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Abstract

During the spring months, hickories throughout the Eastern U.S. become adorned with
abnomal growths or galls on the leaf or stem tissue. Many of these galls are caused by
phylloxerans (Hemiptera: Phylloxerideehylloxeraspp.Boyer de Fonscolombeavhich are
small, cryptic, phytophagous insects that are closely related to aphids. Their galls come in an
array of shapes, sizes, atwlors and are considered extended phenotypes of their inducer
(fundatriy). Hickory-feeding phylloxerans mainly cause aesthetic damage to the treasféoty
but some speciesuch asPhylloxera russella&toetzelthatinfect pecans can cause economic
damage. Despite their ubiquity and possible economic importance, higeatiyg phylloxerans
have been the focus of few taxonomic studies and have nostuskedextensively for over 100
years. There are only 32 described hickimgding species in tHg.S., and most of the
taxonomy is based on collections from a small area around Washington, D.C. In addition to
lack of knowledgeabout their diversity in the U.S., even less is known about their evolutionary
relationships. The three objectives of ttlissertation are to: 1) Perform the first estimate of the
phylogenetic relationships among phylloxeran species and test the monopagtepted
genera and hast2) Revise the species diversignd 3) Characterize their gall morphologies and
hods. To accomplish these objectiveBhylloxeragalls and/ophylloxeransvere collected from
across the U.S. on a variety of hosts includingspexies oCastaneaMill. , 11 species of

CaryaNutt., threespecies ofQuercts L., and twospecieof JuglansL. DNA sequence

informationof mitochondrial COl and nuclear8fU was used to esti mate

t



Phylloxerawas determined to be monophyletic a&tdylloxeraspp. cluster by gall morphology
rather than host. Fourteen putative rfeekory and walnuteedingPhylloxeraspp. were
described, and several new hastords (black hickory, nutmeg hickory, sand hickory, and
Northern California walnutjvere discoveredVith the additions made here and three species
being designated ammina dubia (Phylloxerafoveata(Shime), Phylloxeraglobosa(Shime),
andPhylloxera minimgShime)), the total number dPhylloxeraspp. feeding on hick@sand

walnuts in the U.S. is now 44. A key is provided to gall forming phylloxerans in the U.S.
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Chapter 1

Literature Review

Overview on galls

Gdls are abnormal growths of plant tissue that can occur on any plant organ and are
caused by insects, mites, nematodes, bacteria, and fungi (Redfern 2011, Capinewith012),
insects and mites being the most common (Capinera 2012). Galls are consigeséthe most
emblematic examples of plant manipulation by insects (Giron et al. 2016) and are distinguished
from other insect made shelters (e.g. rolled leaves) by the active differentiation and growth of
plant tissues that resemble a novel plant or§aone and Schonrogge 2003, Shorthouse et al.
2005, Giron et al. 2016). These abnormal growths are nutrient sinks that provide an abundant
supply of carbohydrates, free amino acids, and minerals to their inducers (Bagatto and
Shorthouse 1991, Larson and Miilam 1991, Koyama et al. 2004, Harris et al. 2006, Saltzmann
et al. 2008). Their development is mainly controlled by insect genes and galls are considered
extended phenotypes of their inducer (Dawkins 1982, Stone and Schonrogge 2003). Galls
represent ditinct microhabitats that provide their inducers with food, shelter, and some
protection from natural enemies (Stone et al. 2002, Stone and Schonrogge 2003, Nabity et al.
2013).

Functional morphology of galls



Insect induced gallexhibitan array of cairs, shapes, and sizes and this variation in gall
morphology is not well understood. Thus, there has been a continuing debate of the adaptive
significance of gall induction and gall morphology (Cornell 1983, Price et al. 1987). Three
hypotheses have beared to explain the diversity of internal and external gall morphologies
across insect taxa: Nutrition, Microenvironment, and Enklypotheses (Stone and Schonrogge
2003).

The NutritionHypothesis posits that galls provide access to enhanced nutiBoiher
feeding modes (e.g. leaf chewing) by the presence of inner nutritive tissues (Stone and
Schonrogge 2003). Nutritive tissue lines the inner surface of many closed galls (Shorthouse and
Rohfritsch 1992) and is the site where immature insectseicfieed to complete their
development (Giron et al. 2016). Therefore, enhancement of the internal surface area in galls is
key in providing increased nutrition to its developing inhabitants and is accomplished by the
development of internal folds (e.gptads and thrips) or the division of galls into connected
hollow radiating spines or passageways (e.g. aphids) (Stone and Schonrogge 2003).

The Microenvironmentypothesis posits that gall tissues function to protect galling
insects from harsh environmigl conditionswhich lead to desiccation (Stone and Schonrogge
2003). Modifications such as fully closed galls or galling insects being surrounded by waxy or
corky tissue could help to protect against water loss (Stone and Schonrogge 2003). Adgdlitionall
modifications of gall tissue traits such as deposition of waxes and resins could also be important
in response to microclimatic conditions (Stone and Schonrogge 2003).

Compared to the Nutrition and Microenvironmeétypotheses, the Eneniypothesis is
the only one that can explain external gall morphology and states that galls function to protect

their inducers from attack by natural enemies (Stone and Schonrogge 2003). Although galls do



provide some level of protection against attack by nonspeciatidajfors and pathogens

(Hawkins et al. 1997), they do not represent enemy free space (Jeffries and Lawton 1984, Stone
and Schonrogge 2003). Morphological features of the gall change throughout development (e.g.
gall size, wall thickness and toughnessnegength, and density of hair cover) as well as the
assemblages of insects that can exploit them (Stone and Schonrogge 2003). Smaller species
have been found to attack earlier in gall development whereas larger species with long
ovipositors attack latg)Craig 1994, Briggs and Latto 1996, Abrahamson and Weis 1997, Stone

et al. 2002).

Four structural traits have been shown to reduce the susceptibility of galling insects to
enemy attack including: increased gall hardness (Weis 1982, Stone et ali20@2sed
thickness of gall tissue surrounding the insect (Rossi et al. 1992, Zwolfer and-Rineltart
1994, Abrahamson and Weis 1997, Stone et al. 2p@Bescence (Dixon et al. 199&nhd
recruitment of ant guards through nectar secretion (Seibedt A8ahamson and Weis 1997).

The EnemyHypothesis would be supported if a defensive trait such as spines that are found
across insect species in a particular taxon are correlated with lower mortality caused by a natural
enemy (Stone and Schonrogge 2003).

Bailey et al. (2009) tested the Eneiypothesis by examining the parasitoid community
associated with gall wasps (Hymenoptera: Cynipidae) on oak @eesqusspp.L.) in Hungary.
Significant correlations were found between parasitoid community steuof oak gall wasps
and external gall structural traits which included: toughresisinessand stickiness (Bailey et
al. 2009). Although many gall morphologies were sampled in this study, none were free of

parasitoids, so the galls didt representeemy free space (Bailey et al. 2009). Their results



indicated that the optimal way for a gall wasp to escape its community of parasitoids is to shift to
a new organ on the oak host or to a new oak taxon (Bailey et al. 2009).

In addition to natural enenpressure, competition may also be another factor that has led
to the differentiation of gall traits among galling insects (Inbar et al. 2004). Gall inducers
compete for optimal galling sites and nutrients in the same host plant (Whitham 1979, Inbar et al.
1995). Shifts to a new plant part may release galling insects from competition (Denno et al.
1995, Craig et al. 2000, and Inbar et al. 2004) and Cook et al. (2002) suggested that intraspecific
competition amondndricus(Hartig) gall wasps for ovipositio sites has promoted shifts to a
novel part of the host plant. In the case of galling aphids suebraphigus betaBoane
habitat selection is considered key to their fithess and it is important for the fundatrix to find an
area on the leaf which willdve a high supply of nutrients and a low level of phenols (Zucker
1982). When multiple aphid fundatrices have been found on the same leaf, the aphids that
induce galls near the base have higher reproductive success than aphids inducing galls near the
apex(Whitham 1978, 1980).

