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Chap tFeorr els:tHymémmecnroop t er a, Il ncludi ng
trees (Cynipidae oak gall wasps)

defending thema(pdaas$itic Pter

Introduction

This dissertation has two parts. One deals with a group of Hymenoptera that
attack oaksQuercusLinnaeus. The other deals with a group of Hymenoptera that are
thought to attack a wood boring beetle that vectors a disease tkatliy tb black
walnuts,Juglans nigraLinnaeus. Together they relate to forest entomology and pest

management.
Part | . Wasps attacking oaks

My projects all stem from my Masterds D
Colorado State UniversiffCSU). One & my projects was describing an unknown
portion of the life cycle of the gall waspjsholcaspis quercusmamn@@/alsh and
Riley) (McEwen et al. 2015Working with this system exposed me to not only gall
wasps, bualsother parasitoids.My second and tihil chapters stem from this

research.

In the second chapter | discuss a phylogenomic study on classification of the

oak gall wasps (Cynipidae: Cynipini) that emphasthe genudisholcaspiDalla



Torre and Kieffer in its sampling. This chapter is aalortook at the overall triband
the evolutionary patterridound in the phylogeny produced from genescale data.
Thereis emphasis on the genssholcaspissince one of my overarching goals is to

preparehis genus for revision.

The third chapter ia closer look aDisholcaspisand current taxonomic and
morphologicaknowledge abouthat genus. | once again describe the missing portion
of the life cycle for two mor®isholcaspisspecies antlalsodescribea new species
from Texas. This chapter als summarizes the efforts to locate all the type specimens

and image a majority of the species in the genus.

Part Il. Wasps potentially defending walnuts

Before | | ef sdedreedvas giveyapdvbaititl feom another
system for identification This parasita was reared frorablack walnutree J.
nigra, infected withthousand cankers diseasehese parasitoid wasps were thought
to attack the disease vectBityophthorus juglandi8lackman. These parasitoids
were identified aa new spees ofTheocolaxVestwoodPteromalidae:
Cerocephalinae) My fourth chapter describesisinew speciesdiscovered in
Colorado New morphological traits were discovered using scanning electron
microscopy. Some of these morphological traits were foundrtesymnd to

subgroupings previously found in the genus.

Since that chapter was publish@dcEwen 2015, Chapter 1Y) was
contacted to identify other cerocephaline waspeegefromthousand cankers disease

infested wood in Italy. A second paper involyitihe results of those and other insect



identifications has been submitted to the Bulletin of the Entomological Society of
Italy. The ffth chapter is an extension of this second paper in that it describes a new
specieof CerocephalaVestwood (Pteromalida Cerocephalinadgdundthe

Piemonte region.
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ChaptPehryl2o0:.geny and classificatio
(Hymenoptera: Cynipidae: Cynipin
phyl ogesaom

Abstract

Cynipini (Hymenoptera: Cynipidae) are a diverse group of wasps known for
their ability to induce galls mainly on oaks (Fagac&€agercu3. Cynipini includes a
few large and polyphyletic genera in need of revisions and reliable molecularsnarke
are of interest for this endeavor. Most phylogenies involving Cynipini have been
biased towards the Palearctic taxa, though the Nearctic is more diverse for Cynipini,
and thesg@hylogeniesvere limited in the number of molecular markesgddue to
older sequencing technologies. Ultraconserved elements (UCEs) and their flanking
regions have been shown to be useful phylogenetic markers for both deep and
shallow evolutionary relationships. This method was previously developed within
Hymenoptera and the gres were shown to work within Cynipini, providing several
hundred loci. The current study sequenced UCEs for 67 individuals 4&oss
Cynipini generaand one outgroup. An average of 956 UCE loci was captured per
specimen and analysis of data resultedstrengly supported tree. The dakes weak
to moderate support forNearcticorigin of Cynipini. Previously published
relationships were corroborated by UCE data and a few previous polytomies were
resolved between taxa with high supp&dvenof the 1 genera sampled were fiod
to be polyphyletic and most of thoaee currentlyHolarcticin distribution. The
pairwise distance analyses suggest that this method will be suitable for species level

work in this group.



Introduction

Gall wasps (Hymenoptera: Cynipidae) areharismtc group ofparasitic
waspsthatare obligate parasites on plants. They are characterizedibinthection
of tumorlike growths, called galls, which they inhabit and feed on duangl
development.This intimate relationship with their host plaatsd their ability to
induce gall growth while avoidingften ceopting,t he host 6s def enses
for the hypothesis of coevolution between gall wasps and their hosts (Abrahamson et
al. 1998, Stone et al. 2002, Stone et al. 2009). Due to thesdwof oaks in North
and Central America (Manos 1999, Nixon 1993, Stone et al. 2002), this region
currently has the highest gall wasp diversity in the world, with an estiriated
Nearctic speciefliljeblad et al. 2008Stone et al. 2002However, nog
phylogeneticstudies have concentratadhinly on the Palearctic specidsiljeblad et
al. 2008, Rokas et al. 2003, Stone and Cook 1998, Stone et al. 2009).

Most of the larger genera within Cynipini, are known to be either polyphyletic
or paraphyletic (bown and Brown 1998, Liljeblad et al. 2008, Nicholls et al. 2017,
Rokas et al. 2003, Stone and Cook 1¥8ne et al. 2002 The first molecular
phylogenies involving Cynipini came from Drown and Brown (1998, Fig. 1) using
eastern Nearctic taxa and cytoaime oxidase | (COIl) and from Stone and Cooke
(1998, Fig. 2) using European taxa and cytochrome b (cyt b). The former called into
guestion the monophyly @&ndricus DryocosmusandCallirhytis (Drown and
Brown 1998). The latter study also concluded #adricuswas polyphyletic (Stone

and Cook 1998) even though the speéiegallaeurnaeformigonscolombgand



perhapdA. hystrixTrotter, were found to be misidentified inquiline gall wasps from
Synerginirather than CynipiniLiljeblad et al. 2008).

Rokas et al. (2003, Fig. 3) again examined Palearctic taxa, emphasizing
Andricus using cyt b. This study included mostly European taxa with a few Asian
taxa and one North American taxondricuswasagain demonstrated to be
polyphyletic as wadNeuroterus The North American taxomisholcaspis
spectabils (Kinsey) (refered to a&ndricus spectabiljswas found to be grouped with
BiorhizaandTrigonaspis This was the first tim®. spectabiliss included in a
phylogeny.

Lilieblad et al. (2008, Fig. 4gerformed a morphology based phylogeny that
showedAndricus Plagiotrochus Biorhiza Neuroterus andDisholcaspisas
polyphyletic or paraphyletic. This study proposed higher level groupings that
included aNeuroterusgroup,Cynipsgroup, and a ProtobalasflLobatae (PL) group
based on the host plants for those species. In this Bughectabilisvas placed in
this PLi group.This studyalso presented a phylogeny that used cyt b for a subset of
the taxa (tree not shown) that showed a polyphykstidricus The strict consensus
tree in this study had multiple unresolved relationships.

Stone et al. (2009, Fig. 5) performedanalysisof host plant conservation
across Palearctic taxa and looked at patterns of diversification across the region. This
study usd molecular data from cyt b, opsin, and 28S. In addition to finding that
lineages diversified from Asia into Europe, they also showed a polyphgleticcus
and the previously mentioné&ynipsgroup. This study showed a large white oak

group in which ateast one generation induces galls oaks in the seQuncus A



similar group can be seen in the phylogeny from Liljeblad et al. (2009) with mapped
host plant data (mapped phylogeny not shown) but was not discussed since it showed
up as a paraphyletiagup with the Ptgroup nested withinThe maximum clade
credibility tree presented in this study included numerous unresolved relationships.

Most recently, Nicholls et al. (2017, Fig. 6) produced a phylogeny that
involved Holarctic taxa and concentdbn the evolution of nectar secretion from
galls. This study used molecular data from cytb, opsin, and 28S for the Cynipini tree
but also included the second internal transcribed spacer of the ribosomal gene
complex (ITS2) for &isholcaspisonly phylogenyTheir study showed a
polyphyleticAndricus Callirhytis, DisholcaspisandNeuroterus. There were
multiple large polytomies that appeared in this study. This study would have also
shown a polyphyleti€ynipsif they had correctly attributed species frémtron and
Besbicugo Cynipssince they had been previously synonymized (Melika and
Abrahamson 2002)n this study the specidisholcaspis spectabiligeferred to as
Andricus spectabiliswas found in yet another new position, this time as one of the
earlier branches in the tree.

These studies showed that many Cynipini genera need revision but they also
demonstrated a need for better molecular tools to aid in this prsioesspolytomies
were found in multiple studiesPreviously used loci leave mluto be desired as far
as their ability to determine relationships, particularly relationgbghsw the genus
level (Chapter Ill) Rokas et al. (2002) suggested that the mitochondrial loci cytb
and cytochrome oxidase subunit 1 would be informativheaspecies level.

However, Nicholls et al. (2012) found that mitochondrial loci grouped individuals



based on shared historical refugia rather than by morphospecies leading researchers to
use those loci cautiouslyThey instad suggested using multiple i@pproach
includingnuclear loci. Finding sufficient molecular markers is fundamental for
phylogenetic reconstruction and nedneration sequencing (NGS) technologies

offer numerous possible solutions.

Ultraconserved Elements (UCES) are sections ofADRNvarious lengths that
are highly conserved (ndgrl00%) across divergent groups of organisms and
numerous throughout the genome (Bejerano et al. 2004, Faircloth et al. 2012). Using
these regions for phylogenetic purposes is now becoming more cqiparboularly
within Hymenoptera The UCEs are used as targets that are universal across
divergenttaxa and that have variable flanking regions. These flanking regions have
been showtio be informative at multiple taxonomic levels from deep to shallow
evolutionary time scaleB{aimer et al. 2015, Blaimer et al. 2016, Branstetter et al.
2017a, Branstetter et al. 2017b, Branstetter et al. 2@raevford et al. 2012,

Faircloth et al. 2012, Faircloth et al. 2013, Jesovnik.€2G7 McCormack et al.

2012, McCormack et al. 201&ndSmith et al. 2014)This method was developed
within Hymenoptera (Faircloth et al. 2015) and further expanded to include
representation from every superfamily (Branstetter et al. 2017a) including two gall
wasps that served as atteun for the current study. The use of UCEs has aided in
multiple phylogenomic studies looking at relationships involving ants and bees
(Blaimer et al. 2015, Blaimer et al. 2016, Branstetter et al. 2017a, Branstetter et al.
2017hb, Branstetter et al. 204, and Jesovnik et al. 2017). There are also ongoing

projects or current plans using UCEs across much of Aculeata (pers. comm. E.



Sadler) and the parasitic lineages (pers. comnGaes). Within Hymenoptera, the
current study is the first known to us€HBs below the family level outside of
Aculeata.

The purpose of this study is to establish a foundation of UCE data for the tribe
Cynipini in hope that it will elucidate relationships that have been troubling in the
past and give gall wasp researchersemobust molecular tools for future systematic
works at any taxonomic level. Special emphasis is placed on the Desmadcaapis
Dalla Torre and Kieffer, since it is of interest for revision and a need has been

demonstrated for more loci that are inforimatat the species level.
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(2) Acraspis echini (2) Wb A seckendorji Andricus
Sphaeroteras « E A. grossulariae mayri
Philonix nigra A. mayri clade
Callirhytis quercusventricosa w—A. lucidus
Disholcaspis quercusvirens Viscosus
Andricus quercusfoliatus quercuscalicis Andricus
Neuroterus distortus coronatus quercuscalicis
] Neuroterus pallidus burgundus clade

Adleria quercusstrobilanus

caputmedusae

A.
A.
A.
A.
A.
Andricus quercuslanigera A. quercustozae
Dryocosmus imbricariae 4 ”_"”S”"“‘“-"
Dryocosmus quercusnotha A, ’l‘g"‘f“:u{“ .
Dryocosmus quercuspalustris A C_ah”f ormis .
Callivhvtis seminator A. tinctoriusnostrus Andricus
ous § . A. kollari kollari
Callirhytis quercusbatatoides ‘ - oftart
o A. corruptrix clade
Amphibolips murata A. polycerus
I[LAmphfb olips globus A coriarius
. lfmpﬁtbol[ps quercu.?inanl.Q A. conglomeratus Andricus
allirhytis abrahamsoni A. hartigi hartigi
A. conificus clade
A. gemmea
A. fecundator Andricus
A. curvator Jecundator
A. solitarius clade

Cynips divisa
Cynips quercus
Cynipis cornifex

Biorhiza pallida
A. inflator

Aphelonyx cerricola
K= 4. gallaeurnaeformis

k= A hystrix

Diplolepis rosae

Figures I 2. Previous phylogenetic hypotheses. (1) Tree modified from one of two
maximum parsimony trees presented in Drown and Brown (1998) that used
cytochrome oxidase | to infer relationships. Noynipini were trimmed andika in

bold ae also included in the current study. (2) Tree modified from the maximum
parsimony tree presented in Stone and Cook (1998) that used gall morphology and
cytochrome b to infer relationships.
values, white starsdicate 7094% bootstrap values, and no star means the bootstrap
value was under 70%. Taxa in bold are taxa also included in the current study.

11

Bl

ac



A. caliciformis ™~
A. lignicolus
A. infectorius
A. aries
Ky A COVFUDIYIX
A. kollari

A. gallaetinctoriae
A. conglomeratus
A. coriarius
A. coriarius

x

A. polycerus
A. coriarius -

A. hartigi >

A. tomentosus
A. quercuscalicis

A. schroeckingeri

A. theophrastii

A. crispator
A. grossulariae ~
A. panteli
A. panteli
xd W seckendorfii
A. panteli
A. mayri
A. seckendorfii
A. aestivalis
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skr A. solitarius
A. solitarius

A. curvator
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R . malpighii

Y LS Cynips quercusfolli

bAd Cynips cornifex W,
Cynips iormy'ex

A. fecundator
A. quadrilineatus
A. kashiwaphilus
A. quercusramuli
A. makaigawae

= Cynips longiventris
Cynips longiventris
Cynips quercus
Cynips quercus
Cynips disticha
Cynips quercus
Cynips quercusfolli

J\

Cynips divisa

Biorhiza pallida
Biorhiza pallida

Trigonaspis synaspis
Andricus spectabilis

o S—
A. symbioticus

Andricus
kollari
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Andricus hartigi
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Andricus quercus-
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Andricus
mayri
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fecundator
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Genus
Cynips

Neuroterus lanuginosus

—

Plagiotrochus quercusilicis

Neuroterus saliens
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are also included in the cuntestudy.*Taxa in théndricus hartigiandAndricus
guercuscalicilades were reduced to simplify tree.

12



= Diplolepis rosae
*l_E Diplolepis triforma

Diplolepidini

P Liebelia magna

Eschatocerus acaciae

k1= Callirhytis erythrocephala

— Callirhytis glandium

Dryocosmus nitidus
Plagiotrochus australis

Neuroterus numismalis

il

Neuroterus servatus
k= Aphelonyx cerricola

Loxaulus quercusmammula
Dryocosmus kuriphilus — —

Plagiotrochus quercusilicis
Plagiotrochus cardiguensis

Pseudoneuroterus macropterus

Y Disholcaspis quercusglobulus

Eschatocerini

Neuroterus-group

Belonocnema treatae
Atrusca emergens
Biorhiza mellea
Cynips divisa

- Cynips conspicua
Cynips douglasi

B Acraspis erinacei
Philonix gigas
Trigonaspis gibbera
Biorhiza pallida
Trigonaspis megaptera

- Andricus perlentus

Andricus cylindratus

Andricus sericornis

Andricus quercusflocci

W= Andricus grossulariage —

= Andricus solitarius

K= Andricus caputmedusae
Andricus kollari
Andricus curvator

Andricus gallaeurnaeformis
Andricus quercusramuli = —

Andricus kingi
Odontocynips nebulosa

Andricus quercusradicis — =

Andricus sieboldi
Andricus quercusfoliata
Heteroecus pacificus —
Eumayria floridana
Disholcaspis spectabilis
Amphibolips gainesi
Andricus hastatus — —

Trigonaspis quercusforticornis — — 1

Short-Winged
(SW) group I

Trigonaspis mendesi = — — — —a—ro-H

Cynips-group

|
Cynipini

European
Andricus

| Protobalanus/
Lobatae (PL) group

Figure 4. Previous phylogenetic hypothesis flalyeblad et al. (2008). Tree
modified from the shortest parsimony tiegsed omorphology. Blacktsrs at nodes

indicate 0O95% bootstrap

val ue$94% 5000

repl i

bootstrap values, and no star means the bootstrap value was under 70%. Taxa in bold

are also included in the current study.

