is essential for future researctiodiversity, pollinator populations, or biological
control of heteropteran crop pests. To that erslatrailable keys to phasiine species have been
collected, their terminology updated, and will sdx@navailable as an online photographic key.
Another excellent resource for species identifarais DNA barcoding which has the potential
to accurately identify phasiine species while atgame time providing insight into evolutionary
relationships and cryptic speciation.

This is the first attempt at creating a referethambase specifically for phasiine DNA
sequences. In total, 131 sequences for MCS wiligheaded to GenBank to serve as reference
sequences for future researchers. By using a cadbmorphological and molecular species
identification method, fewer specimens requiredetition, and therefore remained undamaged,
and several areas of future research were illumthdtor example, thErichopoda
pennipedanipescomplex deserves further scrutiny into their appaimterbreeding populations.
This is the first molecular evidence to show thaise two species may not be as distinct as
currently thought. Also, it is well known th&ymnosomapecies are highly variable and
difficult to differentiate (Zimin 1966). With furégr more comprehensive molecular analysis,

many of the nominal species withBymnosomanay be revealed to be genetically similar
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enough to warrant synonymy. The phasiine barcod®sded here will aid future research into
each species’ evolutionary history and their retahip to other species.

The phylogenies generated during this study conabine phasiine species diversity of
GSMNP with specimens collected personally from seithe US or borrowed from other
tachinid researchers from around the world (P.&erd.E. O’'Hara, and J.O. Stireman). This
resulted in trees that contained almost all knoveandtic species dbymnoclytia Gymnosoma
Trichopoda andCylindromyiaand that revealed numerous interesting relatigssimong and
between these species. These relationships des@noee comprehensive analysis and
discussion, however, the focus of this specifidgtis on identifying the species, not reworking
their taxonomy. Consequently, details of specin@tections/vouchering of those species not
from GSMNP and a thorough discussion of the phyhegje relationships among Phasiinae is

reserved for future papers and is not included.here

Collecting techniques

Hand collecting phasiines with an aerial net yidldeore specimens and species diversity
than the Malaise traps. However, one disadvantgsiog a net is the overreliance on sight and
dexterity to catch phasiines, many of which arelgrdark, and easily missed. As a result, larger
phasiines in the tribes Cylindromyiini, Gymnosomatand Trichopodini were
disproportionately represented in this study (90Phjrteen species were only caught by hand
compared with three species that were found onMataise trapsCatharosianebulosa
Coquillett, GymnosomaccidentaleCurran, andanthomelanodearcuatusSay. The Malaise
traps were more successful at capturing the ingonsps phasiines, like the species above, and
those found in the tribes Phasiini and Leucostamati

The Phasiini and Leucostomatini are among the cwsimon and speciose groups of
phasiines, but only eight specimens representingrfirpho-species were found during this
study. There are undoubtedly more species of ttngms in GSMNP than were collected here. It
may be possible to target these flies with yell@am fraps or random sweep netting through
grass. Because of the lack of diversity and spatsngellected, species identifications were
difficult and remain “cfspeciesuntil they can be compared with a larger museuoitection of

known species.
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Pheromones

Pheromones for the stink bugaschistuspp. andHalyomorpha halysvere placed in the
Malaise trap at Purchase Knob to test phasiinactitn to these pheromon&ymnoclytia
occiduaexhibited a strong attraction to the pheromonesrmamerous individuals were caught in
the baited Malaise traps. Asischistuss a known host foGymnoclytia(Arnaud 1978), this
pheromone was probably the predominant attradthrgxpectedly, the vast majority of these
specimens were male rather than female flies (42snes. 2 females). This unusual result is
difficult to explain as these pheromones are hbst@mones that are expected to draw in large
numbers of gravid females (Krupke & Brunner 2008]ir&h et al. 2006). Males seem to be as
sensitive to host pheromones as females, if noersor(see Higaki and Adachi 2011), perhaps
as a way to increase mating opportunities. Phereshohother host species would increase
Malaise trap yield and allow for research into pmeone strains of phasiine species.

An interesting observation was made during theectithg trip of September 17, 2014 at
Cades Cove. A cluster of the invasive kudzu Bdgdacopta cribrarid was found on a
goldenrod plant. Thirteen individuals were collectdive, fed with green beans, and monitored
daily until they died. After four days, parasitaxVae had emerged from two specimens and
pupated. Ten and eleven days later, adult fiesgatkeand were identified as the generalist
phasiine parasitoi®trongygaster trianguliferboew. Three other kudzu bugs that were
dissected after eventual death had parasitic larvdee abdominal cavity. This new host
relationship was recently discovered in AlabamaléGet al. 2013), and is here reported in
Tennessee. This is a remarkable example of a nspeeies quickly adapting to a new invasive
host and provides encouragement that biologicairebaf the damaging kudzu bug may be

possible using native species.
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Appendix A: Identification Keys and Known Distribut ions of