More recently, several other hypotheses have been proposed to explain the variation in
gall color and morphology. Many galls are brightly colored with hues of red or yellow and Inbar
et al. (2010) proposed the Aposem&ill Hypothesis which posits that galls that are
conspicuous in coloration and contain high levels of defensive chemicals (e.g. phenols and
tannins) are aposematic. On the other hand, White (1993) proposed the Sertégpetisis
in which galls that possess adirt coloration is a direct result of their inducers feeding on the
outflow of nutrients from senescing tissues. Senescence feeders are primarily aphids, psyllids,
and scale insects (White 1993). Lastly, the Caterpillar Mimicry Hypothesis was proposed by

Yamazaki (2016) and states that galls that visually resemble caterpillars could deter herbivores



from feeding on thengrwhich would lead to increased survival. Galls that resemble caterpillars
have been found in Japan, Middle East, and the Palearctic ydggse caterpillar mimics are
formed by aphids (Aphididae), thrips (Phlaeothripidae), gall midges (Cecidomyiidae), and
jumping plant lice (Triozidae) on a variety of host plants (Yamazaki 2016).

Mechanisms of gall induction

Although galling insects arenkbwn widely for their manipulation of plant tissue, the
mechanisms involved in gall induction and formation still remain largely unresolved with the
exception of some bacterial species (Stone and Schonrogge 2003). The crown gall caused by
Agrobacterium tmefascienss induced by the bacteria exporting plasmid DNA and the resulting
expression of bacterial genes in the host (Davey et al. 1994). Similarly, root nodules caused by
RhizobiumandFrankia spp. are induced by the export of lipochitooligosacchasiigieal
molecules (Denarie et al. 1996).

On the other hand, insect gall formation does not likely involve host genetic
transformation since gall development ceases if the insect is removed (Richardson et al. 2017).
Gall induction by insects occurs thrdug couple of different modes of action including larval
feeding in plant tissue or from oviposition into plant tissue (Gagne 1989, Stone et al. 2002).
Effectors (small molecules that change host cell structure and function) are injected into the host
from the saliva of the immature insect or from maternal secretions to redirect plant development
(Chen et al. 2010, Hogenhout and Bos 2011, Giron et al. 2016). Galling insects can introduce
the effectors to the tissues from their salivary glands by theithparts or from their venom
glands by their ovipositor (Vardal 2006, Stuart et al. 2012). Host tissue will dedifferentiate and
hyperplasia (cell division) and hypertrophy (growth) will then follow (Oliveira and Isaias 2010;

Dias et al. 2013; Carneiro at 2014, 2015; Suzuki et al. 2015). The chemical identity and mode



of action of the effectors causing these responses remain unknown (Giron et al. 2016), but
phytohormones (auxins and/or cytokinins) (Cornell 1983, Shorthouse and Rohfritsch 1992,
Suzuki ¢ al. 2014, Tooker and Helms 2014), amino acids (Stone and Schonrogge 2003), proteins
(Highton and Mabberly 1994), mutualistic viruses (Cornell 1983), and bacterial symbionts
(Yamaguchi et al. 2012) have been proposed to be involved in gall induction.
Gall forming insects

There are approximately 15,000 species of insects that induce galls within which the
insect feeds and develops (Richardson et al. 2017). The galling habit of insects has evolved
repeatedly among and within insect orders (Stone and SgmP003). There are six known
ordersof insecs that induce gallancluding: ColeopteraDipterg HemipteraHymenoptera
Lepidopteraand Thysanoptera (Felt 1940, Gagne 1989, Shorthouse and Rohfritsch 1992,
Williams 1994, Stone et al. 2002, Blanche 2)) Gall midges Diptera:Cecidomyiidae)
(DregerJauffret and Shorthouse 1992) and gall wabjysnenopteraCynipidae) areonsidered
the most speciose gall inducers (Ronquist and Liljebblad 2001).

Insect induced galls can be single chambered (undocat multichambered
(multilocular) and each chamber may have one insect or many (Gagne 1989, Stone et al. 2002,
Blanche 2012)and they can range from simple structures such as leaf pits to more complex
woody stem galls (Blanche 2012). Insect galls maye an opening for individuals to emerge
from (eg. aphids and phylloxerans) or the gall may have no opening requiring the inhabitants to
eat through the tissue to emerge (e.g. gall wasps) (Felt 1940). Variation in gall characters of the
same species afisect can occur due to a gall being induced by a male or female (Blanche 2012),
the time of the season the gall was induced (Pergande 1904), or the host plant species (Pergande

1904).



Gall structure can also vary widely among insect taxa and their mogyhs indicative
of the species of insect that induces it (Stone et al. 2002, Blanche 2012). The galls of scale
insects (Coccoidea) can appear as enclosed swellings, tubes, blisters, pits, pouches, rosettes, and
buds with one external opening on thersdeleaves, and flower buds of their host plants
(Blanche 2012). Psyllid galls can have the appearance of pits, leaf rolls, or raised globular sacs
with many of them being on leaves (Blanche 2012). Thrip galls can resemble leaf rolls, tubes, or
pouches o leaves (Blanche 2012) and aphids also form pdiketpalls (Felt 1940). Cynipid
galls come in a diversity of shapes and are thought to be the most complex structures of all insect
induced galls (Schonrogge et al. 2000) with their surfaces often canespihes of varying
shapes and sticky substances excreted on the surface by glands (Stone and Cook 1998). Lastly,
galls of Phylloxeraspp.Boyer de Fonscolombaso occur in a vast array of shapes including
disk, button, conical, elongate, and globRergande 1904, Felt 1940).
Evolution of gall morphology and hostplant relationships

The evolution of gall morphology and hgaant relationships has been studied in
numerous insect taxa inclung: aphids (Stern 1995, Inbar et al. 2004, Sano and Akir2011),
wasps (Stone and Cook 1998, Ronquist and Liljeblad 2001), scale insects (Cook and Gullan
2004), gall midges (Dorchin 2004, Joy and Crespi 2007), thrips (Crespi and Worobey 1998), and
sawflies (Nyman et al. 2000). The general trend in many séttexa is that related species
were found to induce similar gall types (Dorchin et al. 2004). Nyman et al. (2000) found that
gall morphology mirrored the phylogeny of nematine gallers and not their host plants; similar
results were found with pemphigiaphids (Stern 1995), cynipid wasps (Stone and Cook 1998),
and Australian gall thrips (Crespi et al. 1997, Crespi and Worobey 1998). Additionally, similar

gall types were found to be close to each other on the phylogeny which indicates that gall types



evolve gradually (Nyman et al. 2000) and has also been observed with gall wasps (Stone and
Cook 1998) and thrips (Crespi and Worobey 1998).

For example, with nematine sawflies the evolutionary sequence of gall morphology is as
follows: 1) galling species eWwed via leaf folders or roller) leaf blade gall3) apical leaf
gall; 4) basal leaf gallb) petiole gall 6) stem galland 7) bud gall (Nyman et al. 2000).
Similarly, leaf folding was found to precede galling in thripsh@maciaMartius (Crespi ad
Worobey 1998). On the other hand, in the gatige subtribe Baldratiina (Diptera:
Cecidomyiidae), multichambered stem galls were determined to be the ancestral state followed
by the evolution of midib leaf galls and then other leaf gall types (sirglenult-chambered)
with some reversals to stem galls (Dorchin et al. 2004). Sano and Akimoto (2011) found that in
galling aphids of the tribe Eriosomatini, the ancestral gall state was open leaf rolls followed by
open and closed pouch galls.
Taxon of focusi Phylloxeraspp.

Phylloxerans (Hemiptera: Phylloxeroidea: Phylloxeridae) are cryptic phytophagous
insects that feed on the leaves, roots, and stems of their host plants. Paryfi@reriosely
related taaphids Aphididag andadelgids Adelgidae) (Favret et al. 2016Across the world,
Phylloxeridae is comprised of seven generaabwlt70 described species that are found on a
variety of hostsncluding: Caryaspp.Nutt. (hickories),Castaneapp.Mill. (chestnuts)Nyssa
sylvaticaMarshall(black typelo),Populusspp.L. (cottonwoods)Pyrusspp.L. (pears)Quercus
spp. (oaks)Salixspp.L. (willows), Uimusspp.L. (elIms), andVitis spp.L. (grapes) (Blackman
and Eastop 2013). Inthe U.S., Phylloxeridae is composed of three geaknaldsphaira
Shimer Phylloxerg andPhylloxerinaBornen and 47 species that occur Garyaspp.,Castanea

spp.,Nyssa sylvaticaPopulusspp.,Quercusspp.,Salixspp., and/itis spp. (Blackman and



Eastop 2013). Much of what we know about phylloxereasesultedfrom studies of the grape
phylloxera,Daktulosphaira vitifoliagFitch), which is an economically important pest of
grapevines (Medina et al. 2011, Favret et al. 2016).