13



Diplolepis rosae

Dryocosmus cerriphilus

r * Aphelonyx cerricola
X E Aphelonyx persica
* Neuroterus saliens
Pseudoneuroterus macropterus Gall inducers

*
Plagiotrochus britaniae * with both generations
* Plagiotrochus australis * 3 on section Cerris oaks
~ *
Plagiotrochus amenti 3 except those on Ilex oaks
* Plagiotrochus quercusilicis * 2
" . ; 20
¥ Plagiotrochus cardiguensis* S
Y Plagiotrochus kiefferianus *
on
g
Neuroterus politus g
= Andricus curvator 2 2
3 . : ¢ O
'E Andricus foecundatrix Z g=
AN, S N O =
Andricus solitarius > &
Andricus multiplicatus
Andpricus grossulariae
L Andricus aries 2
. . . Q
Andricus lignicolus =
e *And; icus corruptrix <
iy Andricus kollari 20
*Andricus coriarius ‘g Gall inducers
Andricus polycerus 2 with asexual generations
. < 3
*Andrmus caputmedusae - on section
Andricus coronatus = Quercus
*| oaks

Andricus hungaricus
Andricus conificus
* k= Andricus truncicolus

Neuroterus anthracinus
* = Cynips disticha

s|™= Cynips disticha

— o
* Cynips quercusfolii 5
. . : )
Cynips longiventris o
; 8
*| *& Cynips quercus S
Biorhiza pallida o
* Trigonaspis synaspis

— 0.1

Figure5. Previous phylogenetic hypgsis fromStone et al. (2009). Tree modified
from the Bayesian majority rule consensus trased orctytochrome b, opsin, and
28srDNA. Bl ack stars at nodes indicate
indicate 0.700.94 posterior probabilitiesnd no star means the posterior probability
was under 0.70. Taxa in bold are also included in the current study.

14

00 .

95



0.02 subs/site

i|— Andricus foecundatrix
Teicdiels

Andricus

W * p Andricus kashiwaphilus
L Andricus pseudoflos
Andricus solitarius
Andricus curvator
Andricus moriokae

* Andricus caputmedusae
* Andricus conificus

* Andricus kollari
Andricus grossulariae
Andricus multiplicatus
unknown species spCAa3

w Andricus inflator
* l_*r: Andricus hakonensis
Andricus sieboldi
e known species spAZb7
Andricus crystallinus
* | E Andricus gigas
Andricus parmula
_ﬁ: Amphibolips quercusjuglans
Callirhytis quercuspomiformis
_*: Callirhytis balanaspis
Callirhytis carmelensis
* Callirhytis quercussuttoni
_: Callirhytis uvellae

* = Heteroecus melanoderma

& Heteroecus pacificus

Andricus quercuscalifornicus

Callirhytis quercuspunctata

W= Disholcaspis perniciosa
Disholcaspis rubens
* Disholcaspis sinulata

e Disholcaspis quer

Disholcaspis quercusvirens

* * Disholcaspis eldoradensis

Disholcaspis mamillana

Disholcaspis spongiosa

Dishol. Fonidi

pis chr ’p
— Andricus lasius
* E Disholcaspis corallina
Disholcaspis plumbella
* _*I: Andricus reniformis
Andricus truckeensis
Acraspis quercushirta

* Disholcaspis sulcata
Andricus fidlawayi

* & ¢ Beshicus conspictius
] _l E Besbicus mirabilis
* Xanthoteras clavuloides

W == Antron douglasii
Y Antron quercusechinus
* Biorhiza pallida
* Trigonaspis synaspis
* Cynips divisa
Cynips quercus
Neuroterus anthracinus

Neuroterus politus

Callirhytis congregata

Andricus spectabilis

)¢ Dryocosmus cerriphilus
4|:E Trichagalma serratae

Chilaspis israeli
ol Aphelonyx cerricola

e Aphelonyx perisca
K p Newroterus saliens

e Pscudoneuiroterus macropterus

I Plagiotruchus australis

Plagiotrochus keifferianus

Pediaspis aceris
ol

dat a.

iplolepis rosae

Figure6. Previous phylogenetic hypothesis frolicholls et al. (2017). Tree modified
from the majority rule consensus species br@ged orcytochrome b, opsin, and 28S
IDNAsequence
stars indicate 7(®4% bootstrap values, and no star means the bootstrap value was
under 70%. Taxa in bold are taxa also included in the current study.

ack stars at nod

es



Methods
Taxonsampling.d

Cdllectionswere made between 2007 and 20¥harvestinggalls and
rearing out the contained wasgpecimens were then collected and stored in either
095% et han ollntoercasRd€alirhgtis erythrocephaldGiraud)adults
were too difficult torear so larvae were removed from the galls. When possible,
sexual generation males were used but most specimeassexual females since
thatis the primary generation documented for most species.

Taxa (Table 1) froomostmajor Cynipini geerawere sarpled with special
attention to genera that have New and Old World distributidliseteenof the41
genera were samplddiable 2). Of the approximate®b/ species in the trib&27 are
in genera that are not represented in this analysis.

Sampling isslightly biased towards New World species since this is where
Cynipini are most diversd®isholcaspigs highly sampled due to its interest for
revision and to test UCE loci for ability to differentiate close relationships. The
outgroup chosen Biplolepisrosae(Linnaeus) followingStone et al. (2009 Two
taxa were used from Branstetter et al. (20Dr3holcaspis quercusmamni@alsh

and Riley) andisholcaspis lasigAshmead).
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Table 1. Cynipidae sammldor UCE sequencing.

Specimen Origin Host Plant HostQuercus
Species Section
Acraspis macrocarpae Alberta, Canada Quercus Quercus
macrocarpa
Acraspis pezomachoides Maryland, USA Q. alba Quercus
Acraspissp.E60 Colorado, USA Q. gambelii Quercus
Amphbolips Florida, USA Q. laurifolia Lobatae
guercusracemaria
Andricus brunneus California, USA Q. douglasii  |Quercus
Andricus curvator Hungary Q. robur Quercus
Andricus grossulariae United Kingdom Q. cerris Cerris
Andricus kashiwaphilus Japan Q. dentata Quercus
Andricus kingi California, USA Q. lobata Quercus
Andricus kollari Hungary Q. petraea Quercus
Andricus pattersonae California, USA Q. douglasii  |Quercus
Andricus quercuscalifornica | California, USA Q. lobata Quercus
Andricus quercuslanigera Texas USA Q. virginiana |Quercus
Andricus quercusstrobilana | Maryland, USA Q. bicolor Quercus
Andricussp. California, USA Unknown Unknown
Andricus symbioticus Japan Q. dentata Quercus
Aphelonyx cerricola Hungary Q. cerris Cerris
Atrusca aggregata Arizona,USA Q. oblongifolia |Quercus
Atrusca bella Arizona, USA Q. arizonica  |Quercus
Atrusca brevipenenata Colorado, USA Q. gambelii Quercus
Belizinellagibbera Russia Q. dentata Quercus
Belonocnema quercusvirens| Florida, USA Q. virginiana |Quercus
Biorhiza pallida United Kingdom Q. robur Quercus
Biorhiza trimaculosum California, USA Q. lobata Quercus
Callirhytis erythrocephala Hungary Q. cerris Cerris
Callirhytis perfoveata California, USA Q. wislizeni Lobatae
Callirhytis quecuspomiformis| California, USA Q. wislizeni Lobatae
Callirhytis serricornis California, USA Q. wislizeni Lobatae
Callirhytis tumifica Germany(Nearctic | Q. rubra Lobatae
species)
Cerroreuroterus Japan Q. acutissima | Cerris
vonkuenburgi
Cynips douglasii California, USA Q. lobata Quercus
Cynips mirabilis British Columbia, Q. garryana  |Quercus
Canada
Cynips quercusechinus California, USA Q. duglasii Quercus
Cynips quercusfolii Hungary Q. robur Quercus
Diplolepis rosae Hungary Rosasp. NA

Disholcaspis chrysolepidis

California, USA

Q. chrysolepis

Protobalanus
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Table1 Continued Cynipidae sampled for UCE sequencing.
Specimen Origin Host Plant Host Plant
Section
Disholcaspis cineros&61 Texas,USA Q. fusimformis | Quercus
Disholcaspis cineros&63 Texas, USA Q. virginiana Quercus
Disholcaspis corallina California, USA Q. douglasii Quercus
Disholcaspis edura Arizona, USA Q. arizonica Quercus
Disholcaspis eldoradensis | California, USA Q. lobata Quercus
Disholcaspiserugomamma | Texas, USA Q. havardii Quercus
Disholcaspis lasia California Q. chrysolepidis Protobalanus
Disholcaspis pedunculoides | Arizona, USA Q. turbinella Quercus
Disholcaspis perniciosa Colorado, USA Q. gambelii Quercus
Disholcaspis quercusglobulu{ Maryland, USA Q. alba Quercus
Disholcaspis quercusmammg Colorado, USA Q. macrocarpa | Quercus
Disholcaspis quercusvirens | Florida,USA Q. virginiana Quercus
Disholcaspis rubens Colorado, USA Q. gambelii Quercus
Disholcaspis rubenk36 Arizona, USA Q. gambelii Quercus
Disholcaspis rubeng37 Arizona, USA Q. gambelii Quercus
Disholcaspisir. rubens Utah, USA Q. gambelii Quercus
Disholcaspis simulata British Columbia, Q. garryana Quercus
Canada
Disholcaspissp.E64 Mississippi, USA Q. stellata Quercus
Disholcaspissp. E65 Texas, USA Q. stellata Quercus
Disholcaspis spectabilis California, USA Q. chrysolepis | Protobalanus
Disholcaspis spissa Arizona, USA Q. turbinella Quercus
Dryocosmus kuriphilus Italy (Asian species) Castanea sativg NA
Dryocosmus rileypokei California, USA Chrysolepis NA
chrysophylla
Heteroecus pacificus California, USA Q. chrysolepis | Protobalanus
Heteroeas pacificusE68 California, USA Q. chrysolepis | Protobalanus
Neuroterus fragilis California, USA Q. lobata Quercus
Neuroterus politus Spain Q. pyrenaica Quercus
Neuroterus saltatorius California, USA Q. lobata Quercus
Phylloteras cupella Arizona, USA Q. gambelii Quercus
Plagiotrochus quercusilicis | Spain Q. ilex llex
Trichagalma serratae Japan Q. acutissima | Cerris
Trigonaspiseburneum Arizona, USA Q. gambelii Quercus
Trigonaspigpolita Texas, USA Q. sinwata Quercus
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Table 2.Distribution of taxonomic sampling across Cynipini genéggproximate number of

species based on counts from Liljeblad et al. (2008), Melika and Abrahamson (2002), Medianero
and NievesAldrey (2013), Pujade/illar et al. (2012), Melika et al. (2013), Tang et al. (2011),

Ide et al. (2012), Tang et al. (2018¢nzes et al. (2018), Pujadélar and Melika (2014),

PujadeVillar et al. (2010, 2012a, b, 2014, 201Wang et al. (2016)PujadeVillar et al. (2013),
PujadeVillar et al. (2012b), Buffington et al. (2016), and Melika et al. (2010), pers. com. G.

Melika.

Genus Approximate # spp # Exemplars
Acraspis 20 3
Amphibolips 51 1
Andricus around 260 12
Aphelonyx 3 1
Atrusca 56 3
Barucynips 1 0
Bassetia 9 0
Belizinella 2 1
Belonocnema 2 1
Biorhiza 15 3
Callirhytis 114 4
Cerroneuroterus 9 1
Chilaspis 2 0
Coffeikokkos 2 0
Cyclocynips 2 0
Cycloneuroterus 17 0
Cynips 60 4
Disholcaspis 54 22
Dros 3 0
Dryocosmus 46 2
Eumayria 5 0
Eumayriella 2 0
Femuros 7 0
Heteroeatis 12 2
Holocynips 4 0
Kinseyella 2 0
Kokkocynips 1 0
Latuspina 9 0
Loxaulus 17 0
Melikaiella 13 0
Neuroterus 73 3
Odontocynips 3 0
Philonix 7 0
Phylloteras 9 1
Plagiotrochus 21 1
Pseudoneuroterus 4 0
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Table 2Continued Distribution of taxonmic sampling across Cynipini genefgpproximate

number of species based on counts from Liljeblad et al. (2008), Melika and Abrahamson (2002),
Medianero and Nievealdrey (2013) Melika et al. (2013), Tang et al. (2011), Ide et al. (2012),
Tang et al. (208), Pénzes et al. (2018), Pujadédlar and Melika (2014), Pujad¥illar et al.

(2010, 2012a, ©013,2014, 2017)Wang et al. (2016Buffington et al. (2016), and Melika et

al. (2010), pers. com. G. Melika.

Trichagalma 3 1
Trigonaspis 20 1
Ussuraspis 1 0
Zapatella 10 0
Zopheroteras 6 0
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Library preparationtargetenrichment, and sequencing of UCBs.

Total DNA was extracted from whole specimens soaked overnight in extraction
buffer and Proteinase K. The standard DNeasy® spin column protocdGENA006)
was followed with the last step modified to result in 200uL volume. Samples were
guantified using a Qubit fluorometer (Life Technologies, Inc.) and ran on a gel to see the
size range of DNA strands.

DNA Libraries were prepared following thegbocol of Faircloth et al. (203).
DNA template was sheared using a Qsonica DNA Shearer at 25% amplitude for cycles
of ten seconds on anenseconds off for a total of 60 seconds. This gave a size range
that had been shown to work for UCE sequenciranits (Person. comrVl. Lloyd).
Sheared DNA was combined with Sé&fiag CarboxylateModified speedbead(Thermo
Scientific, Rohland an&eich 2012) in a PEG solution, incubated to allow the DNA to
attach to the bead coating, and then placed on a rareneagtiet to pull the beads/DNA
to the side wall of the tube. The samples were then washed with 80% ethanol two times
before using an elution buffer to pull the DNA from the beads. End repair-tauiting
enzyme mixtures (Kapa Hyper Prep kit, Kapa Biosyst) were added to the washed
DNA sample and underwent a thermal cycle of 20°C for 30 minutes followed by 65°C
for 30minutes and hold at 10°C to allow the end repair atailiyg reactions. Stub
adapter sequences used for lllumina sequencing were tiadeditgp the DNA using
universal stub mixture (from Glenn Lab, University of Georgia,
http://baddna.uga.edu/services_unlinked.html), ligation buffer, and DNA ligase (Kapa

Hyper Prep kit). The mixture was then resuspended in speedbeads and PEG solution.
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Samples underwent another set of two ethanol washes and then were separated from the
beads using elution buffer. The resulting samples were saved-BERrBbraries.

A PCR reaction was set up using 2X Kapa HiFi HotStart Ready Mix, water, two
coordinated dal index iTru adapters (from Glenn Lab, University of Georgia), and
15uL of the PréPCR library. The i5 and i7 adapters are unique 8bp sequences and the
combination of i5 and i7 primers is unique to each specimen for identification purposes.
The thermogycler program for the PCR reaction was 98°C for 45 seconds; 13 cycles of
98°C for 15seconds, 60°C for 30seconds, 72°C for 60 seconds; 72°C for 5 minutes; and
then hold at 10°CFor afew samples that proved more difficult to get usable
concentrations of NA from usingthis protoco] 15 cycles instead of I8ere runwith
good success.

The PCR product was then combined with more speedbeads in PEG solution and
the samples were washed with ethanatéw The resulting stub and adagtgated
DNA was elutel from the beads and saved as the-p@R library. The podPCR
libraries were checked for sequence size range to confirm it is over 300bp, by running
the samples on an agarose gel. The samples were also quantified using a QuBit
Fluorometer. Goal QuBvalues were above 5 ng/uL and these values were used to pool
samples together at equimolar ratios. Six pools of 10 samples and one pool of 8 samples
were pooled together and these mixtures were then used for target enrichment.