Eastern Nearctic Species of Phasiinae (Diptera: TAmidae)

The following species keys were used to identifggpimes of eastern North America:
Cylindromyia Aldrich (1926);GymnosomandGymnoclytia Brooks (1946)]eucostoma
Reinhard (1956)Phasia Sun & Marshall (2003)Trichopoda Coquillett (1897); and
XanthomelanodesSabrosky (1950). The species names in thesevkengscross-referenced
against the most recent catalog of North Amerieghinhids (O’'Hara & Wood 2004, online
revision 2013) and updated to reflect taxonomigsiens and species synonyms since they were
first published. All species with entirely westédiearctic distributions were removed to create a
more manageable sized geographic-specific keydteeaNorth American Phasiinae.
Nomenclatural changes are summarized at the begjrmfieach genus in the key below.

Morphological terminology was updated to reflect thost recent terms in dipterology
(Wood & Zumbado 2010; Cerreti al. 2014; O’'Hara 2015 pers. com.). A summary of
significant vocabulary changes is as follows: stptauron/al = katepisternum/al; macrochaetae
= bristles; anterior forceps (male) = surstyli; fgo®r forceps (male) = cerci; last genital
segmentCylindromyig female) = T8; genital hook€ylindromyig female) = hooks of T8; third
antennal segment = postpedicel; apical cell =rdeib; pollen (pollenosity) = pruinescence;
forceps Leucostomafemale) = posterior clasping lobes; cheek grcogenal dilation; front =
frons.

Tribes are presented alphabetically. Monotypicexadilearctic genera do not have
individual keys. Distributions of each species barfound following the species keys. These
were created by following the official distribut®of these species through the literature listed
above to the catalog of Sabrosky & Arnaud (196%) @muble-checked in O’Hara & Wood
(2004). The distribution maps are essentially aalisepresentation of the states and ranges
listed in the above literature with syntax maingainNew state records for Tennessee and North
Carolina are included and verified with a literatgearch for the species name and the state.

Each of these genera is in need of modern revisitim morphologically and
molecularly. This key is not meant to be such astem but merely provides a workable

identification key for general entomologists anfdandation for future taxonomic research.
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Tribe Catharosiini
GenusCatharosiaRondani, 1868

Known distribution ofCatharosiaspp. in America north of Mexico found in Figured-5.

Tribe Cylindromyiini
GenusBesseriaRobineau-Desvoidy, 1830

Known distribution oBesseriaspp. in America north of Mexico found in Figuré 3.

GenusHemydaRobineau-Desvoidy, 1830

Known distribution oHemydaspp. in America north of Mexico found in Figurg 3.

GenusCylindromyiaMeigen, 1803
Adapted from Aldrich (1926) includin@. dosiadeg= C. interruptg, C. nigra(= C. propusillg,
C. argenteg= C. binotatg, andC. vulgaris(= C. fumipennis Some species can be identified
with external morphology, but most require dissegthe genitalia. Known distribution of

Cylindromyiaspp. in America north of Mexico found in Figure8-36.

1) Scutellum with onlynepair of bristles. Abdomen with discal bristles........coccccovinininn.

............................................................................ Subgenus Neocyptdrderrupta

— Scutellum withtwo pairs of bristles, a small crossed apical pair andther much larger

pair Not far from them...... ..o e e e 2
— Scutellum withthreepairs of bristles, the additional pair being néb&r base at the sides..3

2) Abdomenwithout redon sides, wholly black. Front basitarusus shdhtan the four following

[0 0 T PP PRPPRRN propusilla

— Abdomenbroadly redon sides. Female with distinct, symmetrical hooksT8 which are
placed quite far apart. Male with the front basitesras long as the following four joints and

concave on outer side. Hind tibia villous on ingsiele.....Subgenus Calocypténgermedia



10 ) T 1Y/ 1 =S 4

R EMIAUCS . .. e e 8

4) Cercilong and soft, basal half swollen, suddenly reducedidtlle, the apical portion reaching

alMOSt 1O tIPS OFf SUISEYli. .. .ceee e e e e binotata

— Cercishortand greatly swollen, soft and cushion-like butdardy contracted into a small

apical beak. Sternite 6 with a wide, shallow enmzagon in the middle............ euchenor

—  CerCiNOt @S AESCHDEA. ... oo e e e e e e e e e e e 5

5) Cerci and surstyli yellow, shiningllike in consistengycerci chitinized. Both small and

somewhat concealed by the thin yellow expandedimafd 8.....Subgenus Apinocyptarana

— Cercimuch lesghitinized than surstyli which are hard and shgnin......................... 6
6) Surstylibroadapically, broader than at the base, subtruncate......................... armata
— SurstylitaperingapicCally... ... 7

7) Cercishortand in profile rather thick, but not strikingly slken, about half as long as surstyli
which aregroovedbehind at the bend. Back of head with sdifaek hair on each side of the

OCCIPItal regioN @DOVE. .. ... it e e e e e e decora

— Cerci more thanwo-thirds as longas surstyli which araot groovedbehind at the bend.