Phylloxerais comprised o$pecies that feed on chestnuts, hickories, and oaks (@erga
1904). However, their feeding affects the bastdifferent ways withPhylloxeraspp. forming
galls on hickories and causing yellow spotting and/or curling of the leaves on chestnuts and oaks
(Blackman and Eastop 2013). Currently, there arée32ribed species of hickefgeding
Phylloxerain the U.S. most of which were described from areas around Washington, D.C. on a
few species of hickoryy Caryacordiformis(Wangenh) K. Koch (bitternut hickory) C. glabra
(Mill.) Sweet(pignut hickory),C. illinoinensis(Wangenh.) K. Koclfpecan)C. tomentosa
(Lam.) Nutt (mockernut hickory), an@. ovata(Mill) K. Koch (shagbark hickory) (Pergande
1904, Stoetzel 1981, Blackman and Eastop 2013).

The current alpha taxonomy of hickory phylloxerans istdargely on host associations
and gall morphologies (Pergande 1904). The appearance of hickory phylloxeran galls has
considerable variation and Pergande (1904) classified the galls into four distinct groups: 1) galls
that are thin, papdike, and someWwat transparent; 2) galls that are fleshy and opaque; conical,
globular, or pedunculate in shape; 3) galls formed from elongate folds between leaf veins; and 4)
galls located on twigs or petioles. Felt (1940) colorfully describednterior of mature
phylloxera galls as resembling the crystals of a geode due to the galls being densely lined with
phylloxerans.

At first glance, phylloxerans look somewhat similar to aphidewever, they have
several distinct characters that easily separate them fromisapPhylloxerans lack cornicles

(abdominal tubes projecting from the caudal end of the dorsuast species have three



segmented antennaend alates (winged migrants) hold their wings flat over their back
(Pergande 1904). On the other hand, most spetiaphids have cornicles, five to six
segmented antennae, and alates hold their wingdikeadver their bodyKavret and Miller
2012.

The taxonomic placement afcouple of Fagacedeeding speciewas uncertain and for
a time were placed in the gesMoritziella (Borner). These species are currently considered to
be members dPhylloxera,but without phylogenetic eviden¢Eavret et al. 2016) he lack of
abdominal spiracles is considered a key diagnostic feature of hifdexniyng species, and
speimens inMoritizella also share this trait (Favret et al. 2016).

In addition talittle being known about the diversity Bhylloxeraspp. in the U.S., not
much is known about their life cycle either. The life cycl®bylloxera caryaecauli§-itch)
was studied in detail by Pergande (1904), Morgan (1906), Whitehead (1934), and Caldwell and
Schuder (1979)In this species, tundatrix (a.k.a, stermother) hatches in the early spring from
an overwintering egg and migrates to newly expanded leaf ortistsume and begins to feed
(Caldwell and Schuder 1979 he feeding initiates gall formation and the gall will grow around
the fundatrix and enclose it (Caldwell and Schuder 1979). The fundatrix will reproduce
parthenogenetically (asexually) and alatem@@d migrants) will develop from the eggs
(Caldwell and Schuder 19790nce the gall reaches maturity and opens, the alates will emerge
and migrate to nearby leaves and will also reproduce parthenogenetically and deposit eggs on the
abaxial surface (undside) of leaves (Caldwell and Schuder 1979). Female and male sexuales
will hatch from the eggs and will mate and each female will deposit one overwintering egg
which contains the fundatrix for the following year (Caldwell and Schuder 1979). From egg

hach of the fundatrix to deposition of an overwintering egg is approximatebp5lays
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(Stoetzel 1985). Overwintering eggs have been found in protected areas such as old galls and
bark crevices (Kotinsky 1921).

Stoetzel (1985) conducted detailed séisdon the biology of siRhylloxeraspp. P.
caryaecaulisP. caryaevena€itch, P. deplanatePergandeP. devastatri¥PergandeP. notabilis
Pergandeand P. russella&toetzel and found that Pergande (1904), Whitehead and Eastep
(1937), and Caldwell an8chuder (1979) incorrectly stated that sexually mature females and
males hatched directly from eggs. Instead sexual males and females go through holometabolous
development with progression through five instars while fundatrices, apterous femalesteand ala
females go through hemimetabolous development with five instars (Stoetzel 1985). Pupiform
larvaedo not feebetween moltbecausehey lack mouthparts and the adults lack a rostrum and
wing pads (Stoetzel 1985).

As in many species of aphids, at lesstnePhylloxeraspp. have obligate seasonal
alternations in host use. Stoetzel (1985) demonstrated host alterna®ioyllokera texana
StoetzelandP. castanea(Haldeman)Phylloxera texanalates were isolated from galls on a
Caryasp. and put on pea leaves, but they ditbt lay eggs and died (Stoetzel 1985). On the
other hand, wheR. texanaalates were placed on leavedafercus falcataMichx. andQ.
virginia Mill. they laid eggs that hatched into nymphs (Stoetzel 1985). SimBarlgxana
alates were found laying eggs Quercusspp. in the field (Stoezel 1985). In West Virginia,
alates emerging out of a gall @arya tomentosavere morphologically identical to the alates on
chestnut treexJastaneasp.) in a nearby nursery (Stoetzel 1983) greenhouse experiment was
conducted with galls from mockernut and large populatiors chstaneadeveloped on the
chestnut leaves (Stoetzel 1985).

Hickories
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Hickories Caryaspp.) belong to the family Juglandaceae, which also contains walnuts
(Juglansspp.L.) (Kirkman et al. 2007). Seventeen species of hickadesrin Eastern North
America and Eastern Asia (Zhang et al. 2013). There are 11 spebiekarfesnative to the
U.S. (bitternut, black, mockernut, nutmeg, pecan, pignut, sand, scagask, shellbark, and
water) and many of them have a Southeastern distribution, but some species are found as far
north as Maine and as far west as Texas (Kirkman et al. 2007, Little 2013). Hickories can be
distinguished from other trees by several kajts which include: compound leaves wiitre to
17 leaflets growing from a rachis (stallaflets growing in oppositional pairs perpendicular to
the stalk with a terminal leaflet at the end of the radbafletsbeinggenerally larger toward the
endof the rachis and haw serrated edgebark forming ridges in a vertical patterand nuts
havng a woody outer shell artskingfour-valved (Kirkman et al. 2007).

Hickories are considered an important component of temperate deciduous forests in the
Eagern U.S. (McCarthy and Wistendahl 19&®&causehey provide food and shelter to many
animal species (Fralish 2004, Nelson et al. 2014). In the Central Hardwood Forest, hickories
have dominated the forest for thousands of years and many animal argpplaes depend
upon their presence, so they are considered keystone species (Fralish 2004). In addition to their
importance in forest ecosystems, they are also economically imploeauiseéheir nuts are
edible (pecan) and their wood is often useddot handles, furniture, and preparation of fasd
fuel for cooking or smokingKirkman et al. 2007).

Previous taxonomic studies

Research examining the diversity of hickory phylloxerans in the U.S. has been limited.