Pools were enriched usigcustom probe s@Ybaits from MYcroarray
developed in Faircloth et al. (2015) consisting of 2@ishegargeting 1510 UCE loci.
Protocols for the library enrichment using the MYbaits kit (MYcroarray, Inc.;

Blumenstiel et al. 2010) were followed extépe concentration of the MYbaits was

22



reduced to 0.1X andustom blocking oligosvere added Library pools were combined
with a custom Block Mix to prevent the DNA strands from hybridiziRgpbes were
combined with an RNase Block Mix to create a Captubrary. A combination of

library pook and Block mix was incubated in a thermocycler at 95°C for five minutes.
The hybridizationbuffer was then added to a different row in the thermocycler and both
mixtures incubated at 65°C for 5minutes. The Caplulorary was then added to a
different row in the thermocycler and ran &°6 for two minutes. Then the

hybridization buffer and Pool/Block mixture are transferred to the Capture libraries and
incubated at 65°C for 24 hours to allow the probes to higeridith the DNA. The
enriched pools then underwent washing on streptavidin beads (MyOne C1,; Life
Technologies) and were then added to a PCR reaction using HiFi Ready Mix (Kapa
Biosystems), P5 and P7 primers for Illlumina, and water. The thermal cycB8#as

for 45seconds; 18cycles of 98°C for 15 seconds, 60°C for 30seconds, 72°C for
60seconds; 72°C for 5 minutes; and then hold at 4°C. The PCR product was then
washed on speedbeads withatol 3 times Once the enriched, peBCR library pools
wereeluted from the speedbeads, this product is saved and used for qPCR verification of

enrichment.

Three standard dilutions were made of the enriched library pools for use in the
gPCR reaction. The reaction was set up gR@RViiA 7 (Applied Biosystems) usig
Sybr Fast qPCR Master Mix (Kappa Biosystems), Primer Premix, and each of the
standard dilutions. The qPCR values were usedltmulateconcentrations for pooling
theenriched libraryools. The pools were dried and resuspended in an amount that

allowed for equimolar concentrations across all seven pools as they are combined to
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make 100uL total volume. This final pool then underwent a final size selection that was
set to 300600bp. This gavehe final product that was setatthe High Throughput
Genanics lab at the Huntsman Cancer Institute of the University of Utah for sequencing

using Illumina HiSeq 125 Cycle Pair&thd Read Sequencing.

Processingf UCE data andohylogenetianferenced

The FASTQfiles were trimmed of low quality bases and adaptertamination
using Illlumiprocessor (Faircloth 2013) version 2.0.62@BY30. The PHYLUCE
package (Faircloth 2015) v. 1.5.02017 was used to perforaethevaassembly using
Trinity (Grabherr et al. 2011) v. r2013_02_25, identify contigs represeminched
UCE loci, create FASTA files for each locus, and align those loci using MAREIOh
et al. 2009v. 7.130b. PHYLUCE was then used to trim the alignments using Gblocks
(Castresana J. 2000. 0.91b with the following settings: b1=0.5, b2=0.5, b3434=7.

The trimmed alignments were then filtered for loci that had at least 70% representation
across the taxa. The concatenated matrix was then created for use in phylogenetic
analysis.

The CIPRES Science Gateway (Miller et al. 2010) was used for tthegemetic
analysis. The concatenated matrix was run through PartitionFinder2 (Lanfear et al.
2014, Lanfear et al. 2016, Stamatakis 2006) with the following settings: use RAXML;
branch lengths set to linked; models setto GTR, GTR+G, GTR+I+G; modei@elec
set to aicc; and search set to rclusiére best scheme from PartitionFinder2 involved
330 partitions.The concatenated matrix wased inRAXML v.8 (Stamatakis 2014p
find the Maximum Likelihood (ML) best treeith the following settingspartitioned

based on the best scheme found in PartitionFind&fR GAMMA,; rapid bootstrapping
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and the outgroup was set@iplolepisrosaeLinnaeusProportional pairwise distansg
excluding ambiguous sitewere determined for select tansing PAUP* v. 4.0b10

(Swofford 2002)

Host plant data and biogeographical realm were mapped to the tips of tree to
show patterns in those characters. The host plant data follows the classification set by
Nixon (1993) with the exception of the secti@nercuswhich is now dvided into the
sectionuercus llex, andCerris (Denk and Grimm 20095tochastic character
mapping was done using Phytools package in R v. 3.4.1.

Resultsand Discussion

The total number of loci captured per specimen ranged frofil®2% with an
avera@ of 956. The reduced concatenated alignment 426840bp long and included
946 loci. The loci were an average of 450 bp lo®yerall the topology found in this
study is well supported with the bootstrap proportions all being 75% or larger with most

values being 100% (Fig. 7).

Character mapping.

Biogeographical realm is mappedto the UCE tree in Fig.. The stochastic
character mappingeakly to moderatelguggests &learcticorigin for Cynipinibased
on the taxa sampledhis isnotconsistent with Liljeblad et al. (88). Theposterior
probabilitiesfor the ancestral state reconstruction at the base of Cyfepioi a
Nearctic originwith five lineages switching over to thalearcticrealm.

Host plant data was also mapped to the UCE tree but there is so much host
variation at the base of the tree that the rhodald not predict a particular host so it is

not shown. Perhaps with more taxon sampling at the base of the Cynipini tree, ancestral
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states will become more apparent. This study sampled some of the species with
particularly odd hosts and they all camé near the base of the tree. There are multiple
lineages that evolved to attack hosts inGheercus Lobatae andProtobalanussections
as well as multiple lineages that alternate hosts.
Higher levelrelationshis.d

Within Cynipini as sampled here glbasal divergence separabgscholcaspis
spectabilisfrom all othergFig. 8,node 1bootstrap percentage [BR]100). The
problem with this species is that we know that it morphologically does not belong within
DisholcaspigMelika and Abrahamson 20@hdChapterll) but where it does belong
has been somewhat of a mystery since our understanding of its phylogenetic placement
keeps changing. Rokas et al. (20BR). 3 was the first study to include this species in a
phylogeny and they found this spesito be closely allied witBiorhiza pallidaand
Trigonaspis nearCynips Liljeblad et al. (2008Fig. 4 had this species deeply nested in
their phylogeny and in their Protobalanus/Lobage@up withHeteroecus pacificys
Eumaryig Andricus hastatysand Amphibolips Nicholls et al(2017, Fig. 6 showed
this species to be an early branch within Cynipini but not sister to the rest of Cynipini.
This new hypothesis based on the UCE analysis shows that this species is quite distant
from all other speciem Disholcaspisand from the other species in this analysis known
from hosts in the sectiddrotobalanus

The UCE phylogeny showed a monophyletic Nearctic Lobgtaap Fig. 8,
Node 15BP = 100)that comprises oAmphibolipsand the Nearcti€allirhytis. Sister
to that groupingFig. 8,nodel4, BP = 100)s a large monophyletic white oadtoup

(Fig. 8,node 18, BP = 10Ghat is largely known from hosts in the sect@uercus
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This clade was also documented in Stone et al. (95 and was visile on the host
data mapped tree in Liljeblad et al. (20@@e not shown ThemainAndricusclade is
at the base of thehite oakgroup being sister to the rest of the claig(8,node 18,
BP = 100).

Previous studies found a monophyletic group ofege referred to as ti&ynips
group, however the current study found this grouping tpdbgphyletic. The UCE
phylogenyshowed theCynipsgroup to be divided into two lineages, here referred to as
the Palearcti€ynipsgroup and the NearctiCynipsgrow (Figs. 7,9). Interestingly,
both groups include species fra@ynips Trigonaspis andBiorhiza The Nearctic
Cynipsgroup Fig. 8,node 34, BP = 100) also includ&suscaandBelonocnema
similar to Liljeblad et al. (2008). However, they also inclideraspisin their Cynips
group, whichis excluded from this group in the UCE phylogeiijze Cynipsgroup
occurred in multiple previoushglogenies (Rokas et al. 2003, Ronquistle2@15,
Lilieblad et al. 2008 Rokas et al. (2003, Fig. 3) found ti@amips quercusfoliiis
closely allied withBiorhizapallida (Oliver) and Trigonaspisn agreement with the
current study however they also included the spdaigisolcaspigAndricug spectabilis
in this group. Ronquist et al. (2015, tree not shown) alsod@ynipsto be closely
allied with TrigonaspisandB. pallidabut alsoNeuroterus numismaligle Fourcroy.

Previous studies foundNeuroterusgroup comprised dfleuroterus
Trichagalma Aphelonyx, Plagiotrochus, Dryocosmus, Chilaspig]Pseudoneurotes
(Liljeblad et al. 2008, Rokas et al. 2003, Stone et al. RORbst taxa from these genera
are grouped together in the UCE analy&ig(8,node 2, BP = 100). However, this

group as a whole is found to be polyphyletic due to blethroterusandDryocosmus
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being polyphyletic and having species outside of this core clade. This is in agreement
with Nicholls et al (2017). The Nearctieuroterusare found to be sister to the

PalearcticCallirhytis (Fig. 8,node 7, BP = 100).

Phylogeneticeview of exsting generad
AcraspisMayr

The monophyly oAcraspishas not previouslipeen tested. The UCEs showed
the threeAcraspisspecies sampled to be monophyletic and sistdrespecie®.
corallina (Bassett)which is known to not belong withiDisholcasps morphologically
(Melika and Abrahamson 2008jigs. 7, 9).

AmphibolipsReinhard

Only the morphological phylogenetic study from Liljeblad et al. (2008) has
previouslysampled fromAmphibolips They placed it in the Protobalanus/Lobatae
group. Thecurrent studyshowedAmphibolipsto be closely allied with the Nearctic
Callirhytis. It should be noted th&allirytis quercuspomiformigs sister toAmphibolips
guercusracemarigAshmead)nstead of grouping with the other Neard@allirhytis
supporting theroposed transfer @fuercuspomiformito Amphibolipsby Melika and
Abrahamson (2002). However, while transfer of this speciésrphibolipsvas
discussed in that paper, the new combination never occurred in text so this species
remains inCallirhytis. General collection specimens were examined for
guercuspomiformiand it is in agreement withmphibolips Basedon the
morphological evidence provided Melika and Abrahamso(2002) and thetong

phylogenetic placement of this species in the UCE anatysisspecies is hereby
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transferred téAmphibolipsasA. quercuspomiformigBassettomb. nov.This makes
the NearcticCallirhytis monophyletic and sister #amphibolipg(Figs. 7, 9).
AndricusHartig
Andricusas a whole is polyphyletic. It is shownitelude at least two Palearctic
lineages and four Nearctic lineages (Fig. Bne Palearcti@ndricusare polyphyletic
with at least two lineages
Multiple studies (Nicholls et al. 2017, Rokas et al. 2003, Stone and Cook 1998,
and Stone et al. 2009, Figs 3,5 6) concluded that withiAndricusthekollari group
(represented here [y kollari (Hartig)) is more closely related to timeayri clade
(represented here [y grossulariagGiraud than to thdecundatorclade (represented
here byA. curvatorHartig, A. kashiwaphilug\be, andA. quercusramul{Linnaeus)) and
the current study is in agreement based on the few taxa from these groups that were
included in this analysis. However, the species in the UCE analysis that represent the
fecundatorclade showd a monophyletic relationship but these same three species were
previously thought to have a paraphyletic relationship based on Rokas et al. (2003, Fig.
3).
AphelonyxMayr
Only one speciesf Aphelonyxwas includedn this study It was found to be
siger toCerroreuroterus vonkuenburgDettmer) andlrichagalma serratagAshmead)
(Figs. 7, 9).
AtruscaKinsey
All three Atruscaspeciesvere strongly grouped togethefhey were sister to

the rest of the NearctiCynipsgroup (Fig. 7).
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BelizinellaKovalev
Only one species represen@elizinellain this study but it was the type species
for the genus. It was nested in @Bgnipsgroup(Fig. 2).
Belonocnemdayr
Belonocnema quercusvireri®stenSacken)vas the only species sampled in this
genus. It was found to be nested within the Nea@ygipsgroup (Fig. 7).
BiorhizaWestwood
Biorhizawas $iown to be polyphyletic withato Nearcticlineagesand one
Palearctic lineage. THeearcticspeciesB. trimaculosun{McCracken and Egberiyas
sister to the Nearctic Cyniasd the specidd. eburneunfBassett) was sister to its
previous conager Trigonaspis (Xanthoteras) polita (Bas$é)PalearctidB. pallida
(Oliver) wasplacedin the Palearcti€ynipsgroupsister toBelizinella gibberaKovalev
(Fig.7). It therefore appeatisatby encompassing species acrossHb&arcticrealm
this genus ideing made polyphyletic
Callirhytis Foerster
Callirhytis was shown to be polyphyletic (Figs. 7, terestingly he Palearctic
species sampled. erythrocephalgGiraud) grouped with the NearctiC. tumifica
(OstenSacken) This make<Callirhytis the only genus to have a Nearctic ance®aitic
speciesn the same lineagerhey were sister tthe NearctidNeuroteus The Nearctic,
C. perfoveatdKinsey) andC. serricornis(Kinsey), were a separate monophyletic
lineage more deeply nested in the tree. These two speeresegardetly Melika and
Abrahamson (2002) dselonging inAndricusbut they did not make a formal new

combination Our results show that they do not group with any subs&ndficus thus,
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a new genus will likely need to be describedtfam These two taxa wemdso sister
to Amphibolips It was considered wheth€r perfoveatandC. serricornisshould also
be transferred tdmphibolipsas well in order to mak€&allirhytis monophyletic,
however, theylo not belong ilmphibolipsmorphologicallybased on Melikand
Abrahamsondés (2002) characterization of t
CerroneuroterudMelika and Pujadéd/illar

Cerroneuroterusvas represented by only one taxon. It was found sister to

Trichagalma serrata@nd nested within the coRseudoneuroterugroup (Fig. 2).
Cynips Linnaeus

In our analysistis genus casistsof at least 3 lineages (Fig., ©®ne Palearctic
and two NearcticThe Europeaynipswere represented I§y. quercusfoliwhich came
out sister to the Europedmigonaspist+ Biorhiza The Nearctic taxa sanga were also
polyphyletic with one lineage representedGymirabilisKinsey and the other b9.
douglasii(Ashmead) ane€. quercusechinu®stenSacken. All threef these Nearctic
speciewere transferred t€ynipsfrom BesbicuKinseyandAntron Kinsey which were
both synonymized witiCynipsby Melika and Abrahamson (2002). It is likely that
AntronandBesbicuswill need to be revivetb define a monophyleti€ynips

Disholcaspidalla Torre and Kieffer

A polyphyleticDisholcaspissensu latavas sipported byour data (Fig. 7).
However,as previously reporteid Nicholls et al. (2017, Fig. 6) the morphologically
A t y p Dishaldagpigsynapomorphies include incomplete notali, scutellar foveae
generally absent, propodeal carinae curved, propodeabe broken, gradually tapering

hypopygial spine that is at most 4.5 times as long as wide, hypopygial spine with long
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subapical setae reaching beyond the apex of the spine, and hypopygial spine setae not
forming a tuft.) arenonophyletic (100% bootstragupport, Fig. 7). This iBisholcaspis
sensu stricto (Fig. 7). There were at least 3 other lineages representing the other species
currently inDisholcaspisut known to differ from the rest of the genus morphologically
(Fig. 9). These threelineagelso t h e A rDismolcasgsaresCa ¢o@llinawhich
was sister td\craspis D. chysolepidig Be ut e n m Dl ldsie, andD. gpectalsilis
AcraspisandD. corallinawere found to be sister @isholcaspissensu stricto

The unidentified. sp. E65 andD. sp. E64 likely represent undescribed species.
They were both from nippikess globiar stem galls similar t®. quercusglobulubut
they were found oQ. stellataWWwangenheim which is not a known host Ear
guercusglobulusThese two species probably would have been identifi€d as
guercusglobulusasel on the galls alone but onBishdcaspissp. E65 is particularly
closely related t®. quercusglobulusThis in addition td. quercusglobuluappearing
to be a paraphyletic complex based on cytb and ITS2 data (ChHapserggest that this
species and any species wsimilar galls need to be revised. This may be a good
starting place for revising that genus.

DryocosmusGiraud

Dryocosmusvas polyphyletic irourtree (Figs. 7, 9). More species should be
sampled but the areat least twaseparatéineagescurrently inthis genus, Neatic and
Palearctic. The Nearctic lineage is sisteHtieroecusand the Palearctic lineage was
sister toPlagiotrochus/Aphelonyx/Trichagalma/Neuroter@se or the other of these

lineages will need to comprise a new genus, or, each could be foldethiat@enera
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HeteroecuKinsey.
Only H. pacificuswas sampledit was placedistergroupto the Nearctic
DryocosmugFigs. 7, 9.
NeuroterusHartig
Neuroteruds extensivelypolyphyletic (Figs. 7, 9)The two Nearctic species are
grouped with each othand then tolte Palearcti€allirhytis. However, they are only
distantly related to their Palearctic congener. The genus will require extensive
reclassification.
Phylloteras Ashmead
Phylloteras was represented lonly one taxon. It was found sister teetthird

lineage of Nearcti&ndricus(Fig., 9).