Back of head with onlpale hair inside the orbital row............................ fumipennis

8) Third abdominal segment ventrally wldrge crescent shaped area of short stubby spones
prominence behind which is a concavity. Terminabksoof T8 unsymmetricabn only one

01 SET <] o | PR nana
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— Third abdominal segment ventrallgcking such spiny protuberances. Terminal hooks of

T8 SYMMELIICAL . ...t e e e e e e e 9
9) The hooks of T8 attached belowauare upper apical shouldef the segment.................. 10
— T8 withoutsuch shoulder, sloping down to the hooK.............ccoiiii i 12
10) Onlytwo katepisternal Bristles. .........cooiiii i e decora
— Threekatepisternal DriStles...... ... 11
11) Hooks of T8 pointing decidedly forwagdadually turned upward....................... armata

— Hooks of T8 turned upward from basestanding close to shoulder the tips

(0 1Y (0 T o | euchenor

12) Usually withless than sibristles on fifth abdominal tergite segment. Hook38 small.......
............................................................................................................................ binotata

— With more than sidbristles on fifth abdominal tergite. Hooks of B8de.......... fumipennis

Tribe Gymnosomatini

1) Withmarginal bristles on abdomen............ooo i Euclytia
— Withoutmarginal bristles on abdomen........... ..o 2
2) Postpedicetlongatednearly as long as fadé/ithoutcrossed apical scutellar bristles.............

.................................................................................................. Gymnosoma
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— Postpedicel not elongated almost oval

DIISHIES. .o Gymnoclytia

in shapeWith crossed apical scutellar

GenusGymnoclytiaBrauer & Bergenstamm, 1893

Adapted from Brooks (1946) &ymnoclytia(G. minutaandG. occidug, Procistogaste(P.

immaculataandP. unicolol), andSiphopallasiaS.dubiad). Known distribution ofGymnoclytia
spp. in America north of Mexico found in Figure§ 321.

1) Cell r4+5narrowly open, closed, or with a short petigldich is not longer than the length of

the small crossvein. When present, the petiolers forward in line with M1Onekatepisternal
bristle

Cell r4+5closed with a long petioldistinctly longer than small crossvein, bent foravaut
not in line with M1

2) Species aboutmm Cell r4+5closedin wing margin. Parafrontal of female with one roWv

hairs outSide the frONTAl TOW......oooe it e e e e e e e e e e aneaes minuta

— Specie-7mm Cell r4+50pen, closed, or with a short petiateline with M1. Parafrontal

of female with two or more rows of hairs outside ffontal row...................... occidua

3) Antennae and palpvholly black Lower facial margin strongly and abruptly wargedvard
beyond antennal prominence. One katepisternaldrist

Antennae and palpi largelseddish Lower facial margin not warped beyond antennal
prominence. Two katepisternal bristles. ... i e
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5) Postpedicetleep black on apical two thirddbdomen wholly reddish with golden or greyish
pruinescence

............................................................................................................. unicolor

— Postpedicel reddish (dorsal anterior edge sometitae). Abdomen reddish or with black

markings, pruinescence grey/yellow-grey..........ccooov e iiiiiaenenneenens immaculata

6) Postpediceteep blackexcept at base. Abdomen wholly reddish. Genitghsnts black.

Pruinescence golden Or greyish...........o e unicolor

— Postpedicelreddish dark apically and dorsally. Abdomen partly or \noblack.
Pruinescence greyish..........o e iImmaculata

GenusGymnosomaMeigen, 1803

Adapted from Brooks (1946) &hodogyn€R. occidentalisR. canadensjR. filiola, R.

fuliginosa andR. pal). Different keys are provided for males and fermaldentification relies

almost exclusively on genitalia characters. Knovgtrihution of Gymnosomapp. in America

north of Mexico found in Figures 3.22-26.

Males

1) Species <5mm. Abdomen red with isolated blaskssprarely connected. Surstyli long and
narrow, strongly curved dorsally...... ..o occidentale

— Species >5mm. Surstylinotas above.............cooiiiiiiii 2

2) Surstyli large and bulky, broadly triangular lwé blunt tip, convex to flat dorsally. Abdomen
red with small connected SPOtS. 7MM.......ccoiiiiiiie e e e e canadense

- Surstyli concave to flat dorsally, short triangubarelongate and parallel-sided

3) Surstyli long and nearly parallel-sided withcaumded-truncate tip that is slightly turned up.