Shimer (1868) documented the diversfyhickory phylloxerans found near Mt. Carroll, lllinois

and Pergande (1904) published 28 species descriptions of hickory phylloxerans, mainly from
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material fromaroundWashington, D.C. Pergande (1904) believed that his work treated only a
fractonofte t ot al diversity in the U.S., but since
Phylloxeraon aCaryasp. have been described (Stoetzel 1981). Stoetzel (1981) described
Phylloxera russellaandPhylloxera texan@n Carya illinoiensis(pecan).
Objectives

Although hickoryfeeding phylloxerans are ubiquitous in deciduous forests throughout
Eastern North America, they have been the focus of very few studies. Their taxonomy is
considered antiquated and incomple¢eausdt has been neglected for morentHeO0 years,
was only ever studied in detail in a few eastern states, and the true species diversity is likely to be
much highe(Pergande 1904)In addition, the monophyly of hickory phylloxeran species has
been questioned but not tested and little mkmabout their hoslise patterns. This project uses
a combination of morphological and molecular approaches to improve our understanding of the
species diversity and phylogenetic history of hickory phylloxerans, as per recent research on
Adelgidae (Havillet al. 2007, Foottit et al. 2009) and Aphididae (Yang et al. 2010, Wang et al.
2011). The objectives of my research are to: 1) Perform the first estimate of the phylogenetic
relationships among phylloxeran species and test the monophgtgeptedjerera and host 2)

Revise the species diversignd 3) Characterize their gall morphologies andshost
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Chapter 2

Phylogeny ofPhylloxeraspp. on Juglandaceae and Fagaceae in the U.S.

Abstract

In the Lhited StatesPhyloxeridae (Hemiptera) is composed of three genera
(DaktulosphairaShimer;PhylloxeraBoyer de Fonscolomb@&hylloxerinaBornei thatinclude
specieghatoccur on an array of host planhylloxerais comprised of specigkatare free
living on chestnut§Castaneapp.Mill. ) and oaksQuercusspp.L.) as well as gall forming
species that live on hickorie€&ryaspp.Nutt.). Currently, there are 32 describiékylloxera
spp. on hickories in the U.S. Although they are ubiquitous throughout deciduous thnesg
the spring, few taxonomic studies have been done on this group and less is known about their
evolutionary relationships. The objective of this study was to perform the first estimate of the
phylogenetic relationships among phylloxeran speciesa@tedt the monophyly adccepted
genera and hastPhylloxerans occurring ddaryaspp., aCastaneasp.,Juglansspp.L.
(walnuts),Populussp. L. (cottonwood)Quercusspp., and &itis sp.L. (grapevines) were
collected from across the U.S. from 202618. Relationships within Phylloxatae were
estimated with a Maximum likelihood analysis of DNA sequence data from the mitochondrial
COl gene, and the nuclear-EfU gene. The phyl ogeny from the ¢

exemplars of 17 putative nahylloxeraspp., 25 describedhylloxeraspp., and three
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undeterminedPhylloxeraspp.Phylloxerawas determined to be monophyletic &tdy/lloxera
spp.clusteredoy gall morphology rather than hgdant use.
Introduction

Phylloxerans (Hemiptera: Phylloxeroidea: Phylloxeridae) are cryptic phgtgpus
insects that feed on the leaves, roots, and stems of their host plants. Phylloxerans dikeaphid
in appearance and are closely related to aphids but differ from them by being oviparous in all
generations and by lacking cornicles (Heie 1987)hénU.S., Phylloxeridae represented by
three gener@DaktulosphairaShimer;PhylloxeraBoyer de Fonscolomb@&hylloxerinaBorner)
and 47 species that occur Garyaspp.Nutt. (hickories),Castaneapp.Mill. (chestnuts)Nyssa
sylvaticaMarshall(blacktupelo),Populusspp.L. (cottonwoods)Quercusspp.L. (oaks),Salix
spp.L. (willows), andVitis spp.L. (grapes) (Blackman and Eastop 2013).

Phylloxerais comprised of specig¢batare freeliving on chestnuts and oaks as well as
gall formingspecieson hickories (Pergande 1904, Blackman and Eastop 2013). Recently,
Phylloxera castaneivoréMiyazaki)andPhylloxera corticalisKaltenbachwerereassignedrom
Moritziella Bornerbecausehere were no distinct morphological differesdetween the two
genergFavret et al. 2016Moritziella is now considered jainior subjectivesynonym of
Phylloxera(Favret et al. 2016). However, nomenclatural issues still exist wattjtioxerawith
a distinction needing to be made between Paleaantl Nearctic specigkatdiffer in number of
spiracles (Favret et al. 2016).

Currently, there are 32 described specieBhyfiloxerathat occur on hickories in the U.S.
(Favret et al. 2016). Similar to other gall inducing insects, phylloxeran gat®rsalered
extended phenotypes of the inducer and are important in species level identifications (Stone and

Schonrogge 2003). The taxonomy of hickory phylloxerans has been based largely on host
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associations and gall morphologies (Pergande 1904, Caldwe8ehuder 1979). Pergande

(1904) classified the galls into four distinct groups: 1) galls that are thin and somewhat
transparent; 2) galls that are fleshy, opaque, conical to globular in shape, and have an opening
located below leaf; 3) galls formed fragfongate folds between leaf veins; 4) galls located on
twigs or petioles.

Galls of Phylloxeraspp. are commonly encountered on hickories during the spring
months. Hickories (Juglandaceae) are considered an important component of deciduous forests
(McCarthy and Wistendahl 1988) and are considered keystone species in some areas since
animals and plants depend upon their presence (Fralish 2004). There are 11 shatosed
native to the U.S. (Kirkman et al. 2007, Fryer 2018), and the formation ofgjedblarriers such
as the uplift of the Appalachian Mountains during the late Oligocene to Miocene and erosion that
occurred until the end of the Miocene contributed to their divergence and speciation (Zhang et al.
2013).

Hickory-feeding phylloxerans havieen worked on taxonomically several times (Shimer
1868, Pergande 1904, Stoetzel 1981). More recently, Favret et al. (2016) composed a catalogue
of phylloxerids of the world and Zhao and Nabity (2017) constructed the firstgenié tree of
members of th@hylloxeridae including seven species found on hickories. Therefore, not much
is known about their species diversity in the U.S. and very little is known about their
evolutionary relationships. The objective of this study was to perform the first estiftihée
phylogenetic relationships among phylloxeran species and test the monopagtepted
genera and host
Materials and Methods

Taxon sampling and data collection
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Three hundred and sixtyine samples were collected from 19 states in the U.S. from
2015/ 2018 (Figure 1) on 1Caryaspp. Phylloxeraspp.), oneCastaneasp.(Phylloxera
castaneaéHaldeman)), two Juglansspp.L. (Phylloxeraspp.), ond?opulussp.(Phylloxerina
popularia(Pergandg), threeQuercusspp. Phylloxeraspp.), and on¥/itis sp.(Daktulosphaira
vitifoliae (Fitch)). Approximately 150 samples were selected for DNA extractions and
sequencing based on gall morphology, host plant, and geographic location.

Three aphid specieg\phis sambudi., Cinara pergande{Wilson), andHamemlistes
spinosussShime) were chosen as outgroups as well as species from two other genera in
Phylloxeridae Phylloxerina salicigLichtenstein) Phylloxerina populariaandDaktulosphaira
vitifoliae). Theseoutgroup speciedo not occur orCaryaspp.Sequencesof the aphid outgroups
andPhylloxerina salicisvere taken from GenBank agretwo sequences faheingroups
(Phylloxera castaneivorandPhylloxera coccinegvon Heyden)).

Galls wereexcisedand/or phylloxerans were transferred from plant specimens%o 9
ethanol and stored at 8°C until DNA extracti®pecimengrom each collection were stored in
70% ethanol and slidmounted in Canada balsam. Specimens were deposited at NMNH
(National Museum of Natural History, Beltsville, MD). Phylloxerans were ifledtto species
by using Pergande (1904) and Stoetzel (1981); identifications were based on morphological
characters of the galls, specimafi#hylloxeraspp, host identityandphylogenetic inference
Phylloxeraspp.identifications were confirmed by swaring them to thEhylloxerasyntypes
and dried gall specimens (if available) in the U.S. National Collection in Beltsville Av{D.
nomenclatural agh the dissertation shouldot be considered valid under ICZNickoriesand

walnuts were identified to species by using two field guides (Kirkman et al. 2007, Nelson et al.
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2014) and idetifications were confirmed by Dr. Nancy Loewenstein (Auburn University School
of Forestry and Wildlife Sciences). Collection data are listed in Table 1.
DNA extractions, Polymerase Chain Reactions, and Gel Electrophoresis

DNA was extracted fromi25 speainens derived from the same gall type or specimens
identified as the same species in a sample if they werdivieg. Phylloxerans were ground
with a pestle directly in a 1.7 ml microcentrifuge tube containing 200 pl of TL Buffer including
25 ul OB Protese Solution and incubatéd a water batfat 55°C for three hours. An E.Z.N.A.®
Tissue DNA kit (OMEGA Bietek, Inc., Norcross, GA) was used for extractions and the
enclosed protocol was followed.