PlagiotrochusMayr
Plagiotrochuswas represented lmnly one taxon. It was sister to
Aphelmyx/TrichagalmaCerroneuroterus vonkuenburgkigs. 7, 9).
TrichagalmaMayr
Trichagalmawas represented lonly one axon. It was found to be sister to
Cerroreuroterus vonkuenburgkig. 7).
TrigonaspisHartig
Trigonaspiswasrepresented by only one tax(figs. 7). It was found to be

sister toBiorhiza eburneuniBassett)

Relationshipswithin Disholcaspid
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Disholcaspisvas already known to be polyphylefialjeblad et al. 2008 and
Nicholls et al. 2017) Melika and Abrahamson (2002) discussed a subset of species
genus t hat Dhwleaspms@&risu sinetd ncofphologically but they were
placed into or left in theanusprovisionaly. This subset include. chrysolepidis
(Beutenmuller)conalisWeld, corallina (Bassett))Jasia (Ashmead) plumbellaKinsey,
reniformisMcCracken andegbert,spectabilis sulcata(Ashmead), an@vashingtonensis
(Gillette). Of the speciesised in the UCE phylogeny, oy lasiaandD. chrysolepidis
grouped together (Fig. 8, node 46, BP = 1(Disholcaspis coralinavas found to be
sister toAcraspis(node 48, BP = 100) aridl. spectabilisas mentioned earlier, was
found to be at the bagéd the Cynipini tree.

Within Disholcaspissensu strictathe unidentifiedDisholcaspisp. E64, which
was collected fron®. stellataWangenheinin Mississippi, was found to be sister to the
rest of the species sampled (node 51, BP = 100). The nektrawohes were both
Californian taxapD. eldoradensigBeutenmiilley andD. simulataKinsey. The
remaining taxa seem to group together basegeographical locatianFirst,D.
guercusvirengndD. cinerosawhich are both from hosts isolated to the Southe
U.S.A,, grouped together (node 55, BP = 100). Next, the species from the Southwestern
stateqColorado, Utah, Arizondjlew Mexicq and Western Texagrouped together
(nodeb8, BP = 100) The third geographic grouping of species was from the broad
range of theEastern U.S.Aincluding Eastern Texas (node 65, BP=100je specie®.
perniciosa(Bassett) is the exception to these geographical groupings since it is a

Southwestern species but it was sister to the Eastern U.S.A. group.
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The sister group tBisholcaspissensu stricto has also been debatdue
morphological phylogenetic analysis in Liljeblad et al. (2088)cluded that the
Disholcaspissensu strictgrepresented by the type spedisjuercusglobulufFitch])
were closely allied witi\pheloyx cerricola(Giraud) The UCE analysi§Fig. 7)
instead puté\. cerricolawith the Cerroreuroterus vonkuenburgbettmer)
Trichagalma serrata¢Ashmead)Plagiotrochus quercusilici§Fabricius) and
Dryocosmus kuriphilusvhich are all distant to thBisholcaspissensu strictoNicholls
et al (2017, Fig. 6) had the sister groufisholcaspissensu stricto as a polytomy
includingAcraspis t h e i rDsholcagpsiAndriclisibuckeensigAshmead)
which used to be iDisholcaspigDailey and Menke 1980andAndricusfullawayi
Beutenm¢gl | er . The UCE data r edamapised some

Disholcaspiscorallina sister toDisholcaspissensu strictdFig. 7).

Distance analyses.

Proportional pairwise distances excluding missing/aondnig sites were
examined between specimens of the same species to get af hdeamuchthe UCE
loci vary at thidevel. The largest pairwise distance seen within a species was seen
between the twéleteroecus pacificuspecimens at 0.5682% different ass 318,903
characters. The pairwise distance seen between thBishiolcaspis cinerosgBassett)
specimens was 0.0920% different across 379,398 characters. These two specimens came
from two different species of host pla@}, virginianaMiller and Q. fusformis Small.
The pairwise distances seen witlRinrubengGillette) ranged from 0.1459.1589%

different across 32B95 characters. The specimeisholcaspisnr._rubenswas a Utah
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specimen that match&s rubensmorphologically but had conical insteatiglobular
shaped galls. It was found on the same host plabt aghens Q. gambeliiNuttall and
Liebmann. This specimen was shown to be 0.1421% different from
Disholcaspis_rubengE56which was a typicaD. rubensspecimen from Colorado. It
was alsd.1716 0.1926% different from the two typicBI. rubensspecimens from
Arizona. The phylogeny grouped the Colorado and Utah specimens together and the
Arizona specimens together suggesting that this method can determine population or

species complex relamships.
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Figure 7. Maximum Likelihood best tree for Cynipini UCE
data with Diplolepis rosae as outgroup. Nodes are numbered
(left of slash) for discussion purposes. Only bootstrap values
(100 reps) below 100% are listed (to the right of slash).
Biogeographical realm is mapped on the tree with blue being
Palearctic and black Nearctic. Host plant data is mapped at

the tips; host plant data that is split between two colors
indicates species that alternate host plants between generations.
Taxon names reflect taxonomic changes in text. Posterior
probabilities for individual nodes in the character state
reconstruction that were under 0.75 are graphed on those nodes
as pie graphs.
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Fig. 8.Cladogram based dvlaximum Likelihoodanalysis ofCynipini UCE data with
Diplolepis rosaeas outgroup. Numbesbove branchesre bootstrap values (100 reps)
Nodes within Cynipini are numberéelow branchefor discussion purposeBinomial
names reflectaxonomicchanges made in text.
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Fig. 9.Cladogram of the genera in Cynipini based on UCE data.
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Concluding Remarks

The UCE data provide remarkably strong resolution in a group in which
morphology has been exceptionally tusing. Our data show tha&ndricus Biorhiza,
Callirhytis, Cynips DisholcaspisDryocosmusandNeuroterusare all polyphyletic.
Some of these relationships may be due to recent taxonomic movement between genera
but it is obvious that moimlogy based taxonomy in Cynipini is problematic. The
genera with Holarctic distributiongerepolyphyleticwith the Nearctic and Palearctic
species being distantly relateRevisions of thesgroupsare needed. The combination
of UCEs and greater taxa@ampling in the future would result in a clegpicture of
how many new genera need to be established to correct the polyphyletic genera.

Using ultraconserved elements and their flanking regions as phylogenetic
markers within Cynipini has been showrrécover relationships that past studies have
found while also resolving other relationships that were previously uncertain. This
method can be used in its entirety or perhaps particularly variable regions can be filtered
as loci that can be used for rewaisipurposes. One concern that may need to be
addressed is that the UCE method has been shown in amniotes to recover almost the
entire mitochondrial genome (Amaral et al. 2015). This can be concerning since
mitochondrial loci have been shown to have peoid delimiting species in Cynipini due
to hybridization between species (Nicholls et al. 2012). Whether mitochondrial loci are
abundant and how these effect the topology ©EWata may need to be explored,
though the large amount of nuclear dstiauld be numerically overwhelming the
analysis.
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ChaptCornt3:i buti obbiss h @|Dtad bpaig & n u s
and Kieffer

Abstract

The genudisholcaspigHymenoptera: Cynipidae: Cynipini) is of interest for
future revision because it is polyphyletic. This study sought to begin the imaging and
research needed to support the revision. During this prduesstiological and
taxonomic contributions were discovered and a large ifbaged dataset was
established. The first two contributions are the descriptions of the sexual generations for
D. mamillanaandD. prehensa These generations are identified gsancombination of
molecular and host plant data. The third contribution is the new spi#istesicaspis
erugomamm&ooken. sp. from Texas. Lastly, the locations for the various type
specimens and image data for a majority of the species in the genuesented with
discussion about the overall morphology of the genus.
Introduction

Oak gall wasps (Hymenoptera: Cynipidae: Cynipini) are obligate parasites on
oaks (FagaceaQuercu$ that induce tumalike growths called galls. The gall is
thought toprovide nutrition and protection for the developing gall wasp larva until it
completes its development and leaves the gall as an adult. There is a wide diversity of
gall morphologies across the group as a whole, and the gall morphologies are often
speciesspecific or even generatiespecific (Stone et al. 2002).

The Nearctic Cynipidae were largely studied before 1950. This means that most
taxonomic studies in this group were performed prior to the conception of what we

know as phylogenetic systematicsefihig 1965). These genera and species were
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described with minimal morphological descriptions, without modern imaging, based on
only half of the lifecycle, and relationships were often inferred based on gall
morphology rather than wasp morphology. Thesated monstrous polyphyletic genera,
namelyAndricus Callirhytis, andNeuroterugMelika and Abrahamson 2002). These
genera have become chaotic awilll likely need to be revised in portionshé&reforel
propose starting with comparatively smaller gertbed areknown to have need for
revision Disholcaspidits these criteria and h&sological characteristics that make it

an appealing group to research.

As with most galinducing insects, oak gall wasps have a high level of host
specificity, generallynly attacking a single or few closely related species of host plant
(Stone et al. 2002). Some gall wasp species alternate hosts between generations
(heteroecy) as well, but this is limited to two Western Palearctic groups in the genera
AndricusHartig ard Callirhytis Forster (Askew 1984, Folliot 1964, NievA&drey
1992, Pujadd/illar et al. 2005, Stone et al. 2002, Stone et al. 2009).

Most oak gall wasps are heterogonous, with a strict alternation between an
asexually reproducing generation followedabgexually reproducing generation (Stone
et al. 2002). Not only are the gall morphologies generally different between generations
but also the wasp morphologies are different between generations as well which has
probably led to generations having beencdegd as separate species (Pujsdiar et
al. 2001, Stone et al. 2002). Accurate association of the two generations can be a

complicated process traditionally done by experimental rearing.

48



Disholcaspisd

Disholcaspiss a relatively large genus o&k gall wasps with 54 species (Table
3) (Burks 1979, Medianero and Nievekirey 2011, Melika and Abrahamson 2002,
Melika et al. 2011, Pujad¢illar et al. 2009, Pujad¥/illar et al. 2010) ranging from
Canada to Panama. The genus was first established thednaméolcaspisMayr
(Mayr 1881). Thouglibisholcaspishas never been fully revised, Beutenmiller (1909)
produced a summary of the species with notes on taxonomic histories, wasp
morphology, gall morphologies, host plants, and plates depicting déiigpublication
listed 23 species, of which 16 remain valid. Dalla Torre and Kieffer (1910) discovered
subsequently that the narklelcaspiswas preoccupied in Coleoptera and proposed
Disholcaspisas a replacement.

The most prolific contributor to the geswas Alfred Kinsey. From 1920938,
Kinsey described 16 species currently witbBisholcaspigKinsey 1920, 1922a, 1922b,
1937, 1938) and organized 17 manuscript names that were found in the Kinsey
collection at theAmerican Museum of Natural HistorAMNH). Some of these
manuscript names were mentioned in publications (Kinsey 1942) as manuscript names
and assigned species complexes. However, while these species complexes were
discussed, correlating morphological traits were not defined. The secongnoldist
contributor to the genus was Lewis H. Weld. Between 1921 and 1957 he described 12
species (Weld 1921, Weld 1926, and Weld 1957).

The most recent morphological treatment of the genus came from Melika and
Abrahamson (2002) who gave a morpholagimverview of howDisholcaspisensu

strictois diagnosed from related genera and margbnicusCockerel| lasius
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Ashmead reniformisMcCracken and EgberspectabiliKinsey, andapiei Kieffer into
Disholcapsis All but lapiei (PujadeVillar et al. 210), are still in the genus and all
exceptarizonicuswere includedy Melika and Abrahamson (200@) a subset of

species that differ morphologicially froBisholcaspissensu strictdut are kept in the
genus provisionallySome of the species in thidxset have been shown to make the
genus polyphyletic using either morphological (Liljeblad et al. 2008) or molecular data
(Nicholls et al. 2017Chapter [). Melika et al. (2013) later suggested that there are
actually 3 lineages within the genus includangeparate group for the spedies

spectabiligKinsey).

Disholcaspissensu strictattack white oaks in the sectiQuercusA few of the
species in the subset that are thought to be different from the @istholcaspisare
known to attack oaks in ¢hsectiorProtobalanugBurks 1979, Melika and Abrahamson
2002). The only other exception is tiatpersimilis( As hmead) has Abl ackj
written on its label which is the common name for the red@atkarilandica
Minchhausen in the sectiorobatae Nixon 1997. Some species are only known from a
single hosspeciesvhile others are apparently capable of attacking numerous hosts. So
far, the sexual generations witlHisholcaspishavealwaysbeen found on the same host
plants as the asexual generatiBird et al. 2013, Evans 1972, Frankie et al. 1977,
Melika et al. 2013, McEwen et al. 28)1

The sexual generations withibisholcaspishave mostly remained undescribed
apart from a few relatively recent updatdse first species to have the sexual
gereration discovered and described Ra®ldoradensigBeutenmiiller) (Evans

1972). The sexual generation BX. cinerosa(Bassett) was then discovered and its
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biology published in 1977 (Frankie et al. 1977), though a morphological description was
never pulikhed for this speciesl’he morphological and biological descriptions for
guercusvirengAshmead) and. quercusmamm@NValsh and Riley) were published
over 35 years later (Bird et al. 2013, Melika et al. 2048wen et al. 2016 They
used both tratibnal rearing experiments as well as genetic data to associate the sexual
generations with their corresponding asexual generatigirnget al. 2013, Melika et al.
2013,McEwen et al. 2016 A large amount of genetic data has recently been released
for otherDisholcaspisspecies (Nicholls et al. 2017) and offers help in determining
species identifications for sexual generations. This study seeks to use this data to infer
identifications without the need for time consuming rearing experiments.
Molecular Speies Identification€

Del i miting species using DNA data is of
et al. 2003) . Nicholls et al. (2012) deter
morphospecies in Europeamdricusdue to hybridization with exteive backcrossing
They also showed that a multilocus approach including nuclear loci could successfully
delimit those same species. Since then research idtbiholcaspishas used the
ribosomal internal transcribed spacer region 2 (ITS2) as a nuctesrdaoccompanied by
mitochondrial cytochrome b (cytb) to infer conspecific relationships between sexual
generations and asexual generatidvislika et al. 2013McEwen et al. 2016

In preparation for eventual revisidireld work and lab work wreunderaken in
an effort to increase the current knowledge of the genus. Contributions to the genus
occurred in two ways; first by adding to our understanding of the morphology of the

sexual generations and by adding a new species. The second way that this study
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contributes to the genus is that the current locations of all the type specimens were
examined and the majority of the species were imaged. This increases the foundation of
data surrounding this genus, bringing it one step closer to being ready famevis
Methods
Specimen collecting

Galls were collected from across the United States of Amduadag 20132017
and when possiblewere stored individually until the wasps emerged. Wasps were
transferred to either ethanol or RNAlater until they cddsle their DNA extracted and
be preserved.
Taxonsanpling.d

Various sexual generation specimens and one asexual generation specimen were
reared and needed molecular identification. Identified taxa from GenBank (Table 2)
were chosen to compare to thedemtified specimens based on whether they shared at
least 97% sequence identity using BLAST and individual sequences were chosen based
on whether a single specimen had both cytb and ITS2. Some comparison sequences
were excluded because they were identic@ther comparison sequences being used.
All comparison sequences used were from Nicholls et al. (2017).

For the preparation of the genus for eventual revision, the majority of species
were chosen for imaging (Table 3). The United States NationadaugUSNM) and
the American museum of Natural History (AMNH) contained the most types for the
genus and imaging efforts were concentrated on those specimens. The newer Central
American taxa weraot imagedsince their descriptioraready provideanodern

imaging.
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Molecularanalysis &

Eighteen sexual generation specimens ancaserual generation specimen were
sequenced for this study. Total DNA was extracted from whole specimens soaked for a
minimum of 2 hours in proteinase K and extraction buffer. DNeasy ® tissue kit
spin column protocdlQIAGEN 2006)was followed except the last elution was not
repeated to maintain higher DNA concentration in the extract. Two genes, cytb and ITS2
(following McEwen et al. 201and Melika et al. 2013) were amplifiegding the primers
and thermal cycling conditions listed in Table 1. Two different thermal cycling
programs were used for ITS2 and both were successful. The second ITS2 thermal
cycling program was a touchdown program that decreased the annealing teragmsratur
1° C each cycle. Polymerase chain reaction (PCR) product was processed and
sequenced at either the Beltsville Agricultural Research Center or at the Smithsonian
Laboratory of Analytical Biology Washington, DC. There were four specimens that
only hadITS2 data (USNMENT00961702, USNMENT00961954,

USNMENT00961465, and USNMENT00961466).