Abdominal spots small and rounded, never connebtéb.5 mm......................... filiola



—  SUrStyli SNOIt tHANQUIAT . ....c. e e e e e e e 4

4) Surstyli very broad, short triangular with roewdip. Abdominal spots rarely connected. 7mm...

.................................................................................................... fuliginosum
— Surstyli narrower, acute. Abdominal spots usuatigrected. 5.5-6mm................. par

Females

1) Species <5mm. Sternite 8 not triangular, spgtsaied...................oooiiinn occidentale
TS ) 81 15151 1 1 2

2) Cerci very large, curved up at the tips. Ster@itlarge and triangular, evenly haired on the
margin. Sternite 9 abruptly constricted beforettheAbdomen black with at most the narrow
lateral edges reddish... ..o canadense

— Cerci not curved up at the tips. Sternite 9 nostacted. Abdomen generally red with black
SPOLS OF THANGIES ...t e e e e e e e e e e e e e e e 3

3) Sternite 8 not triangular, evenly haired onniergin. Abdomen red with small, isolated black

4) Tergites 6 and 7 mostly black, sternite 9 slaod broad, rounded acute. Abdominal spots

broadly triangular and widely connected. 5.5-6MmM... e ieiiiiii e par

— Tergites 6 and 7 mostly red. Sternite 9 longer,ilgad or widened towards the tip.

Abdominal spot small, separated or only narrowlgrescted. 7mm............. fuliginosum
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GenusEuclytia Townsend, 1908

Known distribution ofEuclytiaspp. in America north of Mexico found in Figur@3.

Tribe Leucostomatini
GenuslLeucostomaMeigen, 1803

Adapted from Reinhard (1956). Different keys ar@vped for males and females. Females are
easily distinguished from males by the easy to ppsterior clasping lobes at the end of the
abdomen. Known distribution dleucostomapp. in America north of Mexico found in Figures
3.28-31.

Males

1) Abdomen without pruinescence, wholly shining. Palpi yellow, poslipel tinged with

=70 [ PPN simplex

— Abdomenwith one or more segments pollinoSe............c.oooiiiiiiic i 2...

2) Abdominal pruinescence confined to basal half @slef last three segmentllairs on
intermediate abdominal segments appressed. Heddepcence silvery. Surstyli tapering

sharply to middle leaving a slender curved bealctvig as long as broader basal paatirostre

—Abdominal pruinescence not as described above.........ccoooeiiiiiiii 3

3) Fore tibia with two posterolateral bristleBrontal vitta wider than parafrontal which is ligh
dusted with gray pruinescence on a blackish sulgshatkground. Last three abdominal

segments thinly gray pollinose. Calypters not memislarged...................cocoeie s gravipes

— Fore tibia with one median posterolateral bristlBwo katepisternal bristles. Abdomen
narrowed to apex, last two segments silvery padédSurstyli rather narrow, gradually

tapering from base to apex and transversely roundednvex on hind side.. aterrimum



148

Females
1) Abdomen longer and narrower than usutdpering gradually from base to apex. Three
katepisternal bristles. Arms of posterior clasploiges strongly bowed inward and bearing a

series ofminute teetlon ventral edge on inner margin................cooeeieie s aterrimum

— Abdomen ordinary in forprsegments two and three much broader than lang.............. 2

2) Abdomen with silvery pruinescence on narrow basargin of intermediate segments.
Calypters moderately enlarged, opaque white. Hostdasping lobes slender, strongly bowed
inward and withonly fine hairson inner Margin...............evevvvvveeeees commenevevevenennnnnes acirostre

— Abdomen without pruinescence, wholly shining black................cccooviiiiiiiiiiiiiiiiennn. 3

3) Fore tibia withtwo posterolateral bristles. Calypters not enlargeskt@ior clasping lobes

strongly bowed inward with a seriesstfibbydentationson inner ventral edge........ gravipes

— Fore tibia with onlyonemedian posterolateral bristle. Calypters enlar§egterior clasping

lobesdenticulateon INNEr MANGIN. ..........uueiieiiiii e e e e e simplex

Tribe Phasiini
GenusPhasialLatreille, 1804

Adapted from Sun & Marshall (2003). Species arg keyed to species-group than keys to
eastern Nearctic members of each species-grougs@neled. Known distribution d®Phasia
spp. in America north of Mexico found in Figure8341.

1) Fronto-orbital platéare laterally. Lower margin of face weakly to modehatprominent.
Sublunular bulla usually not developed. Subscutelwenly rounded, not extended beyond the

scutellar apex. Male without scale-like setae.....................Phasia pusillaspecies-group

— Fronto-orbital platdairedlaterally.............oooi i 2
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2) Fronto-orbital platedensely haired haired area sometimes reaching eye or nearly so..