Polymerase chain reactions were performed in 25 pl reactiomsisting of 9 ul of ultra
pure water, 12.5 pl of Q5® Highidelity 2X Master Mix (New England Biolabs Inc.,
Massachusetts, USA), 1.25 pl of forward primer, 1.25 pul of reverse primer, and 1 pl of DNA
template. An approximately 7 DNA fragment of miaichondrial COl was amplified using
t he pr i meATSCARGCAATCATBAAGATATTGG-36) and- LepR (56
TAAACTTCTGGATGTCCAAAAAATCA-306) (Foottit et al. 2008) .
( IGAAATGGGAAAAGGCTCCTTCAAGTAYGCYTGGE NMoraf et al. 199pand Efrl
( SGNGTGGAATSCAANACNGGAGT-3 Nj)) (Hi dal go et al. 2012) we
approximately 100®p DNA fragment of the nuclear gene EfU . Pol ymerase chain
were performed in a T100 programmable thermal cycler-R&id, CA, USA). For COI
amplification, afte an initial denaturing step of 4 mins at 94°C, 35 cycles were performed with a
denaturing for 45 secs at 94°C, an annealing step of 90 secs at 48°C or 50°C, primer extension
for 120 secs at 72°C, and a final elongation step of 10 min at 72°C. HotEfpéfination, after

an initial denaturing step of 3 mins at 94°C, 34 cycles were performed with a denaturing for 30
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secs at 94°C, an annealing step of 52°C, 53°C, or 54°C for 1 min, primer extension for 90 secs at
68°C, and a final elongation step of 7 mat68°C.
PCR products were separated by gel electrophoresis. One percent agarose gels were

prepared by adding one gram of agarose to 100 ml of 1x TAE buffer with 10 pl of Gel Red

(Biotium Inc., Fremont, CA). TenCADWasaddedtd 00 bp
the first | ane of each gel and 10 Ol of each
buffer (Biotium Inc., Fremont, CA) and | oaded

current of 100 V in an electrophoretic tabNA bands were viewed by ultraviolet
transillumination using a 8OX and the program GeneSma08(Syngene, Cambridge, UK)
Amplified products which produced a single band for each sample were purified by using an
E.Z.N.A® Cycle Pure kit (OMEGA Bidek Inc., Norcross, GA) following the enclosed protocol.
Sequencing

Cleaned amplicons were sent to Eurofins Genomics, LLC. and were Sanger sequenced in
both directions. Geneioud 11.4(Biomatters Limited, Auckland, New Zealand) was used to
assemble, analyzand trim chromatograms of forward and reverse reactions. Each sample was

then checked for contamination by inputting the sequence data into BLAST.

Analysis
A multiple sequence alignment was performed for COLE), and t he combi n
using a Geneious alignmeifwo EE1 U i n t ridemtified an&emeved prior to analysis

usingthe programAli View (Larsson 2014)Three phylogenetic trees (COI,-EfJand the
combined data set) were constructedRAML 8.2.11 (Stamatakis 2014ith rapid

bootstrapping and search for besbring ML tree Foreach tre¢COI, Ef1 U, and the c¢oml
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data set)a GTRGAMMA nucleotide model was used and run for 1,00@iiens. All
sequences obtained in this stwdll be deposited in GenBank.
Results

COl was successfully sequenced for 131 samples atdlEf was sequenced f o
samples. With sequences from GenBank, the phylogeny estimated from the combined data set
confins sequences representing 146 specimens. Trees constructed from Maximum likelihood
analyses of the combined data set, COl,anti Ef ar e shown in Figures 2,

The phylogeny from the combined data set was comprised of 17 putativehyéoxera
spp., 25 describeBhylloxeraspp., and thremnominatePhylloxeraspp.Phylloxeraand
Phylloxerinawere each recovered amnophyletiqFigure 2) Phylloxeraspp. occurring on
other host plant genera were nested with the hicteaging phylloxerans inctling: Phylloxera
castaneadéCastanea pumilél.) Mill. or dwarf chestnutPhylloxera glabravon Heyden)

(Quercus garryan@douglas ex. Hookr Oregon white oak an@uercus lobatdNeeor valley
oak),Phylloxera reticulataDuncan(Quercus kelloggiNewberry or California black oak),
AiPhylloxera stoetzelae Juglans hindsi{Jeps.) Jeps. ex R.E. Sar.Northern California
walnut), Phylloxera foveol@ergand€Juglans nigral. or black walnut), and an undetermined
Phylloxerasp. (black walnut). Hostise groups phylloxerans are not monophyletic.

Three major clades with conservative gall morphology are found in the phylogeny
constructed from the combined data set (Figure 2). The first major clade is comprised of species
thatform an elongate fold along the faeein as their opening on the abaxial leaf surface. The
second major clade is comprised of spethasmainly have a round opening on the abaxial leaf
surface. The third major clade is comprised of spebh@thave a sldike opening on the abaxial

ledf surface or a conical or thotike opening.
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Lastly, Phylloxera caryaemagngshimer)was originally considered a variety Bf
caryaecauligFitch). However, since this species occurs in a separate cladé’froanyaecaulis
it is now considered a septgapecies.

Discussion

Regardless of host plant genBéiylloxeraspp. clustered together on the phylogeny
Favret et al. (2016) recently transferred phylloxerans from the déodiiella (e.g.P.
castaneivorato the genu®hylloxerabecause they hatlé same number and placement of
spiracles on the thoraXhe placement d?. castaneivoran the phylogeny supports the recent
transfer ofMoritziella spp. to the genushylloxera.

However, the number and placement of spiracles do not seem to be impoataaters
for identifying genera in PhylloxeridaBor example, an oaleeding specief?hylloxera glabra,
has additional spiracles present on the abdominal segments but cliibtehe hickoryfeeding
speciesn the phylogenyZhao and Nabity (2017péind a similar resulwith another oak
feeding specieBhylloxera quercuBoyer de Fonscolomb@hylloxeraquercusalsohas
additional spiracles present on the abdominal segnmamrits|usteredvith the hickoryfeeding
phylloxerans

Phylloxeraspp. clusteéng into clades by gall morphology rather than hmant use is a
common pattern seen in other gall forming insects such as aphids (Stern 1995, Inbar et al. 2004),
Australian gall thrips (Crespi and Worobey 1998, McLeish et al. 2011), cynipid wasps (Stone
and Cook 1998), and sawflies (Nyman et al. 2000). Since there can be variation in gall
morphology ofPhylloxeraspp, the phylogeny also aided us in species determinations. For
example Phylloxera caryaseptéShimer) Phylloxera caryaeavellanRiley, Phylloxera conica

(Shimer) Phylloxera spinos&Shimer) andPhylloxera symmetricRergandéave variation in
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gall forms, but the different forms of each species cluster together in the phylogeny. Therefore, it
was not only important to study the gall morplpl®@f specimens, but to also study the

morphology of thé>hylloxeraspecimens closely. For example, a gall that was very similar in

form to Phylloxera caryaeseptaas identified as being a new species sincéthgloxera

specimens had different antennahcacters in both the fundatrix and alate stages.