Sequences were trimmed and forward and reverse consensus sequences were
generated and aligned, using Geneious ® v. 9.1.5. Comparison sequences were obtained
through NCBIGenBank (Table 2). Genes were aligned and then concatenated using
Geneious. Data was run through RAXML v.8 (Stamatakis 2014) on the CIPRES Science
Gateway (Miller et al. 2010) with the settings GTRGAMMA, rapid bootstrapping,
partitioned by locuand codorposition with 100 bootstrap replicatesnd the outgroup
was set td. spongios&arsch following Nicholls et al. (2017). All specimens were

included in a proportional pairwise distararalysis, excluding ambiguous sitasing
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PAUP* v. 4.0b10 (Swoffor@002) for each individual gene and the concatenated

alignment.

The sequence data was evaluated using three criteria. First, the phylogeny (Fig. 1) was
used to determine which sexual generations were forming a monophyletic group with a
single species.e&tond, the observed maximum intraspecific distance was determined

and used as a relatedness cutoff for determining species identifications. This criterion
was met if there was only one species within the cutoff. In cases where there are more
than one spaes found within that cutoff, host plant data was used to help determine to
which species the sexual generation belongs. Specimens that share a host plant with
another species that has not yet been sequenced required a more conservative approach.
For these cases, a third criterion was used in whdtimens had to have zero distance

between sequences to be considered conspecific.

54



Table 1. Primers used for PCR amplifications of cytochrome b (cytb) and the ribosomal internal transcribed spacer Z&@&2) in
Disholcaspisvasps.

Source Cycling Conditions
Primer Sequence Denaturation Annealing Extension
cytb Jermiin and Crozief1994) 94° C 46° C 72° C
CB1 g(? TATGTACTACCATGAGG/ (30sec) (30 sec) (40 sec)
0
CB2 56 ATTACACCTCCTAQGAAT , x35 cycles
ITS2 Campbell et al(1994 94° C 55°C 72°C
ITS2f 56 TGTGAACTGCAGGACAC, (45sec) (45 sec) (90 sec)
ITS2r 56 AATGCTTAAATTTAGGG(-or- x29 cycles
92° C 58° C 72° C
(10 sec) (15 sec) (1.5 min)
-1° C ea. cycle x13 gycles
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Table 2.Disholcaspisspecimensnalyzedandtheir GenBank accession numbers for
cytb and ITS2.Asterisks denote specimens previously identified and sequenced by
Nicholls et al. (2017). Remaining specimens were newly collected and sequenced for

this study.

Specimen

Accession Number

D_edura_Disedu3*

KX683528, KX683718

D_edura_Disedu9*

KX683530, KX683719

D_edura_Disedul6*

KX683525, KX683716

D_eldoradensis_Diseld2*

KX683639, KX683720

D_eldoradensis_Diseld4*

KX683533, KX683721

D_eldoradensis D&d7*

KX683534, KX683722

D_insulana_Disins1*

KX683535, KX683723

D_insulana_Disins2*

KX683536, KX683724

D_mamillana_Dismam3*

KX683541, KX683729

D_mamillana_Dismam6*

KX683542, KX683730

D_mamillana_Dismam8*

KX683544, KX683732

D_mamillana_Dismam11*

KX683539, KX683727

D_mellifica_Dismell*

KX683547, KX683735

D_mellifica_Dismel8*

KX683549, KX683736

D_mellifica_Dismel12*

KX683546, KX683734

D_pedunculoides_Disped4*

KX683553, KX683739

D_pedunculoides_Disped5*

KX683554, KX683740

D_pedunculoides Disped15*

KX683550, KX683737

D_pedunculoides Disped18*

KX683551, KX683738

D_perniciosa_Disperl*

KX683555, KX683741

D_perniciosa_Disper3*

KX683557, KX683743

D_prehensa_Disprel*

KX683559, KX683745

D_prehensa_Dispre3*

KX683560, KX683746

D_pruniformis_Disprul*

KX683561, KX683748

D_quercusglobulus_Disqgl1*

KF554466, KF554484

D_quercusglobulus_Disqgl2*

KF554467, KF554485

D_quercusglobulus_Disqgl3*

KX683562, KX683749

D_quercusglobulus_Disqgl4*

KX683563, KX683750

D_quercusmamma_Disgma2*

KF554459, KF554475

D_quercsmamma_Disgma4*

KF554460, KF554477

D_quercusmamma_Disgma6*

KF554455, KF554469

D_quercusmamma_Disgma7*

KF554462, KF554479

D_quercusmamma_Disgma9*

KF554464, KF554482

D_quercusmamma_Disgmal0*

KF554465, KF554483

D_quercusmamma_Disgmall*

KF554456, KF554470

D_quercusmamma_Disgmal6*

KF554457, KF554472
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Table 2 continuedDisholcaspisspecimens analyzed and their GenBank accession
numbers for cytb and ITS2. Asterisks denote specimens previously identified and
sequenced by Nicholls et al. (2017). Remainipgcemens were newly collected and

sequenced for this study.

Specimen

Accession Number

D_quercusomnivora Disgom2*

KX683565, KX683751

D_quercusomnivora Disqgom3*

KX683566, KX683752

D_quercusvirens_Disgsul*

KF039986, KFO40003

D_quercusvirens_Disgsu4*

KF03%88, KF040004

D_quercusvirens_Disgsu6*

KF039989, KF040005

D_quercusvirens_Disqvi8*

KF040001, KF040009

D_quercusvirens_Disqvil0*

KF039992, KF040007

D_quercusvirens_Disqvi24*

KF039997, KF040008

D _rubens_Disrub2*

KX683570, KX683756

D_rubens_Disrub6*

KX683574, KX683760

D_rubens_Disrub24*

KX683569, KX683755

D_rubens_Disrub40*

KX683571, KX683757

D_simulata_Dissim6*

KX683578, KX683764

D_simulata_Dissim10*

KX683576, KX683762

D_spissa_Disspi8*

KX683586, KX683772

D_spissa_Disspil5*

KX683583, KX683769

D_gissa_Disspi21*

KX683584, KX683770

D_spongiosa Disspo3*

KX683589, KX683775

101_010_370_USNMENTO0096165

MG190055 MG192111

101_010_379_USNMENTO009618¢

MG190056 MG192112

101_010_389_USNMENTO0096157

MG190057MG192113

101_010_409_USNMENT009618]

MG1900%, MG192114

101_010_458 USNMENT0096194

MG190059 MG192115

101_010_636_USNMENT0096176

MG19006Q MG192116

101_010_637_USNMENT009614E

MG190061 MG192117

101_010 642 _USNMENT0096192

MG190062 MG192118

101_010_704_USNMENT009615¢

MG190063 MG192119

101 010_706_USNMENTO0096176

MG190064 MG192120

101_010_758 _USNMENTO009617

MG190065 MG192121

101_010_784 USNMENTO0096154

MG190066 MG192122

101_010_786_USNMENT0096195

MG190054 MG192110

101_010_369_USNMENT009617(

MG190067

101_010_405_USNMENT0096195

MG190068

101_010_601_USNMENT009614¢

MG190069

101_010_608_USNMENTO009614¢

MG190070

USNMENT00961585_JLM0570

MG190071 MG192123

USNMENTO01231547_EI20

MG190072 MG192124
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Morphological Analysisd

Insect specimens were point mounted or card mounted usitigsgel. Sexual
generation specimens and one asexual generation specimen went through DNA
extraction before being mounted for preservation. Color photos were taken using an
EntoVision micreimaging system with a Leica M16 zoom lens and JVGU 3
CCD digital video camera attached to a M16 column on a W8 8fereo microscope
Whole, point mounted, uncoated specimens were imaged using a Hitachi TM3000
desktop scanning electron microscope (SEM) set to charge up reduction and used in
Analy mode. Imagewill be deposited on morphbank prior to publishargl new
specimens were deposited at USNM with the barcodes listed in Table 2.

Type specimens were in most cases tracked down and requested. The most
recently described Central American species wereatptasted since they were already
imaged. Museum codes listed in Table 3 are based on the original descriptions or if
needed, updated to modern museum codes following Evenhuis (2017).

Host plant vouchers were attempted for all collected galls. However aidahe
pl ant samples were delicate young spring
transportation and were too badly damaged to be preserved. Samples that survived were
pressed and mounted on-1/2 x 161/2 inch herbarium paper using waseiuble gle.
Identifications were made in the field and iomed in the lab using the ke Nixon
(1997). Host plant vouchers were deposited in the Norton Brown Herbarium at the
University of Maryland (MARY).

Terminology for morphological features follows MelikzZD06) and the

Hymenoptera Anatomy Ontology Portal
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(http://portal.hymao.org/projects/32/public/ontology/). Antennal segment length ratio
arepresentedsscape:pedicel:F1:F2:F3:F4:F5:F6:F7:F8:F9:F10:F11:F12. Lateral
ocellus width was measured by its loageidth. Mesosoma length was measured
laterally from the anterior margin of the pronotum collar topgbsteriormosttip of the
scutellum, and height measured perpendicular to that from the top of the mesoscutum
through the anterior 1/3 of the tegulahe lower mesopleuron. Mesoscutal width was
measured by the longest width which is just anterior to the tegula.
Results
Molecular analyses

There was no barcode gap seen in either gene or in the combined matrix. There
are numerous species that haveirispecific distances smaller than the maximum
intraspecific variation. The observed maximum intraspecific distance seen in the ITS2
matrix was 1.0152% and the interspecific variation wigga@14%. The observed
maximum intraspecific distance seen in ty& matrix was 3.6145% and the
interspecific variation wasi®.1566%. The observed maximum intraspecific distance
seen in the combined matrix was 2.1014% and the interspecific variation wasi0.1236
7.1693%. The cutoff used for both genes combined wad 2% @&nd the cases where
only ITS2 was available 1.0152% was used as the cutoff for that gene. It should be
noted that within ITSD. edura+ D. spissavere the only species with zero distance
between them and this may be indicative of taxonomy problem&bga these two
species. The galls for these two species can be very difficult to tell apart {FBgpe?s.
comm. J. Nicholls) and the only morphological difference is in coloration (Weld 1957).

These same two species as welDaguercusmamm@/Valsh and Riley) +D.
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guercusglobulugFitch) had zero distance between their cytb sequences which could be
indicative of mitochondrial introgression between these speliebdlls et al. 2012).
There is no evidence of this kind of relationship between the sgeeies in the
analysis.

Following the first criterion,ite maximum likelihood (ML) tree showed a subset
of five sexual generation specimens that were sister tnamillanaweld (Fig. 1)
forming a monophyletic group (100% bootstrap support). Meet@agelcond criterion,
specimens USNMENT00961866, USNMENT00961522, USNMENT00961943, and
USNMENT00961819 were at most 0.3399% different fl@anmamillanaand none had
another identified asexual specimen within 2.1014% difference. The other sexual
generation gecimen that form the monophyletic clade withmamillanawas
USNMENTO00961954 (only had ITS2 data) and it also met the second criterion with
0.6980% difference fror®d. mamillanaand no other taxa within the ITS2 cutoff. All
specimens mentioned came frtime same host plar@. douglasiiHooker and Arnott
which is a known host plant f@. mamillana(Weld 1957) There is another
Disholcaspisspecies o). douglasii(Burks 1979) that was not in the analysis because it
has not yet been sequencBdcanescesBassett. Specimens USNMENT00961866,
USNMENT00961522, and USNMENT00961943 all had zero distance between their
sequences and Dismam6 for both genes, meeting the third criterion. Specimen
USNMENT00961819 also met the third criterion since it had identithl sequences to
both Dismam6 and Dismam8.hese specimens are determined t®@beamillana

SpecimenJSNMENT00961954 is left unidentified at this time since it has another
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unseguencesdpecies on the same host plant species and while it was genetcglly
close toD. mamillanait does not identically match the sequence data.

Seven sexual generation specimens were grouped together and were nested
within D. prehensaVeld (80% bootstrap support; Fig. 1) meeting the first criterion.
Specimens USNMENT@51656, USNMENT00961763, USNMENT00961924,
USNMENT00961568, and USNMENTO00961761 all had more than one species within
the cutoff values. These sexual generation specimens were an average of 1.2114 %
dissimilar toD. prehensdut also 1.9530% different from. mellificaand 2.0354 %
different fromD. eldoradensisThree of the specimens came fr@mberberidifolia
Liebmann but the others lack host da@uercus berberidifiolias a documented host
for D. prehensgBurks 1979, Gross 2007 and 2012, and Weki7)¢hough it used to
be calledQ. dumosdBurks 1979, Nixon 1997, and Weld 1957). The other two
specimens that monophyletically grouped vithprehensanly had ITS2 and were an
average of 0.2538% different froh prehensaThere were no other specieghin the
cut off so these specimens meet the second criterion. However, the only documented
host plant for any of these sexual generation specim@nsrberidifolig is also a
known host plant for the nesequence®. canescen@Burks 1979) Thereforethe
third criterion iswarrantedn this case. The specimen USNMENT00961761 had
identical ITS2 sequence compared to both Disprel and Dispre3, meeting the third
criterion. It is determined to He. prehensaSpecimens USNMENT00961656,
USNMENT00961763, SNMENT00961924, and USNMENTO00961568 all had zero
distance between cytb sequences compared to USNMENT00961761 so they should get

the same identification as that specimen based on the third criterion. It should be noted
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that the ITS2 of these specimens waly@ne base pair different from that of Disprel
and Dispre3. These sexual generation specimens are determindd.tprbhensa
Specimens USNMENT00961702 and USNMENT00961465 had identical ITS2 to the
previous subset of specimens suggesting that thegreoonspecific and should get the
same identification under the third criterion. These sexual generation specimens are
determined to b®. prehensa

The sexual generation specimen USNMENT00961585 was the only specimen
sequenced out of a set of six spemns reared from the same host plant. This specimen
came out nested within a polyphylebc quercusglobulus D. quercusomnivora
(Ashmead) D. quercusmammgr oup so it doesnd6t meet t he
species are noted to show less tBai14% interspecific differenceThis sexual
generation specimen is on average 1.3906% differentBroguercusglobulus
1.1897% different fronD. quercusmammand 1.4833% different from.
guercusomnivoraall within the cutoff. The combined data sugg#sitD.
guercusmammas the more closely related species. However, when just ITS2 is
examined it shows that the distance to ddtlguercusmammandD. quercusglobulus
is 0.5711% but the closest specimen was D_quercusglobulus_Disqgl3 at 0.2538%
different two base pairs). In this case, the genetic evidence has narrowed it down to
three species but cannot differentiate between them using these genes alone. This
sexual generation specimen was colle¢teth Q. albaLinnaeus, which is only known
as a host int forD. quercusglobuluand not the other two species. Asexibal
guercusglobulugalls were also noted on the host plant at the time of collection. Since

the sexual generatiasf D. quercusmammias already been described, all six of the
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reared speciens were compared and morphological differences were found between the
sexual generatioB. quercusmammand this set of specimens. It is not likely that this
sexual generation specimerDsquercusomnivoravhich comes from a host plant in
Florida (Weld1959), because this specimen was collected from Maryland. Based on the
genetic evidence alone this specimen could not be identified, however including host
plant data, collection locality, and the morphological differences observed compared to
D. quercusnammahis specimen and its cohorts are thought to mostly likely.be
guercusglobulusHowever,D. terrestrisWeld can also be found @. albaand has not
been sequenced. Since the sequences for ITS and cytb are not identical to an identified
asexual geeration specimen this specimen does not meet the third criterion. Therefore,
these sexual generation specimens are left unidentified until a closer genetic match can
be found or untiD. terrestrisis sequenced.

Two more sexual generation specimens hattipte species with some but not
all specimens meeting the percent difference cutoff and are left unidentified until more
sequence data can confirm identifications. USNMENT00961458 was nestedvithin
eldoradensis(81% bootstrap support) which also IRagnellificaandD. prehensa
nested within. All three were within the cutoff at 0.9477% different flam
eldoradensisl.4421 % different fronD. mellifica, and 1.4833% different from.
prehensa No host data is availble for this specimen to help madown the potential
species from the second criterion. There are numerous speciesivithatcaspighat
are not sequenced and this specimen is not genetically identical to any other specimen in
this analysis. Whil e t hiteD.slgomadensisieam®ts s eque

bedeterming at this timelt is left unidentified until a better asexual generation
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sequence match can be found. USNMENT00961547 was nested uigpssaVeld
andD. eduraWeld with low support. Its sequences weredQ. 726 different fronD.
spissaand 0.7417% different fro. edura It should also be noted that it was within
2.1014% different fronD. insulanaKinsey,D. pedunculoide$Veld, D. perniciosa
(Bassett),andD. rubeng Gillette) though it was not phylogenedily grouped with
those species in the ML tree. There is no host data for this specimen. While its
sequences were closer@o spissait is being left unidentified until closer sequences
from additional asexual specimens are found.