.......................................................................... Phasia hemipteraspecies-group

— Fronto-orbital plate with only Bew rows of hairsusually less than 3-4; never reaching eye..

................................................................ Phasia subcoleoptratapecies-group

Phasia pusillaspecies-group

1) Hind tibiastrongly archegshorterthan hind femur. Presutural supraalar seta abSesrhite 6
of femaleextremely longlonger than the total length of the previousrstes....... punctigera

— Hind tibia straight or slightly archedaslong as hind femur. Presutural supraalar seta
usually present; sternite 6 of femal@rterthan the total length of other sternites........... 2

2) Male- dorsum of abdomewith a purple shining area. Female- abdomen greyalow
pruinose, hair spotgery distinct Sternite 7long. Frontal vitta less than 1.5 times as wide as

Fronto-orbital plate anteriorly.............ooo i e purpurascens

— Male- dorsum of abdomewwithout purple shining area. Surstylus ball-like. Female-
abdomen greyistvhite pruinose, hair spotadistinct Sternite &hort................. aldrichii

Phasia hemipteraspecies-grougdifferent keys are provided for males and females)

Males

1) Mesoscutum with a distingbldenpruinose spot, at least on the median postsytargltergite
5 with V-shaped golden pruinosity posterolaterally. Lowergin of facestrongly projecting
pruinose spot usually limited to postsutural scytsuamstylus straight; distiphallus swollen, not
DIrANCNEd.. ... e e aurulans

— Mesoscutunevenlypruinose, or with vitta-like pattern; tergiteMihoutsuch pruinosity...2
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2) Two or threekatepisternal Dristles. ... .. ... e 3
— One or fewekatepisternal DISHES. ......... .. e e e ee e e 4
3) M1 meeting R4+5 acuteangle. Syncercus deeply notched posteriorly.............. grandis

— M1 meeting R4+3lImost at right angleSyncercus not or shallowly notched posteriorly...
........................................................................................... diversa(in part)

4) Phallusnot haired abdomen always uniformly thinly grey pruinose epc syntergite

PP diversa(in part)

— Phallushaired tergites and terminalia not as above...............c.cco i v mmne s cen e 5

5) Abdominal tergites clearly transversely grey priggoFronto-orbital plate yellow pruinose;

WING NOL ENIAIGEA. ... e e e e e e e eaas subopaca

— Abdominal tergites shiningr not pruinose as above; Fronto-orbital plateygr yellow
pruinose; wing enlarged or not. Ventrolateral psscef distiphallus bent, and hook-
LK. e e robertsonii

Females
1) Sternite 7 bentapex directed ventrallyOvipositor bent, apex slightly or strongly diredt

VENETAIIY. .. e e e e e e aurulans

— Sternite Atraight, or bent but apex directed dorsally..............ocooiii i, 2

2) Posterior margin of sterniter@unded or lineaiin ventral view. Sternite 7 short and wide, boat-
1 diversa
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3) Two katepisternal bristles. Lower margin of face parpeular. Gena greyish yellow pruinose.
Sternite 7 bent upward gradually............ooooii grandis

— One katepisternal bristle. Lower margin of facermsgly projecting, visible in profile........ 4

4) Abdomersilverypruinose, alwaywith black longitudinal vitta; abdomen with black traesse
vittae  posteriorly (at least tergite 3); sternite Thin, triangular, apex

0101 (= P Subopaca

— Abdomenblack, shining purple, or grefor yellowish grey) pruinose; if pruinosity presen
black longitudinal vitta and transverse vittabsent or indistinct. Sternite 7

162 01 =T o AP robertsonii

Phasia subcoleoptratapecies-group

1) Onekatepisternal bristle. Tibia and usually femgefiow, at least tibia. Thorax and abdomen

greyish yellow pruinose. Female- Sternite 7 abgupdént ventrally.................... fenestrata

— Twoor more katepisternal bristles. Ldgack Female- lower margin of face perpendicular,

(aTo] g o] {0} [=Tex 11 o P chilensis

Tribe Strongygastrini
GenusStrongygasteMacquart, 1834

Adapted from Brooks (1942) &istomorpha(C. didyma andHyalomyodegH. robustaandH.

triangulifera). Known distribution ofStrongygastespp. in America north of Mexico found in
Figures 3.42-44.