Pergande (1904) considerBdcaryaemagnandPhylloxera spinosas being varieties of
Phylloxera caryaeacaulis’heyeachhave very different gall morphologieBlylloxera
caryaemagndeing globular and gmgy,P. spinosaeingglobular and spinyandP.
caryaecauliseing globular and haydbutwere recognized as being the same species because
their inhabitants closely resembled one anotRergande 1904However,Phylloxera
caryaemagna and P. spinosecur in different cladeBom P. caryaeacaulisin additionto P.
caryaemagndeing recognized as a separate speBiespinosaias also recently been
recognized as being a distinct spe¢keavret et al. 2016)

A novel galtforming Phylloxeras p Phyllo{era stoetzelaged was c oJuglams t e d
hindsii (Northern Californiavalnut) which represents a new host genus. Waldutggnsspp.)
are in the same family as hickories (Juglandaceae) and are sister to them phylogenetically
(Manos and Stone 2001).aMuts and hickories are morphologically similar to one another with
their pinnately compound leaves, small flowers, and large nuts (Nelson et al. 2014) as well as

being chemically similar with both of them containing the same allelochemicals (juglone and

f

jugloneds hydr oqui n dlelechemoalsang toxic Ehenacalpradliced by 9 8 3 ) .

plants that protect them frohemivorous insects insects must be able to neutralize this defense

in order tosuccessfullysurvive and reproduce on a host pl@ifalling 2000,Nishida 20%) .
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Perhaps since walnuts dyethmorphologically and chemically similar to hickories
(Rietveld 1983, Nelson et al. 201#hylloxeraspp. are able to colonize and inhabit this genus as
well. Alates of two diffeent speciesRhylloxera foveoland an unidentifie®hylloxerasp.)
were collected fronduglans nigra(black hickory) in Arkansas and Oklahondaglans nigra
could possibly be used as a secondary host for the alates to lay their eggs on of the sexual
geneation which would represent another example of host switching. Stoetzel (1985)
successfully demonstrated host switching Wittylloxera texan&toetzelandPhylloxera
castaneae@nd observed that alatae from both species gave rise to populatiQue@usspp.
andCastaneaspp. Similarly, Pergande (1904) noted that he fdeimgloxera perniciosa
Pergandalates that had emerged from galls on a mockernut hickory depositing eggs on other
genera of trees, shrubs, and weeds.

Insect gallers are considered higkpecialized since they reprogram plant metabolism to
their benefit (Ali and Agrawal 2012) and the phylogeny helps to elucidate Wwhigloxeraspp.
are monophagous (feeding on only one host plant species) versus oligophagous (feeding on
several host pla species). The majority &fhylloxeraspp. seem to be oligophagous since they
were collected on more than one host plant sp&wobsding suchspeciesasP. caryaeavellana
P. caryaemagngaP. caryaesciss®iley, P. caryaeseptaP. caryaevena€itch, P. conica P.
foveolg P. spinosaandP. symmetricaln contrast, species occurring Garya illinoiensis
(Wangenh.) K. Koclfpecan) such aBhylloxera devastatriergandendPhylloxera russellae
Stoetzekeem to be monophagous since they were not callectany other hickory species.
Similarly, many of the new species collected were only collected on one hickory species

i ncl uRhyylgl: oxXier a fRhylloxena hispinag | Phyiloxera chippokesnsi® |,
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fiPhylloxera crypta fiPhylloxera falsostimo , Phyfloxera floridan@& fiPhylloxera myristica
AP hyl | ox eri@hyloeetawiddersnanpi, ®&hyltbxerd williamsd .

Two factors may contribute to thévdrsification of phylloxerans including geographi
isolation and host range expansion. Allopatric speciation or speciation by geographic isolation is
important in the divergence of insect species (Nyman et al. 2010). For exBmgaeyaesemen
Walshis thought to be a western species and has beentedliecArkansas, Missouri, and
' I1'1'i noi s wher eR shippokesnsi® was tolectedsnp/egia. ¢sst réinge
expansions allow insects to become more widely distributed and shift to novel host plant species
(Janz et al. 2006). For exampie russelladgs found only orC. illinoinensisand its sister
s p e cH mistidd was fConynsdicifarmis Similarly, P. castaneaés a freeliving
speciesoilCastaneass pp. and i tRcngptids tiesr as pgeadile sf ofGni ng s p
aquatica

This is the first molecular phylogeny Bhylloxeraspp. collected from across the U.S.

(with a couplegtaxa collectedrom outside the U.S.The phylogenyot only illustrates the host

use patterns of 25 described species and 17 putativepemies, but also demonstrates that
species that are closer together on the phylogeny have more similar gall morpholugies

study provides the framework for future studies that may look into the correlation between gall
morphology and natural enermagsociationgpredators or parasitoidej Phylloxeraspp. or

further examination of the diversity Bhylloxeraspp. present in other areas of the U.S. such as

the Northeast or Midwest.
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Table 1.Accessions oPhylloxeraspp. and outgrougpgcies with life history and collection

information. Spe@sfollowed by a superscript denote sequences that were taken from GenBank.

Acc. no. Species Life Collection | Collection Locality Host
history/Shape Date
211 "Phylloxera floridana" Leaf gall: 10/03/15 | Archbold Biological | Carya floridana
button Station, FL
191 Phylloxera caryaecauli§  Leaf gall: 04/13/16 Davis Arboretum, Carya glabra
globular AL
207 "Phylloxera Leaf gall: 04/13/16 Davis Arboretum, Carya pallida
auburnensis" globular AL
009 "Phylloxera bispinae" Leaf gall: 04/19/16 Bankhead National Carya glabra
thorny Forest, AL
010 Phylloxera foveola Leaf gall: 04/19/16 | Bankhead National Carya glabra
button Forest, AL
011 Phylloxera spinosa Leaf gall: 04/19/16 | Bankhead National Carya glabra
globular Forest AL
022 Phylloxera caryaescissi  Leaf gall: 04/19/16 | Bankhead National | Carya tomentosa
button Forest, AL hybrid
025 Phylloxera spinosa Petiole gall: 04/19/16 Bankhead National Carya glabra
globular Forest, AL
032 Phylloxera caryaescissg Leafgall: 04/19/16 Bankhead National | Carya tomentosa
button Forest, AL
012 Phylloxera symmetrica| Leaf gall: pear| 04/20/16 Talladega National | Carya tomentosal
Forest, AL x C. pallida
018 Phylloxera caryaescissg Leaf gall: 04/20/16 Talladega National | Carya cordiformis
button Forest, AL
041 Phylloxera caryaescissg Leaf gall: 04/22/16 | Florida Caverns Stat{ Carya glabra
button Park, FL
042 Phylloxera caryaeseptg  Leaf gall: 04/22/16 | Florida Caverns Stat{ Carya glabra
thorny Park, FL
044 Phylloxera Led gall: 04/22/16 | Florida Caverns Stat{ Carya cordiformis
caryaemagna globular Park, FL
070 Phylloxera caryaefallax Leaf gall: 04/23/16 | A.J. Henry Park, FL| Carya glabra
round
072 Phylloxerasp. 3 Leaf gall: 04/23/16 | A.J. Henry Park, FL| Carya glabra
elongate
083 Phyloxerasp. 2 Leaf gall: 04/24/16 Dauset Trails, GA Carya glabra
elongate
084 Phylloxera spinosa Leaf gall: 04/24/16 Dauset Trails, GA Carya glabra
globular
085 Phylloxera conica Leaf gall: 04/24/16 Dauset Trails, GA Carya glabra
globular
087 "Phylloxera Leaf gall: 04/24/16 Dauset Trails, GA | Carya tomentosa
flavoconica" conical
089 Phylloxera notabilis | Leaf gall: oval | 04/25/16 J.F. Gregory City Carya aquatica
Park, GA
090 "Phylloxera stoetzelae" Leaf gall: 04/25/16 J.F. Gregory City Juglans hindsii
round Park, GA
091 Phylloxera pilosula Leaf gall: 04/25/16 Tom Triplett Park, | Carya tomentosa
globular GA
092 Phylloxera caryaevenaq Leaf gall: 04/25/16 | Tom Triplett Park, | Carya tomentosa
elongate GA

33



Table 1, Cont.