The sexual generatispecimens USNMENT00961466 and
USNMENTO00961772 were grouped together (100% bootstrap support) though it should
be noted that USNMENT00961466 only had sequence data for ITS2. There were no
other species closely grouped with these specimens and it islpdbsaittheir species is
not sequenced yet. They both remain unidentified at this time and their host plant
voucher specimendentified agQ. turbinellaGreene, is deposited at MARY. Sexual
generation specimen USNMENT00961957 was not nested withirces@and was not
sister to a single species. This sexual generation specimen is left unidentified at this

time but the host plant is identified @ gambeliiNuttall and deposited at MARY.

The specimen USNMENTO01231547 is an asexual generation specimen
representing the newly described species. It came out groupe®wtiuniformis +
guercusglobulus + quercusomnivora + quercusmarnwita 86% bootstrap support.
However, it is shown to be at least 3.0902% different from those species and at least
3.7083% diferent from every other specimen in this analysis demonstrating that it is

genetically distinct from the represented species. The ITS2 distances for this specimen
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showed slightly greater variation with it being at least 5.5838% different from the
speciest was grouped with and at least 4.8223% different from the other represented

species. The biology of this specimen will be discussed later.
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Morphology ofDisholcaspisd
Asexual generation wasps

The traits that differentiatBisholcaspissensu strictérom other generare as
follows: Mesosoma (Fig.i%4). Notauli incompte anteriorly; scutellar foveae generally
absent or not apparent, scutellum sometimes with anterior transverse impression in the
place of foveae; propodeal carinae fragmented and cunaosent. Metasoma (FigLl 6
7). Setation on metasoma generally lingite patches laterally on the second tergum;
extended portion of the hypopygial spine tapering and is at most 4.5 times as long as
wide; hypopygial spine with long subapical setae that reach beyond the apex of the spine
but never form a dense, truncate.tuf

Variation and exceptian

Disholcaspis corallingBassett) D. plumbellaKinsey, D. washingtonensis
(Gillette), andD. arizonicug(Cockerell) are exceptions to the setation on the metasoma
with all terga setose. Amoted byMelika and Abrahamson (20pthere was a subset of
species that differ from the rest of the genus morphologically. This subset inEluded
chrysolepidigBeutenmuller)D. conalisweld, D. coralling, D. lasia(Ashmead)D.
plumbella,D. reniformis(McCracken and Egbertld. spectabis (Kinsey),D. sulcata
(Ashmead), an®. washingtonensiPisholcaspis arizonicusorphologically agrees
with some of the species this subsetad should also be included. Melika and
Abrahamson thought that this subset all trehypopygial spines broad throughout its
entire length and the length of the extended portion of the spine appearing equal to or
less than its widthThe shape of the hypopygial spine in some of these taxa were

examined using SEM imaging and the shape of some was foundrtorbecomplicated
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than originally thoughtThe specie®. corallina, plumbella andwashingtonensibave

the hypopygial spine laterally bulbous basally followed by a very short pasaléd

thinner section (Fig. 8). The speciBssulcata lasia, andarizonicamay also have

similarly shaped hypopygial spines but they were difficult to see and the lateral sections
werendt as bul bous as i n t heD.ghrysolepidisus | y
conalis andspectabilishave convexly tapering spinesatrare about as long as wide

(Fig. 9). The shape of the hypopygial spindofeniformishas not been examined.

The two specieB. lasiaandchrysolepidisvere grouped together in the UCE phylogeny

(See chapter 2) but differed in the shape of the hypgapsgpgine.

Sexual gneration

In comparison to the asexual generats@xual genetan wasps are less
pubescent, with a smooth@esosoma, are smaller, and tend to be black or dark brown
(D. quercusvirenss an exception) with brown to golden legs (Byd 972, Platt 2009,

Bird et al. 2013, Melika et al. 201BlcEwen et al. 2016
Gall Morphology.

Disholcaspisasexual generation galls are generally characterized as being
monothalamus, detachable, woody, twig or root galls. As with most gall wasps, the
morphology ofDisholcaspigalls is generally species specific on a given host plant and
is often times the only diagnostic trait for identifying speci@ssome speciemany
gallsdevelop close together whille othersthe galls are distributed more spaly.

Some of the wasps in this group are known to induce the host to secrete nectar or
honeydew from the outer gall surface, in asexual galls, which is thought to be involved

in a mutualistic relationship with ants that tend the galls as a résuliyé and Agrawal
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2004,Nicholls et al. 2017, Seibert 1993). The nectar secretions can also attract stinging
waspswhich can bgroblematic in domestic horticultural settings (Eckberg and
Cranshaw 1994). The galls basically become extrafloral nectariegaup that
generally dondét have floral or extrafl oral
Weber and Keeler 2013). The induction of nectar secretions and the galls themselves are
thought to be part of the extended phenotype of the gall washdM et al. 2017,
Stone et al. 2002).

Unlike the asexual generation galls, the sexual generation galls have been found
to be very similar between species with the galls looking similar to buff colored grains
of rice that are located in or around the istem of the leafing buds in the early
spring. The spring galls often times disfigure the newly developing stem making it
shorter and the new leaf petioles will often curl around the gall making it difficult to see
the gall without spreading or removirtgtleaves (Fig. 10).
Descriptionsd

Disholcaspis mamillan&Veld, sexual generation

Diagnosis. Body dark brown, F2 01@®9x shorter than F1, wing veins dark brown,
extended portion of ventral hypopygial spine tapering evenly to tip, and extended
portion of ventral hypopygial spine 1.Z.2x as long as broad basally. Foundn

douglasii(Weld 1957).

Sexual female (Fig. 1119). Total body length 2i2.5mm. Color. Antennae and mouth

palps brown, sometimes H slightly lighter brown; head, mesosoma, aodae dark
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brown to black; legs light brown to golden; metasoma dark brown; wings hyaline with

dark brown veins.

Head (Fig. 1R14). Anteriorly 1.3x as broad as high, finely coriaceous with malar space
more delicately coriaceous; rounded in anterior wath ocelli raised; lower face with

sparse setae. Gena not broadened behind compound eye in anterior view; lateral width of
the gena 0.34x as wide as the compound eye height. Compound eye 0.7x as high as
frontal head height, transfacial line 0.9x as lasgcompound eye height; length of

malar space 0.2x height of compound eye; compound eyes parallel. LOLX &2

long as the lateral ocellus; OOL 0.86x length of lateral ocellus; PR &8 as long as

OOL and 22.4x as long as length of lateral ocelllbsameter of torulus subequal to

distance between them; distance between torulus and compound eye margin subequal to
the diameter of torulus. Clypeus rectangular, 0.9x as broad as high, ventral margin
convex; tentorial pits present; clyppteurostomal e indistinct; epistomal sulcus

broad, shallow, smooth, and bare. Occiput rounded and without carina. Labial palpus 3
segmented, maxillary palpusségmented. Antennaeilsegmented; pedicel 1.3x as

long as broad; antennal segment length ratio

19:11:30:2222:21:18:16:13:12:11:12:11:16; placoid sensilla present 0hZ3

Mesosoma (Fig. 18.8). Laterally 1.1x as long as high. Pronotum setose medially,
setose dorsally, ventrally with sparse setae, margin along mesopleuron with fine
striations; impressed@hg propleuron. Propleuron striate along margins, flat medially.

Mesoscutum delicately coriaceous lateral to the notauli and along anterior margin,
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sometimes very delicately coriaceous between notauli; 1.1x as wide as long. Notauli
present in posterior 2fading to coriaceous texture anteriorly, incomplete and
converging posteriorly; anterior parallel lines not visible; parapsidal lines broad and
smooth, extending just over 1/3 length of mesoscutum; median mesoscutal line absent;
setae along notauli anddsal margin of mesoscutum. Mesoscutellum slightly longer

than broad, rugose, overhanging metanotum; scutellar foveae indistinct sometimes
smooth and sometimes with rugose texture intruding. Mesopleuron mostly smooth with
several indistinct transverseiations, with sparse setae in the striated area and near
mesocoxa foramen.; mesopleural triangle setose and with transverse striations;
acetabular carina distinct. Dorsoaxillar area smooth but setose, slightly convex; axillar
carina with longitudinal strigx axillula setose and smooth; subaxillular bar smooth;
metapleural sulcus reaching mesopleuron just over half its height. Metascutellum
delicately rugose; metanotal trough smooth and with setae; ventral impressed rim
smooth. Lateral propodeal carinae beatward at the middle sometimes nearly merging
dorsally forming a ring, medial propodeal area with medial carina extending over half
way to the nucha; lateral propodeal area setose; nucha short with longitudinal carinae.
Forewing extending beyond apexmétasoma, radial cell 3.8x as long as wide; Rs
curved slightly, nearly reaching wing margin; areolet closed and indistinct; Rs+M

reaching or nearly reaching M. Tarsal claws with basal lobe.

Metasoma. Tergum 2 with setae laterally, following 4 tergitesouit setae; all tergites

smooth and shiny. Ventral hypopygial spine (Fig. 19) tapering evenly to tip, extended
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portion 1.7 2.2x as long as broad basally, with subapical setae reaching beyond spine

apex.

Male. Unknown.

Gall (Fig. 20). Length 2i22.9mm, luff colored, oblong grakshaped, bluntly pointed,

thin walled, and glabrous. Arising from the buds at the base of new leaves during spring
flush. Emergence holes are rough edged and near the apex.

Host plant remarks. The recorded host for the asexuargigon wasps i®. douglasii

(Weld 1957). All sexual generation specimens here identifi€&l asamillanawere

taken from a field identifie. douglasii No host voucher is available for these

specimens.

Disholcaspis prehens&/eld, sexual generation

Diagnosis. Body dark brown, F1 shorter than scape+pedicel, F2 subequal to F1, wing
veins brown, extended portion of ventral hypopygial spine parallel near base then
tapering to tip, and extended portion of ventral hypopygial spiriel 24 as long as

broad basally.

Sexual female (Fig. 2B0). Total body length 2i2.4mm. Color. Antennae and mouth
palps light brown to brown, sometimes getting gradually darker towards apex; head,
mesosoma, and coxae dark brown to black; legs light brown to golden; metadma

brown; wings hyaline with dark brown veins.
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Head (Fig. 2R24). Anteriorly 1.1x as broad as high, finely coriaceous with malar space
more delicately coriaceous; rounded in anterior view with ocelli raised; lower face with
sparse setae. Gena not brexaeld behind compound eye in anterior view; lateral width of
the gena 0.35x as wide as the compound eye height. Compound eye 0.6x as high as
frontal head height, transfacial line 1.1x as long as compound eye height; length of
malar space 0.6x height of cooynd eye; compound eyes slightly converging ventrally.
LOL 0.99 1.4x the length of the lateral ocellus; OOLIIL38Bx length of lateral ocellus;
POL 1.3 1.5x as long as OOL and 226x as long as length of lateral ocellus.

Diameter of torulus subequal testhnce between them; distance between torulus and
compound eye margin 1.2x the diameter of torulus. Clypeus rectangular, 1.3x as broad
as high, ventral margin convex; tentorial pits present; chgleorostomal line

indistinct; epistomal sulcus broad, $bw, smooth, and bare. Occiput rounded and
without carina. Labial palpus 8egmented, maxillary palpusgegmented. Antennae

14i segmented; pedicel as long as broad; antennal segment length ratio

16:7:21:19:18:17:14:14:11:12:10:11:8:14; placoid sensidggnt on H312.

Mesosoma (Fig. 229). Laterally 1.2x as long as high. Pronotum with delicate
longitudinal striations medially, setose dorsally, ventrally with sparse setae, margin
along mesopleuron with fine striations; impressed along propleuropleron striate

along margins, flat medially. Mesoscutum delicately coriaceous around notauli and
along anterior and anterolateral margins, sometimes very delicately coriaceous between

notauli and on anterior third of mesoscutum; 1.1x as wide as longulNptesent in
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posterior 2/3 fading to coriaceous texture anteriorly, incomplete and converging
posteriorly; anterior parallel lines either not visible or only visible when the anterior

third of mesoscutum is delicately coriaceous; parapsidal broad aatlsrextending

just over 1/3 length of mesoscutum; median mesoscutal line absent; setae along notauli
and lateral margin of mesoscutum. Mesoscutellum slightly longer than broad, rugose,
overhanging metanotum; scutellar foveae indistinct with rugose &xtuuding.

Mesopleuron mostly smooth with several indistinct transverse striations, setae near
mesocoxa foramen; mesopleural triangle setose and with transverse striations; acetabular
carina distinct. Dorsoaxillar area smooth but setose, slightly coaxébar carina with
longitudinal striae; axillula setose and delicately coriaceous; subaxillular bar smooth;
metapleural sulcus reaching mesopleuron just over half its height. Metascutellum
delicately rugose; metanotal trough smooth and with setaealenpressed rim

smooth. Lateral propodeal carinae bent outward at the middle sometimes nearly merging
dorsally forming a ring, medial propodeal area with varying numbers of carinae
extending from the lateral propodeal carinae towards the nucha; latgpabpal area

setose; nucha short with longitudinal carinae. Forewing extending beyond apex of
metasoma; radial cell 3.9x as long as wide; M, Rs+M, and Cula barely visible; Rs
curved slightly, nearly reaching wing margin; areolet closed and indistinsalf@daws

with basal lobe.

Metasoma. Tergite two with setae laterally, following four tergites without setae; all

tergites smooth and shiny. Extended portion of ventral hypopygial spine (Fig. 30)
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parallel basally then tapering to tip, extended portioinlL2ix as long as broad basally,

with subapical setae reaching beyond spine apex.

Male (Fig. 31 34). Similar to females in coloration and size; however antennae
generally a brown to dark brown, antennaeségmented, basal half of femora are

brown, and pspodeum with lateral propodeal carinae not nearly merging dorsally.

Gall (Fig. 35). Length 2i8.5mm, buff to light brown colored, oblong grashaped,
bluntly or sharply pointed, thin walled, and glabrous. Arising from the buds at the base
of new leavesnd flowers when they flush in the spring. Emergence holes are rough

edged and near the apex.

Host plant remarkgQuercus dumosis the host plant listed in the original description of
D. prehensgWeld 1957). However, the nangz dumosdas been applietd almost all
species of scrub oak in central and southern California. Asexual genddaposhensa
have also been phettocumented (Gross J. 2007 and 2012) and reared@rom
berberidifolia(listed as host for specimen D_prehensa_Dispre3). The hostvplacher

for the sexual generation specimens USNMENT00961761, USNMENT00961924, and
USNMENTO00961763 is deposited at MARY and identifieddaderberidifolia This

shows that the sexual generatiorDofprehensas found on the same host species as the
aseual generation. There is no host plant identification or voucher specimen
corresponding to USNMENT00961702, USNMENT00961656, USNMENT00961568

and USNMENT00961465.
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Disholcaspis erugomamntooke,sp. nov.

Diagnosis. Special emphasis was placed on congBrierugomammavith other

species that have been found on the same host plant, those that could be collected in
Texas, and species that had similar galls. The only other spe&eshofcaspis
documented oQ. havardiiRydberg isD. spissgWeld 1957). Disholcaspis
erugomammadliffers fromD. spissan that it has the scape + pedicel shorter than F1
rather than slightly longer, the notauli black instead of brown, mesoscutellum mostly
black instead of mostly brown, and the extended portion of the hyds@ne 1.8

1.9x as long as wide instead of 2.3x as long as wiisholcaspis erugomamnuhffers

from most of the Texas inhabiting species in that the head has black markings around
the toruli, ocellar triangle, and malar margins; antennae are blatekilinolack;
mesoscutellum mostly dark brown to black; and metasoma mostly black. Lastly, most
species in Texas differ frol. erugomamman their gall morphologies. No specimen
was examined fob. fungiformisKinsey but this species has dramaticallyetiént gall
morphology with an expanded skirt around the base of the gal endshroorrshaped

top portion of the gall (Figd8). Disholcaspis fungiformis also only known fronQ.
virginiana Miller (Kinsey 1920 and Weld 1959). The type [rcinerosaBassett and

D. spongiosaould not be found for comparison so general collection specimens were
used. Disholcaspis erugomamms morphologically most similar tD. quercusmamma,

D. quercusglobulud). bassett{Gillette), D. globosaWeld, D. persimilis(Ashmead),

D. colorado(Gillette), andD. lacunaWeld. However, it should be noted that this

species was determined in this study to be genetically distantdrajuercusmamma
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andD. quercusglobulus The diagnostic combination of traits for erugomammés

antennae black with some specimens having first 4 segments dark brown apically; head
trapezoidal in anterior view; a black patch at the upper corner of the gena; notauli black;
mesoscutellum black at least along anterior and lateral marginssonetanstly dark

brown to blackextended portion of hypopygial spine 1139x as long as wide; and
galls1.2i 1.5mm smooth surfaced, rounded, and globular shaped galls with a short
pointed nippleFor the examined types and other specimens representing the other

Disholcaspisspecies see Table 3.