1) Cell r4+5 ending in wing margin or extremely ghetiolate.......................... didyma

— Cell r4+5 long petiolate
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2) Parafacials broadmore than 0.5 clypeal length); lower facial margroadly triangular and
warped forward. First abdominal segmenth pruinescence. Third aristal segment abruptly

enlarged at the DaSE.........oie i robusta

Parafacials narrow(0.2 to 0.25 as wide as distance between vibriskager facial margin

not distinct; First abdominal segmevithoutpruinescence...................... triangulifera

Tribe Trichopodini
GenusTrichopodaBerthold, 1827

Modified from Coquillett (1897) including. cilipes (= T. pennipesandT. formosa=T.
lanipeg. Known distribution offrichopodaspp. in America north of Mexico found in Figures

3.45-47.
1) Abdomen black with golden pruin0oSe SPOLS . .......oeviiiiiiiiin e

— Abdomen variable, orange to dark browvithoutspotted golden pruinosity................. 2

2) Post sutural markinggolden usually a “w” in shape (three longitudinal linesie transverse),

often with similar markings 0n MeSOSCULUM...........ovuitiieiaeme e e v, pennipes

— Post sutural markingsilver, almost always in “u” shape (two longitudinal lneone

LU= LISV €57 lanipes

GenusXanthomelanoded ownsend, 1893

Modified from Sabrosky (1950). Known distributiohXanthomelanodespp. in America north
of Mexico found in Figures 3.48-50.

1) Legs and antennae predominamitfinge..........vvee i ienietiee e e eiieieaeeaeeenes flavipes



— Legs and antennae predominaftl§tCk .. ..o 2

2) Abdominal segments with distinct black markiogsdorsal surface, last two-three segments
completely black, usually with three katepistetm@sties. Frons relatively narrow, avg. 0.21

times the width Of the head ..o e e e e v arcuatus

— Abdominal segments sometimes with light black magkion dorsal surface, last two-
three segments rarely completely black, usualhhwito katepisternal bristles. Frons

broader, avg. 0.25 times the width of the head......................... atripennis



154

Appendix B: Figures
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Figure 3.4: Known distribution of Catharosia B
frontalis Smith, 1917.— Massachusetts.
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Figure 3.5: Known distribution of Catharosia nebulosa
Coquillett, 1897.— Massachusetts to Texas and Flda,
Washington.
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Figure 3.6: Known distribution of Besseria
atra Coquillett, 1897.— Québec and Maine to Kansas
and Georgia, also Texas, Ontario.
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Figure 3.7: Known distribution of Hemyda
aurata Robineau-Desvoidy, 1830.— British Columbia to
New Hampshire, south to California, Mexico, and
Georgia.
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Figure 3.10: Known distribution of Cylin

nana Townsend, 1915.— Washington to Kansas, south to armataAldrich, 1926.— Montana, California to Kansas
California, Mexico, and Mississippi, also North and New Mexico, Michigan, Massachusetts to Georgia,
Carolina, Florida, and Tennessee (new record). Texas, Jamaica, Arizona, Idaho, South Dakota,

Ontario, New Hampshire.
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Figure 3.9: Known distribution of Cylindromyia. Figure 3.11: Known distribution of Cylindromyia
intermediaMeigen, 1824.— Palearctic, British Columbia binotataBigot, 1878.— Manitoba, Colorado and South
to Québec and Maine, south to California, Texas, $ith Dakota to New York, south to Texas and Florida,

Carolina, Yukon. Saskatchewan, Ontario, Québec, Massachusetts.
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Figure 3.12: Known distribution of Cylindromyia
decoraAldrich, 1926.— British Columbia to New
Hampshire, Maryland, south to California, Texas,
Mexico.
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Figure 3.13: Known distribution of Cylindromyia
euchenorWalker, 1849.— Minnesota to Newfoundland,
south to New Mexico and Florida, also California,
Mexico, Manitoba, North Dakota.
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Figure 3.14: Known distribution of Cylinaromyia
fumipennisBigot, 1878.— British Columbia to
Connecticut, south to California and Florida, Mexim.

Figure 3.15: Known distribution of Cylindromyia
propusilla Sabrosky & Arnaud, 1965.— Wisconsin to
Massachusetts, south to Virginia, also Mexico, Tesa
Florida, Ontario, Québec, New Hampshire, Kentucky.

P
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Figure 3.1613: Known distribution of Cylindromyia Figure 3.18: Known distribution of Gymnoclytia
interrupta Meigen, 1824.— Palearctic, Yukon, British immaculata Macquart, 1844.— British Columbia to
Columbia, Wyoming east to New Brunswick, south to Québec, entire United States, Mexico.

lowa and Florida, California, Nevada, Utah, Colorad,

Nova Scotia.
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Figure 3.17: Known distribution of Gymnoclytia
dubia West, 1925.— Manitoba to Nova Scotia, south to
Virginia, also ?California, British Columbia, Texas.

o~

minuta Brooks, 1946.— New Jersey, District of
Columbia, Virginia, Texas, Arkansas, Tennessee,
Georgia, North Carolina, Rhode Island.
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Figure 3.20: Known distribution of Gymnoclytia
occiduaWalker, 1849.— Michigan to Nova Scotia,
southwest to Arizona, Mexico, and Georgia, lllinoizo
Virginia, Texas.