Acc. no. Species Life Collection Collection Locality Host
history/Shape Date
095 Phylloxera conica Leaf gall: 04/25/16 | Tom Triplett Park, GA| Carya tomentosg
globular
097 Phylloxera conica Leaf gall: 04/25/16 | Tom Triplett Park, GA| Carya tomentosg
globular
101 Phylloxera caryaesciss{ Leaf gall: 04/27/16 Edisto Nature Trail, Carya
button SC cordiformis
102 Phylloxera Leaf gall: 04/27/16 Edisto Nature Trail, | Carya tomentosg
caryaemagna globular SC
103 Phylloxera notabilis | Leaf gall: oval| 04/27/16 Edisto Nature Trail, Carya
SC cordiformis
104 Phylloxera caryaevenaq Leaf gall: 04/27/16 Francis Marion Carya tomentosg
elongate National Forest, SC | x C. cordiformis
109 Phylloxera conica Leaf gall: 04/27/16 Francis Marion Carya glabra
globular National Forest, SC
110 "Phylloxera crypta" Leaf gall: 04/27/16 Francis Marion Carya aquatica
round National Forest, SC
113 Phylloxera caryaevena¢ Leaf gall: 04/27/16 Francis Marion Carya aquatica
elongate National Forest, SC
114 "Phylloxera myristica" Leaf gall: 04/27/16 Francis Marion Carya
round National Forest, 6 myristiciformis
118 Phylloxera caryaefoliag  Leaf gall: 04/28/16 Sumter National Carya glabra
conical Forest, SC
127 Phylloxera foveola Leaf gall: 04/28/16 Sumter National Carya glabra
button Forest, SC
131 Phylloxera picta Leaf gall: 04/2816 Sumter National Carya glabra
round Forest, SC
133 Phylloxera picta Leaf gall: 04/28/16 Sumter National Carya tomentosa
round Forest, SC
135 Phylloxera Leaf gall: 04/28/16 Sumter National Carya pallida
caryaeavellana hazelnut Forest, SC
136 Phylloxera coria Leaf gall: 04/28/16 Sumter National Carya
globular Forest, SC myristiciformis
142 Phylloxera pilosula Leaf gall: 04/29/16 Nantahala National | Carya tomentosg
globular Forest, NC
147 Phylloxera Leaf gall: 04/30/16 Warriors' Path Sta Carya pallida
caryaemagna globular Park, TN
150 Phylloxera Leaf gall: 04/30/16 Warriors' Path State Carya
caryaemagna globular Park, TN cordiformis
154 "Phylloxera Leaf gall: 04/30/16 Warriors' Path State Carya ovata
flavoconica" conical Park, TN
155 "Phylloxera Leaf gall: 04/30/16 Warriors' Path State Carya ovata
flavocorica" conical Park, TN
157 Phylloxera Leaf gall: 04/30/16 Warriors' Path State| Carya pallida
caryaemagna globular Park, TN
172 Phylloxera russellae Leaf gall: 05/13/16 ALFA building AU, Carya
round AL illinoinensis
174 Phylloxera devastatrix|  Stem gall: 05/13/16 ALFA building AU, Carya
globular AL illinoinensis
175 Phylloxera devastatrix Leaf gall: 05/13/16 ALFA building AU, Carya
globular AL illinoinensis
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Table 1, Cont.

Acc. no. Species Life Collection Collection Locality Host
history/Shape Date
176 Phylloxera notabilis | Leaf gall: oval| 05/13/16 Davis Arboretum, AL | Carya laciniosa
208 Phylloxerasp. 8 Leaf gall: 06/06/16 Talladega National | Carya tomentosg
round Forest, AL
210 Phylloxera castaneael Freeliving 09/01/16 Mobile, AL Castanea pumila
12 Phylloxera glabra Freeliving 09/04/16 Ankeny National Quercus
Wildlife Refuge, OR garryana
1p5 Phylloxera spinosa Leaf gall: 04/25/17 Mehan, OK Carya texana
globular
rb9 Phylloxera picta Leaf gall: 05/03/17 Bienville National Carya tomentosg
round Forest, MS
rb4 Phylloxera Leaf gall: 05/03/17 Bienville National Carya tomentosa
caryaeavellana hazelnut Forest, MS
rbo Phylloxerasp. 6 Leaf gall: 05/03/17 Bienville National Carya tomentos
conical Forest, MS
rbr Phylloxera picta Leaf gall: 05/03/17 Bienville National Carya tomentosa
round Forest, MS
rb7 Phylloxera symmetricg Leaf gall: pear] 05/03/17 Bienville National Carya tomentosa
Forest, MS
eup "Phylloxera paludis” Leaf gall: 05/04/17 Delta Natonal Forest, | Carya aquatica
round MS
rbo "Phylloxera stoetzelae] Leafgall: 05/04/17 Delta National Forest, | Carya aquatica
round MS
rbm Phylloxera Leaf gall: 05/05/17 Kisatchie National Carya tomentosg
caryaevenae elongate Forest, LA
rbc Phylloxera Leaf gall: 05/05/17 Kisatchie National Carya pallida
caryaeavdhna hazelnut Forest, LA
ofl Phylloxerasp. 5 Leaf gall: 05/05/17 Kisatchie National Carya
elongate Forest, LA cordiformis
ofo Phylloxerasp. 1 Leaf gall: 05/06/17 Louisiana State Carya tomentosg
elongate Arboretum, LA hybrid
ofy Phylloxera russellae Leaf gall: 05/06/17 | Mercy Regional Medical Carya
round Center, LA illinoinensis
wed Phylloxera Leaf gall: 05/07/17 Martin Dies, Jr. State Carya texana
caryaefallax round Park, TX
wev Phylloxera Leaf gall: 05/08/17 | Davy Crockett National| Carya texana
caryaevene elongate Forest, TX
we4 Phylloxerasp. 5 Leaf gall: 05/08/17 | Fort Boggy State Park,| Carya texana
elongate TX
we2 Phylloxerasp. 5 Leaf gall: 05/08/17 | Fort Boggy State Park, Carya
elongate X myristiciformis
wel Phylloxera Leaf gall: 05/08/17 | Fort Boggy State Park, Carya
caryaesepta thorny X myristiciformis
wey Phylloxerasp. 5 Leaf gall: 05/08/17 | Fort Boggy State Park,| Carya texana
elongate TX
we0 Phylloxera conica Leaf gall: 05/08/17 | Fort Boggy State Park, Carya
globular TX myristiciformis
2gx Phylloxera conica Leaf gall: 05/09/17 | Lake Bob Sandlin State Carya texana
globular Park, TX
cms Phylloxera Leaf gall: 05/09/17 | Lake Bob Sandlin State Carya tomentoss
caryaescissa button Park, TX
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Table 1, Cont.

Acc. no. Species Life Collection Collection Locality Host
history/Shape Date
2qd "Phylloxera Leaf gall: button| 05/09/17 | Lake Bob Sandlin State Carya
wiedenmanni" Park, TX cordiformis
cmqg Phylloxera Leaf gall: round | 05/09/17 | Lake Bob Sandlin State Carya
caryaefallax Park, TX tomentosa
500 Phylloxera Leaf gall: button| 05/11/17 Ouachita National Carya
caryaescissa Forest, OK tomentosa
295 Phylloxera Leaf gall: thorny| 05/11/17 Ouachita National Carya texana
caryaesepta Forest, OK
29k Phylloxera Leaf gall: 05/11/17 Ouachita National Carya
caryaeavellana hazelnut Forest, OK cordiformis
291 Phylloxera Leaf gall: round | 05/11/17 Ouachita National Carya texana
caryaefallax Forest, OK
5or Phylloxera Leaf gall: 05/11/17 | Lake WisterState Park,| Carya texana
caryaefoliae conical OK
ts4 Phylloxerasp. 5 Leaf gall: 05/11/17 | Lake Wister State Park| Carya texana
elongate OK
jgq0 Phylloxera foveola | Leaf gall: button| 05/12/17 Ouachita National Carya
Forest, AR tomentosa
50c¢ Phylloxera Leaf galt 05/12/17 Ouachita National Carya texana
caryaeavellana hazelnut Forest, AR
509 Phylloxera Leaf gall: 05/12/17 Ouachita National Carya
caryaeavellana hazelnut Forest, AR cordiformis
50k Phylloxera Leaf gall: button| 05/12/17 Ouachita National Carya
caryaescissa Forest, AR tomentosa
v3b Phylloxera Leaf gall: button| 05/12/17 Ouachita National Carya texana
caryaescissa Forest, AR
ts3 Phylloxera foveola | Leaf gall: button| 05/12/17 Ouachita National Carya texana
Forest, AR
mOb Phylloxera Petiole gall: 05/12/17 | Lake Wilson City Park,| Carya ovata
caryaecaulis globular AR
mOg Phylloxera Leaf gall: pear | 05/12/17 | Lake Wilson City Park,| Carya texana
symmetrica AR
mOu Phylloxera foveola Alate only 05/13/17 | Natural Falls State Park Juglans nigra
OK
mOs "Phylloxera Leaf gall: button| 05/13/17 | Natural Falls State Park Carya
wiedenmanni" OK cordiformis
mOo "Phylloxera Leaf gall: round | 05/13/17 | Natural Falls State Park Carya
falsostum’ OK cordiformis
izg Phylloxera picta Leaf gall: round | 05/13/17 Lake Wedington, AR Carya
tomentsa
yrt Phylloxera Petiole gall: 05/14/17 | Devil's Den State Park, Carya ovata
caryaecaulis globular AR
mO7 Phylloxera Leaf gall: thorny| 05/14/17 | Ozark National Forest, Carya
caryaesepta AR cordiformis
m02 Phylloxera Leaf gall: pear | 05/14/17 | Ozark National Forest,| Carya texana
symmetrica AR
mo4 Phylloxera Leaf gall: 05/14/17 | Ozark National Forest, Carya
caryaeavellana hazelnut AR cordiformis
jz6 Phylloxera Leaf gall: round | 05/15/17 St. Francis National Carya
caryaesemen Forest, AR cordiformis
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Table 1, Gont.