Asexual female (Fig38i 46). Total body lengtt3.9mm. Color. Antennae, area around

and below toruli, clypeus, malar space margin, area around ocelli, patch at upper corner
of gena, back of head black; rest of head brawthatrk brown; mouth palps dark brown

at base and fading to brown distally; mandibles brown medially and black along the
margins; compound eyes and ocelli silver. Pronotum medially, along posterior margin,
and along anteroventral margin black, remaindewhrto dark brown; mesoscutum,

with thick area around anterior parallel lines, parapsidal lines, and notauli black, rest of
mesoscutum dark brown; scutellum black except posterior margin dark brown;
mesopleural triangle, mesopleural margins, and patchdairggdiagonally across
mesopleuron from mesopleural triangle black, remainder brown to dark brown;
propodeum and metanotum black. Legs dark brown, coxae brown. Metasoma mostly
black with dark brown in small patch laterally on the second tergum and aloeg so

tergite margins.

77



Head (Fig38i 40). Anteriorly 1.3 1.4x as broad as high, dorsally 0.38x as long as broad,
coriaceous with lower face, malar space, and gena more finely coriaceous, coriaceous to
finely rugose around ocellar triangle; né@pezoidalin anterior view with ocelli raised;

face with white setae throughout but more dense on lower face. Gena broadened behind
compound eye in anterior view; lateral width of the gena 0.57x as wide as the compound
eye height. Compound eye 0.50x as high as &tdread height; transfacial line 1.3x as

long as compound eye height, diameter of torulus 1.1x distance between them; distance
between torulus and compound eye margin 1.2x diameter of torulus; length of malar
space 0.44x height of compound eye, withouastand sulcus; compound eyes nearly
parallel. LOL 1.5x as long as the lateral ocellus; OOL 2.1x length of lateral ocellus; POL
1.5x as long as OOL and 3.1x as long as length of lateral ocellus. Clypeus trapezoidal
with ventral margin longer than dorsabrgin, 1.6x as broad as high, ventral margin
convex; anterior tentorial pits present; clyg@eurostomal and epistomal sulcus

distinct, deeply depressed, and smooth. Occiput rounded, setose, and without carina;
postocciput smooth; postgena setose, atiser smooth; height of occipital foramen

0.78x as long as postgenal bridge and 1.1x as long as broad; hypostomal sulci separated
at oral foramen. Labial palpussg@gmented, maxillary palpusségmented. Antennae
14-segmented; pedicel as long as broad;ramesegment length ratio
24:11:39:36:30:28:22:19:13:11:11:9:8:13; placoid sensilla 6iEF2 conspicuous,

absent on R1F3.

Mesosoma (Figdli 44). Laterally 1.2x as long as high. Pronotum with white setae,

smooth laterally; impressed along propleurampReuron setose but smooth otherwise.
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Mesoscutum delicately coriaceous except smooth between notauli, setose; 1.2x as wide
as long. Notauli present in posterior 1/2 fading to coriaceous texture anteriorly,
incomplete and converging posteriorly; anteriargslel distinct, extending 0.47x as long

as mescutum length; parapsidal lines broad and smooth, extending just over 1/2 length
of mesoscutum; median mesoscutal line absent. Mesoscutellum slightly broader than
long, smooth and depressed along anterior macgriaceous otherwise, overhanging
metanotum, with white setamore setose on posterior half; scutellar foveae absent.
Mesopleuron smooth, setosee throughout; mesopleural triangle densely setose and with
transverse striations; acetabular carina ordible ventrally. Dorsoaxillar area setose;

axillar carina with longitudinal striae; axillula densely setose; subaxillular bar smooth;
metapleural sulcus reaching mesopleuron just over half its height. Metascutellum
delicately rugose; metanotal trough srtiband with setae; ventral impressed rim

smooth. Lateral propodeal carinae bent outward and broken, medial propodeal area
smooth; lateral propodeal area setose; nucha short and rugose. Forewing extending
beyond apex of metasoma; radial cell 3.5x as lengide; M, Rs+M, and Cula visible;

Rs curved, nearly reaching wing margin; areolet closed Rs+M reaching half way to M.

Tarsal claws with basal lobe.

Metasoma (Figd5i 46). Length 0.83x as long as mesosoma and head. Second tergite
0.70x length of metasomtergite 2 with setae anteromedially to laterally, following 4
tergites without setae; all tergites smooth and shiny. Hypopygial spine ventrally tapering
evenly to tip, extended portion 1.9x as long as broad basally, with subapical setae

reaching beyond &pe apex.
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Variation. Some specimens have more black coloration on the upper face between the
toruli and the ocellijn afew specimens the basal 4 antennal segnaet$ark brown
apicallywhile the remainthg segments are black; notauli in some specimétisa

black patch along the medial margin;afew specimens the mesoscutelliswlark

brown mediallyas well asalongthe posterior margin. The variation in Werious

ocellar lengths compared to the lateral ocellus widest width is as follows: I13D2.Qx

as long as the lateral ocellus; OOLiR287x length of lateral ocellus; and POL3413x

as long as length of lateral ocellus. There is variation in the ratios of the antennal
segments but F1 is always longer than scape+pedicel and F2; radiaBicgld8 as long

as wide; extended portion of the hypopygial spiné 1. as long as wide. Radial cell

3.213.8x as long as wide.

Gall (Fig.47). Reddish brownglobular with a short obtusely pointed nipple apically.
Dispersedr more commonlyightly clusteredand deformingaround each other.

Internally with dense, rather hard, corky texture; larval cell not free in galls examined.
Gall is most similar to that dd. quercusmammbut the surface is wrinkled in that

species and relatively smoothlin eugomammalt is uncertain ithe galls are nectar
secreting, but thblack sooty mold that igpical for maturenectar secreting galleias
lacking The galls were covered in dust when found but it is uncertain if that dust was a

trait of the gallitself as opposed to idustyarid environment near a road.

Type Material. Hol ot ype: f i r s-0frordabee | AUSA:

road, 31.65038t1 02 . 745986 9. Nov. 2013 @haBamdi ke o, sec
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Emg. 25.Dec.2013, Assoc. gall USNMEBID 96 15000, and third | abe
009619810. Paratypes: first | abel f-or al/l
20 frontage road, 31.65038,02. 745986 9. Nov. 2013 C. Cookebo
second and tQ havadii Bma.l2®Des@13) Asgoc. gall

USNMENTO009615000 and AUSNMENTO009612600; f

3t

Ex. Q. havardii, Emg. 26. Dec. 2013, Assoc.

3t

USNMENTO009618250, AUSNMENT009616850, MAUSN

3t

USNMENTO009617 auENT0aDMdb 1MBESN; one speci men
third | abels AEXx. Q. havardii, Emg. 30. Dec
AUSNMENTO009618820; one specimen with secon
Emg. 12.Jan. 2013, Assoc.fil@gINME NNTSONO(MENITDDRH;1
specimen with second and third | abels AEX.
USNMENTO009612620 and AUSNMENTO009619320; on

third | abels AEXx. Q. havardii, Emg. ahd. Dec

1

USNMENTO009616410; and three specimens wit

1

USNMENTO009617340, AUSNMENTO009617980, and

Biology. Only the asexually reproducing generation is known at this time. All wasps

reared for this study emerged toward thd ehDecember or early January.

Etymology. Named for the gall morphology. From Latin, erugo meaning to free of

wrinkles and mamma faeferring to the mammiform gall shafigrown 1956).
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Distribution. Known only from the single collecting event in tees Texas.

Host plant remarks. The host plant voucher is deposited at MARY and identified as
havardii. The host plan@. havardiiis has a small range from northwestern Texas to
New Mexico and Oklahoma, with disjunct populations in northern Arizmthsouthern

Utah (Nixon, 1997).

Key to the known sexual generatiofs

17 Female and male main body color brown to light brown D. quercuvirens
T Female and male main body color dark brown to black 2

21 Female and male main body color dark bnpwaleand
female ocelli similar
I Female and male main body color black, males ocelli

3

D. quercusmammi

enlarged
31 F1 aslong as scape+peslic D. mamillana
i F1 dightly shorter than scape+pedic 4
41 Wing veins brown, host pla®. dougésii D. prehensa
T Wing veins dark brown, host pla@t lobataor Q. garryana D. eldoradensis

*Description McEwen et al. 201)bsaid radial cell was 2.8x as long as wide but when
measured again it was 3.8x as long as wide.
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x60 1mm

Figures 2-7. (2) Gall asexual generation Disholcaspis edura; (3) Gall asexual generation D. spissa; 4-7 asexual
generation D. quercusglobulus (4) dorsal mesosoma; (5) propodeum; (6) lateral metasoma; (7) ventral hypopy-
gial spine.
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x400 200 um

Figures 8-13. (8) Ventral hypopygial spine, Disholcaspis corallina; (9) ventral hypopygial spine, D. chrysolepi-
dis; (10) Quercus sp. leaf petioles curling around a sexual generation gall with one leaf removed so that you can
see the gall; 11-13 Sexual female Disholcaspis mamillana, (11) lateral habitus: (12) antenna; (13) anterior head.



x150 500 um

x180 500 um A e X300 300 um

X600 100 um

Figures 14-19. Sexual female Disholcaspis mamillana, (14) dorsal head; (15) lateral mesosoma, (16) dorsal
mesosoma, (17) propodeum; (18) wing; (19) ventral hypopygial spine.
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Figures 20-25. Sexual generation Disholcaspis. (20) Sexual generation gall, D. mamillana; 21-25 Sexual fe-
males D prehensa, (21) lateral habitus, (22) antenna, (23) anterior head, (24) dorsal head, (25) lateral mesosoma.
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Figures 26-31. 26-30 Sexual Disholcaspis prehensa, (26) dorsal mesosoma, female, (27) propodeum, female,
(28) propodeum, female, (29) wing, female, (30) ventral hypopygial spine; (31) lateral habitus, sexual male
D. prehensa.
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Figures 32-37. Disholcaspis. 32-34 sexual male D. prehensa, (32) antenna, (33) anterior head, (34) propodeum,
(35) gall of sexual generation D. prehensa; 36-37 Asexual female D. erugomamma n. sp. (36) lateral habitus,
(37) antenna.

88



Figures 38-43. Asexual female Disholcaspis erugomamma 1. sp., (38) anterior head, (39) posterior head, (40)
dorsal head, (41) dorsal mesosoma, (42) lateral mesosoma, (43) posterior mesosoma.
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Figures 44-49. Disholcaspis. 44-46 Asexual female Disholcaspis erugomamima n. sp. . (44) wing; (45) lateral
metasoma, (46) ventral hypopygial spine, (47) galls of Disholcaspis erugomamima 1. sp., (48) galls of asexual
D. fungiformis, (49) dorsal mesosoma, asexual D. quercusglobulus.
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Figures 50-51. Disholcaspis. (50) dorsal mesosoma, asexual D. quercusglobulus, (51) ventral hypopygial spine,
asexual D. mamillana.
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DisholcaspisType Specimen Notes.

During the course of this study type and sometype specimenwereimaged
for a majority ofDisholcaspisspecies. Table 3 lists all the species in the genus
Disholcaspistheir type location (if determined during thisidy), and which ones were
imaged. There has also been a considerable amount of imaging performed on some of
Kinseyds manuscript nameBisholcaspisse $1 & inspeci men
Table 3. Consistent diagnostic differences could not be detednbietween the
manuscript name specimens and their closely related species so none are described at
this time.

The type specimen fd@. cinerosais considered missing. It was supposed to be
deposited at the American Entomological Society collect#dSP) with the rest of
Bassettdos types but was documented in 1922
relocation (Cresson 1922). The collection at ANSP was checked again during this study
and this specimen was determined to still be missing. Cress?)(i@ntioned that
the type collection was divided with the intention of sending some specimens to Yale or
Cornell. This side collection was said to have been evidently destroyed by Mrs. Bassett
after her husbandds de ateDb.cife®saype svasmwithl 92 2 ) .
those ilHfated specimens but just in case the intended destinations for that side collection
was checked as well. Yale looked for the specimen and did not have it in their holdings.
Cornell 6s col | ectedamtharaveere nchspecimensforhies di gi t
species |listed in their collection (ABrows
made note that some of the Bassett types were found at the American Museum of

Nat ur al Hi st ory ( AMNH)ItheDisdolcaspdydesewerec ol | ect i
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requested from AMNH and this type was not found during their search for specimens. It
is possible that thB. cinerosatype may be at another collection. Between 1881 when
Bassett first described the species and 1902 whelredethe only two gall wasp
workers to publish anything dealing withsholcaspisvere Gillette and Ashmead
(Table 3). The Colorado State University C.P. Gillette Museum of Arthropod Diversity
(CSUC) did not contain the specimen so it does not appedsiltette had the
speci men on | oan. Ashmeadods Hymenoptera c
Hy menoptera col | ect iDocnerosaypwdwiagnot fouradinghat 3 ) bu
collection either. The curator attial USNM me
may have ended up at the British museum and their curator was not able to find the
cinerosatype . The lllinois Natural History Survey was also mentioned by the USNM
curator as a good place to search for early gall worker material so theglsere
contacted about this type specimen with no luck in finding it. This specimen is currently
considered lost.

The location of thé®. mexicandBBe ut enm¢l | er type speci men
It should probably be located at the AMNH with the redBefitem ¢, | | specimens
but they did not find this specimen in their search for types. However, AMNH did have
some general collection specimens for that species. Another specimen that was expected
to be at AMNH but whose location is currently unknown is tipethprD. lasia
sublasiugKinsey). The type for the other subspecies described in that same paper was
found at AMNH but not this particular specimen.

It is unclear whether a type specimen existfXoquercusmammaThere was

no clearly designated sgienen in the original description (Walsh and Riley 1869).
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During the various searches oisholcaspigypes (Table 3) a specimen for this species
was never found. Even the collection at the lllinois Natural History Survey was
photographed and searched this specimen. Unfortunately there are no other clues or

mentions of a type to aid in the search.