Figure 3.21: Known distribution of Gymnoclytia
unicolor Brooks, 1946.— California, Utah, Texas,
Arkansas, North Carolina, Florida, Michigan, and
Tennessee (new record).

—
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Figure 3.22: Known distribution of Gymnosoma
canadenseéBrooks, 1946.— Michigan to Québec and
Nova Scotia, south to North Carolina, also British
Columbia to Nevada, California, Tennessee.
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Figure 3.23: Known distribution of Gymnosonﬂﬁ
filiola Loew, 1872.— British Columbia to Manitoba,

south to California and Louisiana, also Michigan.
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Figure 3.24: Known distribution of Gymnosoma
fuliginosum Robineau-Desvoidy, 1830.— British
Columbia to New Hampshire, south to California,
Mexico, and South Carolina.

OCEAN

Figure 3.25: Known distribution of Gymnosoma
occidentaleCurran, 1927.— British Columbia to
Ontario, south to California, Texas, and Virginia,New
Hampshire, and Tennessee (new record).
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ATLANTIC
OCEAN

par Walker, 1849.— Idaho, Saskatchewan to Nova
Scotia, south to Virginia, also Georgia, Yukon,
Tennessee (new record, and North Carolina (new
record).
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Figure 3.27: Known distribution of Euclytia

flava Townsend, 1891.— British Columbia, California to
Maine, south to Texas and Virginia, Alberta to Nova
Scotia, Labrador, also Utah, Arizona, New Mexico,
Florida, and North Carolina (new record).
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Figure 3.28: Known distribution of Leucostoma
acirostreReinhard, 1956.— Washington to California
and Texas, also Indiana to New Jersey and Virginia,
Mississippi, Florida, ?Kansas, ?Tennessee.

Figure 3.29: Known distribution of Leucostoma
aterrimum Villers, 1789.— Europe, California to
Wyoming and Kansas, south to Mexico and Texas, also
Wisconsin, Michigan, Indiana, British Columbia,
Ontario.
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Figure 3.30: Known distribution of Leucostoma
gravipesvan der Wulp, 1890.— Washington to Nebraska,
south to California, Mexico, and Texas, also Michign

to New York, south to Virginia, lowa, lllinois,
Tennessee, Ontario, Québec.

ATLANTIC
OCEAN

simplexFallén, 1815.— Palearctic, British Columbia to
New Hampshire, south to California, Texas, and
Virginia, Prince Edward Island.
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Figure 3.32: Known distribution of Phasia aldrichii
Townsend, 1891.— Alaska, Northwest Territories,
British Columbia to New Hampshire, south to
California, Mexico and Georgia, also Hungary, Russi,
Kazakhstan and Mongolia.
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Figure 3.33: Known distribution of Phasia aurulans
Meigen, 1824.— Ontario to Nova Scotia, south to
Tennessee and Georgia, also Northwest Territories,
British Columbia, Alberta, Washington, Oregon
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Figure 3.34:Known distribution of Phasia chilensis
Macquart, 1851.— Washington, Idaho, Oregon,
California, Utah, Arizona, Colorado, New Mexico,
Oklahoma, Texas, Mississippi, Indiana, District of
Columbia, Maryland, Mexico, South America.

&

Figure 3.35: Known distribution of Phasia diversa
Coquillett, 1897.— Ontario to Nova Scotia, south to
Texas and Georgia, also Washington.
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Figure 3.36: Known distribution of Phasiafenestrate
Bigot, 1889.— Northwest Territories, Alberta, Nevad,
Kansas, Indiana, Michigan, Ontario, Québec, New
York, Massachusetts, Pennsylvania, District of
Columbia, Virginia, North Carolina.

Coquillett, 1897.— California, Arizona, Texas,
Mississippi, Alabama, lowa, lllinois, Virginia, North
Carolina.

162

Figure 3.38: Known distribution of Phasiapunctigera
Townsend, 1891.— Washington, Idaho, Oregon,
California, Nevada, Utah, Arizona, Colorado, New
Mexico, Kansas, Oklahoma, Texas, Arkansas,
Mississippi, Indiana, Québec, Massachusetts, New
Jersey, District of Columbia, Maryland, Virginia, North
Carolina, South Carolina, Alabama, Georgia, Mexico.

OCEAN

Townsend, 1891.— Washington and Alberta to Ontario
and New York, south to California and Georgia.
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Figure 3.40: Known distribution of Phasiarobertsonii

Townsend, 1891.— Nebraska, Minnesota and Ontario didymaLoew, 1863.— California, Alberta, South Dakota
east to Nova Scotia, south to Oklahoma, Mississippnd to New York, south to Colorado and Virginia, Alaska
Florida. Yukon, British Columbia, Manitoba, Ontario, Québec.
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Figure 3.41: Known distribution of Phasiasubopaca Figure 3.43: Known distribution of Strongygaster
Coquillett, 1897.— Ontario, Wisconsin, lllinois, Irdiana, robustaTownsend. 1908 .— British Columbia
Michigan, Ohio, Québec, Maine, New Hampshire, New Washington, Idaho, Arizona, New Mexico, Nova Scotia
York, Massachusetts, Pennsylvania, New Jersey, to Pennsylvania, Ontario, New Brunswick, North

Maryland, Virginia, Tennessee, South Carolina. Carolina.
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Figure 3.44: Known distribution of Strongygagfer
triangulifera Loew, 1863.— British Columbia to Nova
Scotia, south to California, Mexico, and Georgia.
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Figure 3.45: Known distribution of Trichopodef

lanipesFabricius, 1805.— Kansas to Connecticut, south

to Mexico and Florida, lowa, Ontario.
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Figure 3.46: Known distribution of Tric opod;pennipes
Fabricius, 1781.— Washington (introduced), Califorima

to Ontario and Massachusetts, south to Mexico and

Florida, Idaho.
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Fabricius, 1805.— Kansas to Connecticut, south toekas
and Florida, Ontario.
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Figure 3.48: Known distribution of Xanthomelanodes
arcuatusSay, 1829.— Washington, California to
Wisconsin to New Hampshire, south to Mexico and
Florida, Ontario to New Brunswick and Maine, also
British Columbia.
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atripennis Say, 1829.— Michigan to Vermont, south to
Arkansas and Florida, also ?Mexico.

Mexico m?g;;, o= -
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flavipesCoquillett, 1897.— Québec, New York, Vermont,
Massachusetts, Virginia, Arkansas, Ontario, New
Hampshire, West Virginia, Virginia.
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Conclusions

In Chapter |, the nuclear coding genes CAD, LGL,3/@nd MAC were used to
reconstruct phylogenetic relationships within thbfamily Phasiinae. In total, 128 worldwide
taxa (80 genera) and approximately 7.6 kilobasesiolear data were used to estimate a
phylogeny of Phasiinae. The resultant phylogeny mhsastly supported throughout, with
Maximum Likelihood and Bayesian analyses returnd@ntical trees. Tachinidae was recovered
as monophyletic, as were the four subfamilies thgfféhasiinae, Dexiinae, Exoristinae,
Tachininae). Dexiinae was recovered sister to Rieesi Phasiinae is represented by 12 tribes, all
robustly supported, including Strongygastrini, Piganini, and Imitomyiini but excluding
Eutherini, Epigrimyiini, and Litophasia, which wearecovered as members of Dexiinae.

Ancestral state reconstruction revealed a singt@ggmorphy of Phasiinae: an elongated
hypandrium in the male postabdomen. No universadlwas found to define Dexiinae, but the
following characters used in combination can idgritie “dexiine-type” male terminalia:
platiform pregonites and a membranous and hingadexdion of the distiphallus to the
basiphallus. Ovolarviparity was reconstructed asatcestral oviposition strategy within the
Tachinidae, supporting earlier morphological phgliogtics. The ancestral host of the Phasiinae
+ Dexiinae clade was strongly recovered as Heteraptvhile the ancestral host of Tachinidae
was weakly recovered as Lepidoptera. A pierceiiyddifrom the & or 10" sternite, is
hypothesized to have evolved independently inastleen different lineages within the Dexiinae
and Phasiinae.

Chapter Il compared historical hypotheses aboasioie taxonomy to the newly
generated molecular phylogeny. As a result, thesifhavere divided between four tribes:
Phasiini, Gymnosomatini, Opesiini (resurrectedd}jland Xystini (resurrected tribe). Similarly,
the Parerigonini were split into three lineageseRgonini, Cylindromyiini, and Zitini (new
tribe). The tribe Trichopodini is considered a datle of the Gymnosomatini (Trichopodina).
The subfamily Phasiinae is composed of 14 trib66,denera, and 597 species.

The focus of Chapter Il was on the diversity ofBimae in Great Smoky Mountains
National Park. In total, 221 specimens represerthghasiine species were collected. Of these,
21 species were newly recorded from the park, Weere new records for Tennessee, and two

were new records for North Carolina. All 12 eastdgarctic phasiine genera were represented.
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Updated identification keys to eastern Phasiinakl@1 DNA barcoding sequences of phasiine

species were created to aid future research irdsipte identification and systematics.
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