As for theD. spongiosda ype speci men, Beutenm¢gll er (:
mi ght be at t he Ber |IriNaurkondes(EMHB).in Berifilae Mu s e um
contacted and the type could not be fodedpite their collection including much of
Kar s c h 0 s Thmarigiralrdeseription (Karsch 188 not specify that a type

was designated so it is possible one does not exist
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Table 3. List of speciesr subspecies iDisholcaspiswith notes on location of type and

imaging performed. Thespl7 refer to Al fred Kinseyos
Species Original Author Year | Type Images
genus location
acetabula Disholcaspis | Weld 1921 | USNM Type
arizonicus Holcaspis Cockerell 1902 | USNM Type
bassetti Holcaspis Gillette 1889 | USNM Type
bettyannae Disholcaspis | Medianero 2011 | MNCN --
andNeives
Aldrey
bisethiae Disholcaspis | Medianero 2011 | MNCN --
andNeives
Aldrey
brevinota Disholcaspis | Weld 1921 | USNM Type
canescens Holcaspis Bassett 1890 | ANSP Type
chrysolepidis Holcaspis Beutenmuller | 1911 | USNM Type
cinerosa Cynips Bassett 1881 | missing | Other
colorado Holcaspis Gillette 1893 | USNM Type
conalis Disholcaspis | Weld 1926 | USNM Type
corallina Holcaspis Bassett 1890 | ANSP Other
costaricensis Disholcaspis | Melika and 2011 | UB, --
PujadeVillar Spain
edura Disholcaspis | Weld 1957 | USNM Type
eldoradensis Holcaspis Beutenmuller | 1909 | AMNH Type, Other
erugomamma Disholcaspis | Cooke 2018 | USNM Type
McEwen
fungiformis Dishdcaspis | Kinsey 1920 | MCZ --
globosa Disholcaspis | Weld 1921 | USNM Type, Other
heynei Disholcaspis | Kieffer 1910 | ZMHB Type
insulana Disholcaspis | Kinsey 1938 | AMNH Type, Other
lacuna Disholcaspis | Weld 1921 | USNM Type, Other
laetae Disholcaspis | Kinsey 1937 | AMNH Type, Other
largior Disholcaspis | Kinsey 1938 | ANMH Type, Other
lasia Callirhytis Ashmead 1896 | USNM Type, Other
lasia sublasius | Andricus Kinsey 1922 | AMNH --
lasia areolaris Andricus Kinsey 1922 | unknown | --
mamillana Disholcaspis | Weld 1957 | USNM Type
mellifica Disholcaspis | Weld 1957 | USNM Type
mexicana Holcaspis Beutenmuller | 1911 | unknown | Other
pallens Disholcaspis | Kinsey 1938 | AMNH Type, Other
pattersoni Disholcaspis | Kinsey 1922 | AMNH Type
pedunculoides Disholcaspis | Weld 1926 | USNM Type, Other
pernicicsa Holcaspis Bassett 1890 | ANSP Type, Other
persimilis Holcaspis Ashmead 1896 | USNM Type

95




Table 3Continued List of species or subspeciesDisholcaspiswith notes on location

of type and imaging performed. Thesd1l7 r ef er t o Al fpted
names.
Species Original Author Year | Type Images
genus location
plumbella Disholcaspis | Kinsey 1920 | MCZ Other
potosina Disholcaspis | Kinsey 1937 | AMNH Type, Other
prehensa Disholcaspis | Weld 1957 | USNM Type
pruniformis Disholcaspis | Kinsey 1920 | MCZ Paraype, Other
pulla Disholcaspis | Kinsey 1937 | AMNH Type, Other
purlans Disholcaspis | Kinsey 1937 | AMNH Type
purpurea Disholcaspis | Kinsey 1937 | AMNH Type, Other
guercusglobulus | Callaspidia | Fitch 1859 | USNM Type, Other
guercusmamma | Cynips Walshand 1869 | unknown | Other
Riley
guercusomnivora| Cynips Ashmead 1885 | USNM Type, Other
quercusvirens Cynips Ashmead 1881 | USNM Type, Other
regina Disholcaspis | Kinsey 1937 | AMNH Type, Other
reniformis Andricus McCracken | 1922 | CAS --
andEgbert
rubens Holcaspis Gillette 1893 | USNM Type
sileri Holcaspis Bassett 1890 | ANSP --
simulata Disholcaspis | Kinsey 1922 | AMNH Type
simulata Disholcaspis | Kinsey 1922 | AMNH Type
vancouverensis
spectabilis Andricus Kinsey 1922 | AMNH Type, Other
spectabilis incisug Andricus Kinsey 1922 | AMNH Type
spectabilis Andricus Kinsey 1922 | AMNH Type
ukiahensis
spissa Disholcaspis | Weld 1957 | USNM Type
spongiosa Diplolepis Karsch 1880 | unknown | Other
sulcata Cynips Ashmead 1896 | USNM Type, Other
terrestris Disholcaspis | Weld 1921 | USNM Type, Other
unicolor Disholcaspis | Kinsey 1920 | MCZ --
washingtonensis | Cynips Gillette 1894 | USNM Type, Other
sp. 1 -- -- -- AMNH ATypeo
sp. 2 -- -- -- AMNH ATypeo
sp. 3 -- -- -- AMNH ATypeo
sp. 4 -- -- -- AMNH ATypeo
sp. 5 -- -- -- AMNH ATypeo
sp. 6 -- -- -- AMNH ATypeo
sp.7 -- - -- AMNH ATypeo
sp.8 -- - -- AMNH ATypeo
sp. 9 -- - -- AMNH ATypeo
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Table 3Continued List of species or subspecieddisholcaspiswith notes on location
of type and imaging performed. Thedgdl7 ref er to Al fred Kinsey
names.

Species Original Author Year | Type Images
genus location
sp. 10 -- -- -- AMNH ATypeo
sp. 11 -- -- -- AMNH ATypeo
sp. 12 -- -- -- AMNH ATypeo
sp. 13 -- - -- AMNH ATypeo
sp. 14 -- - -- AMNH ATypeo
sp. 15 -- - -- AMNH ATypeo
sp. 16 -- - -- AMNH ARypeo
sp. 17 -- -- -- AMNH ATypeo
Discussion

This is the first time withiDisholcaspighat a sexual generation is associated
with the asexual generation without the use of rearing experiments. The findings from
Nicholls et al. (2012) suggest that dantshould be used when relying on mitochondrial
loci, such as cytb, which is why it generallyonly used in addition to ITS2. The other
nuclear loci recently made available include long wave length opsin and ribosomal 28S.
However, Nicholls (pers. comijrfoundthat there was little to no variation in those
genes betweebDisholcaspispeciessuggesting that they will be of little helpspecies
delimitation. More loci need to be developed in this group.

At this time neither a review nor revision atempted for this genus. The
morphology ofDisholcaspisspecies is relatively uniform with few, if any, unique and
consistent traits between species. Diagnosis for many species relies almost solely on
host plant data and gall morphology. Traits that imaye diagnostic potential for at
least some species include coloration, radial cell length to width ratio, and length to

width ratio of the extended portion of the
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diagnose all the speciesBisholcaspistheycan be helpful when trying to differentiate
between two or three closely related species.

There is some interspecific variation in coloration or dark markings that may
help in diagnosing certain species. There are very few spedi@shaficaspisvithout
dark markings and few with as much dark coloratio® aglobosaweld. However,
some species have also been shown to have a great amount of intraspecific variation in
coloration making it a dubious method for diagnosing some species. For example, the
type specie®. quercusglobulukas variable degrees of dark patterns on the
mesoscutum ranging from being nearly all dark brown with little differentiation between
the dark markings and surrounding areas @#®to being lighter brown with black
markingsaround the anterior parallel lines, paraspidal lines, and toruli§Bjdone of
the most common coloration patterns observed a®istwIcaspiy. There are multiple
species that have demonstrated intraspecific variation in coloration but this heenot
formally examined in most species.

In the species imaged, the ratio of length to width of the radial cell varies from
3.004.7x as long as wide. This is the only part of the wing that is commonly measured
in gall wasps. Wing venation has been shamother Hymenoptera to have diagnostic
abilities (Kozmus et al. 2011, Oleska and Tofilski 2015, Schwarzfeld and Sperling 2014,
and Villemant et al. 2007) and morphometric analysis might reveal other informative
wing venation traits. Intraspecific vatian in length to width ratio of the radial cell has
not been examined acrddssholcaspighough variation was noted . erugomamma

The current study found variation in hypopygial spine length to width ratios but

it is not clear whether this variatiamill prevent the trait from being diagnostic. One
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complication to this trait is that it is measured ventrally but it can be hard to determine
ventrally exactly where the spine diverges from the rest of the hypopygium since it does
so dorsally. When viewg the spine ventrally the base is generally determined by where
the sides of the hypopygium converge amekt the spine margin. Figure Stiows a
hypopygial spine and depending on which side of the spine you look at the base of the
spine would appear awvb different points along the spine. Another factor that may
affect the utility of this trait is that the width of the spine may vary depending on
whether the specimen died with the metasoma contracted vs. distended since this affects
the overall thicknessf the metasoma and therefore the spread of the hypopygium sides.
The rigidity of the spine and its ability to resist flexion along its length has not been
confirmed. If the spine does flex, this may increase the level of variation seen in this trait
andaffect its diagnostic ability. These difficulties with being able to consistently
measure the full width of the base of the hypopygial spine may complicate the use of
this trait in morphometric analyses.

Further confounding current morphological effats e t he exi stence
17 manuscript names. As mentioned before imaging has been done on some of these
manuscript names to try to determine if they can be diagnosed from current species and
from each other. At this time, diagnostic traits arekmaiwn so they remain
undescribed. It would be beneficial if DNA could be extracted from these specimens
but so far the ones attempted were not successful even after a 24 hour soak in extraction

buffer.

Towards the end of his Entomological career, Kynstarted discussing species

complexes withirDisholcaspigKinsey 1942) and these complexes seem to have been
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united by gall morphology. There do not appear to be any morphological characters of
the wasps that differentiate the groupings. However, ity prove useful for dividing

up the genus for revising in sections.
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Part Il. Wasps potentially defending walnut trees
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Abstract.—The new species Theocolax americanus McEwen, n. sp. (Hyme-
naptera, Pteromalidae, Cerocephalinae), is described from the United States of
America. A description is provided with a diagnosis and comparison to similar
species. A key to differentiate the Theocolax species recorded in the USA is
included and notes given on new morphological features. Theocolax americanies
is thought to attack the walnut twig beetle (Pirvophithorus juglandis Blackman),
which transmits thousand cankers disease. Sequencing of CO1 for the new
species, other Theocolax species found in the U.S.A., Neocalosoter pitvphthori
Ashmead (Hyvmenoptera, Pteromalidae, Cerocephalinae), and P juglandis is

reported.

Key Words:

cytochrome oxidase subunit 1, thousand cankers disease, walnut twig

beetle, Pitvophthiorus juglandis, Theocolax americanus; Theocolax spp.,
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The morphology and occwrence of
species of Theocolax Westwood in the
Nearctic Region were previously dis-
cussed by Grissell and Hewvel (2G05).
They treated two species: 7. elegans
(Westwood), a cosmopolitan species that
attacks beetles in stored gramm; and 7.
ingens Xaao and Huang, which was de-
scribed from China and subsequently
collected in Maryland from trees in-
fested with various scolytids (Grissell
and Hevel 2005). Here, a new species of
Theocolax is described from Colorado

that was reared from wood infested with
the walnut twig beetle, Pirvophthorus
juglandis Blackman (Coleoptera, Cur-
culionidae, Scolytinae).

The walmat twig beetle normally bores
in twigs of Arizona walnut (Juglans meajor
{(Torr.) A. Hellery in New Mexico, An-
zona, Southern Califormia, and Mexico
{Grant et al. 2011, Seybold et al. 2013,
Tisserat et al. 2009, Tisserat et al. 2011}.
The beetle 19 also known to attack black
walnut, Juglans nigra L., a new and non-
native host of horticultural value in the
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western United States. On J. nigra the beetles
not only attack twigs and hranches bt also
infest the trunk (Tisserat et al. 2009,
Tisserat et al. 201 1). They carry the fungus,
Geosmitha morbida Kolafik, Freeland,
Utley, & Tisserat (2011}, the causative
agent of thousand cankers disease which
can kall black walnui trees (Grant et al.
2011, Seybold et al. 2013, Tisserat et al.
2000, Tisserat et al. 2011). Pirvophthorus
Juglandis has now been documented in the
native range of J. nigra (Grant et al. 2011,
Sevbold et al. 2013) and Europe (Montecchio
and Faccoli 2014) where the trees are
grown for timober production. With black
walrit trees being economically important,
it is imperative to investigate the parasitoids
attacking these invasive beetles.
Specimens of the new Theocolax spe-
cies were reared from P fuglandis infested
wood during 2010-2013 by colleagues
{the Cranshaw/Tisserat labs, Colorado
State Umversity) mvestigating the bwlogy
and natural enemies associated with the
beetle in the western United States.
Herein, the new Theocolax species is de-
scribed and compared with other species
of Theccolax, with notes on new di-
agnostic traits for the species groups.

MATERIALS AND METHODS

Newly collected specimens were
collected and stoved in 70-90% etha-
nol. Specimens used for morphological
analysis were dehydrated following
the hexamethyldisilazane (HMIDS) pro-
tocol described in Heraty and Hawks
(19G8) prior to point or stub mounting.
Scamning  electron microscope (SEM)
images were taken with a Hitachi
TM300C in compo mode and charge—up
reduction mode. Some specimens were
point—mounted, uncoated specimens,
whereas others were disarticulated and
sputter ccated with gold-palladium
{(—20nm coating, Cressington 108 Auto).
Color images were taken using the
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EntoVision Imaging Suite inclading a
fArewire JVC KY--75 3CCD digital cam-
era mounted on a Leica M 16 zoom lens
with a Leica z-step microscope stand.
Composite images were created in Carto-
graph version 3.6.0, and edited in Archmed
version 6.1.4 (Microvision Instruments,
France). Black backgrounds and scales
were added 1o SEM images using Photo-
shop and plates were assembled using
InDesign (Creative Suite 6, Adobe systems
Tncorporated, U.S.A). Images from plates
were deposited at MorphBank (Image
835240, 83524337, 835239-64, 835266,
83526675, 83527778, 835280-82,
835284, 835286, and B352KR).
Measurements were taken using SEM
and Faotovision images in combination
with Dmagel software version 1.47 (W.
Rasband, National Institutes of Health,
USA). Hymenoptera terminology for
surface sculpture follows Harris (1979)
and morphology follows the Hymenop-
tera Anatomy Ontology project (Yoder
gt al. 2010) and Gibson (1997). Abbrevi-
ations are as follows: F# = funicalar
segment, OOL = ocular ocellar line,
POL = posterior ocellar line. Measure-
ment explanations are as follows: body
length— i lateral view from the anterior
margin of the face to the posterior margin
of the metasoma excluding the ovipositor
sheath and without correcting for hunched
posture; head height— in frontal view from
the vertex to an magmnary line between
the ventral margins of the gena; POL- the
shortest distance between the posterior
ocelli; OOL—the shortest distance be-
tween the lateral margin of a posterior
ocellus and the eve margin; submarginal
vein length— measured from just past the
humeral plate to the point where the vein
meets the wing margin, marginal vein
length— measured from where it meets the
wing margin to the point of junction be-
tween the stigma and postmarginal veins;
stigimal vein— measured along its anterior
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margin from the point of junction with the
postmarginal vein to its apical margin;
postmarginal vein length— measured along
its posterior margin from its point of junc-
tion with the stigmal vein to its apex;
gastral terga lenth—measured dorsome-
dially from basal to apical margins. Male
antennae either have an additional funicular
segment or a segmented clava compared to
females. In females, the funicular segments
have a single ring of sensilla whereas the
unsegmented clava has the sensilla in
muitiple rows, which sometimes hecome
more irregularly spaced towards the tip.
The extra antennal segment of the males
18 therefore considered an additional,
sixth funicular segment because it has
a single row of sensilla (Fig. 15).

Abbreviations for collections are as
follows: USNM (National Museum of
Natural History, Smithsonian Institation,
Washingion, DC, U5 A), CNC (Canadian
National Collection of Insects, Arachmds
and Nematodes, Ottawa, Canada), and
CSUC (CP Gillette Museum of Arthro-
pod Diversity, Colorado State University,
Fort Collins, Colorado, U.5.AL).

A single female paratype of Thieoco-
lax piloeosini Yang was borrowed from
the CINC for comparison and imaging.
This specimen was damaged during
imaging and no other specimens could
be located from. Female specimens of
1. bakeri (Crawford), 7. elegans, 1. for-
miciformis Westwood, and T frater (Girault)
in USNM were also used for comparison
and imaging. Female T oblonga (Dehicchi)
type specimens were obtained from the
Roval Museum for Central Africa in
Tervuren, Belgium. The types and the
series of 7. ingens formerly collected in
Maryland, U.S.A. could not be located
sa a new specimen was collected from
the same in Marviand where this species
was documented by Grissell and Hevel
{2005}, Due to exportation difficulties, 7
radhakrishnani specimens could not be
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acquired and communications for mor-
phological assistance failed. Comparisons
between T. americanus and T radhak-
rishnani Sureshan & Narendran (2005)
are based on the original description.
DNA Extraction, Sequencing, and
Analysis.—Two adult 7. americanus
specimens (collected in Colorado) were
used for molecular comparison as well
as one specimen of . elegans (inter-
cepted at a port in Minneapolis, MN,
flight origin was India}, one 7. ingens
(collected in Maryland), and two Neo-
calosoter pirvophthori Ashmead (col-
lected in Tennessee). Theee 71 americanus
larvae (collected in Coelorado) were also
used for attempted extractions and the two
host larvae (£ juglandis from Colorado)
that the parasitoid larvae were attached to.
Total DINA was extracted from whole
adults and larvae soaked in extraction
buffer and proteinase K overmight to
pull DNA from the specimens withouwt
destroying the specimen. The standard
DNeasv® spin column protocol (QIAGEN
20063 was followed. Due to difficulties
obtaining sequences in this group of
wasps, the cytochrome ¢ oxidase subunit
1 (CO1) was amplified using a vanety of
primer combinations (individual primers
listed 1in Table 1). Single amplifications
did not work with any of the primer
combinations for Theocolax specimens.
Product from the polymerase chain re-
action (PCR), using the LepCoF-LepCoR
primers, was used as the template sanmple
for a second round of PCR. involving var-
ious combinations of primers. Some of the
successful reamplifications used  hemi-
nested primers (MLep primers paired with
another primer), whereas others were not
nested (HymlepCo primers and fepCo
primers). The following primers were
successtul as secondary amplifications: for
T americamis MlepF-HymlepCoZ198R;
for 1. ingens: HymlepColdS0F —
HymLepCo2 198K, LepCol490F -MI epR,
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