Acc. no. Species Life Collection Collection Locality Host
history/Shape Date
yr3 Phylloxera Leaf gall: 05/15/17 | St. Francis National Forest, A Carya
caryaesemen conical cordiformis
jz9 Phylloxerasp. 7 Alate only 05/15/17 | St. Francis National Fest, AR | Juglans nigra
g4v Phylloxerasp. 2 Leaf gall: 05/15/17 | St. Francis National Forest, A| Carya texana
elongate
n8l Phylloxerasp. 5 Leaf gall: 05/15/17 | St. Francis National Forest, A Carya
elongate tomentosa
n8k Phylloxerasp. 4 Leaf gall: 05/16/17 | Holly Springs National Forest| Carya ovata
elongde MS
cme Phylloxera picta Leaf gall: 05/17/17 Tombigbee National Forest, Carya
round MS tomentosa
cmc Phylloxera Leaf gall: 05/17/17 Tombigbee National Forest, Carya
caryaescissa button MS tomentosa
16 Phylloxera Leaf gall: 05/23/17 Arnold Arboretum, MA Carya ovata
caryaecaulis globular
17 Phylloxera Petiole gall: 05/23/17 Arnold Arboretum, MA Carya ovata
subelliptica oval
19 Phylloxera Leaf gall: 05/24/17 Arnold Arboretum, MA Carya glabra
caryaeavellana hazelnut
20 Phylloxera Leaf gall: 05/24/17 Arnold, Arboretum, MA Carya glabra
foveola button
21 Phylloxera Stem gall: 05/24/17 Arnold Arboretum, MA Carya glabra
caryaecaulis globular
bwu Phylloxera Leaf gall: 05/29/17 Stillwater, OK Carya
russellae round illinoinensis
13 Phylloxera Freeliving 11/17/17 Jasper Ridge Biological Quercus
reticulata Preserve, CA kelloggii
11 Phylloxera glabra| Freeliving 04/05/18 UC Riverside, CA Quercus
lobata
qzb Phylloxera Leaf gall: 05/16/18 | GeorgeWashington National Carya
foveola button Forest, VA cordiformis
qzv Phylloxera Leaf gall: 05/16/18 | George Washington Nationa| Carya ovata
caryaeglobuli globular Forest, VA
tzq "Phylloxera Leaf gall: 05/17/18 Chippokes Plantation State Carya
falsostunt' round Park, VA cordiformis
tnh "Phylloxera Leaf gall: 05/17/18 Chippokes Plantation State Carya
chippokesnsis thorny Park, VA cordiformis
gze Phylloxera Leaf gall: 05/17/18 | Eastern Shore of VA Nationa| Carya glabra
foveola button Wildlife Refuge, VA
hlO Phylloxera fcta Leaf gall: 05/17/18 | Eastern Shore of VA Nationa Carya
round Wildlife Refuge, VA tomentosa
bwf Phylloxera Leaf gall: 05/17/18 | EasternShore of VA National Carya
caryaesepta thorny Wildlife Refuge, VA tomentosa x C
pallida
brm Phylloxera Led gall: 05/18/18 Trap Pond State Park, DE | Carya pallida
foveola button
gzn Phylloxera Leaf gall: pear| 05/18/18 Trap Pond State Park, DE | Carya pallida
symmetrica
brx Phylloxerasp. 1 Leaf gall: 05/18/18 Trap Pond State Park, DE | Carya pallida
elongate

37




Table 1, Gont.

Acc. no. Species Life Collection Collection Host
history/Shape Date Locality
thw Phylloxerasp. Leaf gall: 05/18/18 | Trap Pond State Carya pallida
1 elongate Park, DE
s3x Phylloxera Leaf gall: 05/18/18 | Trap Pond State Carya pallida
caryaeavellana hazelnut Park, CE
tn8 Phylloxera Leaf gall: pear| 05/18/18 | Trap Pond State Carya pallida
symmetrica Park, DE
lpv Phylloxera Leaf and stem| 05/18/18 | White Clay Creek| Carya cordiformis
caryaemagna | gall: globular State Park, DE
mph Phylloxerasp. Leaf gall: 05/19/18 | Cunningham Falls Carya ovata
4 elongate State Park, MD
pga Phylloxera Leaf gall: 05/19/18 | Cunningham Falls Carya ovata
foveola button State Park, MD
tnc Phylloxera Leaf gall: 05/19/18 | Cunningham Falls Carya owata
caryaeglobuli globular State Park, MD
1lpe Phylloxerasp. Leaf gall: 05/20/18 | Yankauer Nature Carya glabra
2 elongate Preserve, WV
tng Phylloxerasp. Leaf gall: 05/20/18 | Yankauer Nature Carya ovata
2 elongate Preserve, WV
gzl "Phylloxera Leaf gall: 05/20/18 | Yankauer Miture | Carya cordiformis
williamsi" globular Preserve, WV
bru Phylloxera Leaf gall: 05/21/18 Monongahela Carya ovata
caryaeglobuli globular National Forest,
WV
thm Phylloxera Leaf gall: 05/21/18 | Hawks Nest State Carya ovata
caryaeglobuli globular Park, WV
tnp Phylloxera Leaf gall: pear| 05/21/18 | Hawks Nest Statg Carya tomentosa
synmetrica Park, WV
2ic Daktulosphaira Leaf galls 07/10/17 Mehan, OK Vitis vulpina
vitifoliae
10 Phylloxerina Freeliving 07/18/17 Tilman Bishop Populus deltoides
popularia State Wildlife
Area, CO
JQ920928.1 Phylloxerina Freeliving 08/24/03 China Salix paraplesia
salicis®
CNC#HEMO054286| Aphis sambuéi Freeliving 07/12/05 | British Colombia, Unknown
Canada
CNC#HEMO049208 Cinara Freeliving 05/27/02 Danville, VA Unknown
2 pergandei
CNCHEMO054843 | Hamanelistes | Stem gall and| 06/28/99 Madison, WI Betula nigra
spinosu$ free-living
EF418795.1 Phylloxera Freeliving 08/29/05 | Shandong, China] Castanea crenata
castaneivord
BIOUG28363C04 Phylloxera Freeliving 08/27/14 | British Colombia, Unknown
coccined Canada
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References used for collection information of sequences taken from GenBank:
1. Deeward, J.R. Unpublished.
2. Gwiazdowski, R.A., R.G. Foottit, H.E.L. Maw, and P.D.N. Hebert. 2015.
3. Li, X-Y, L-Y Jiang, and & Qiao. 2014.
4. von Dohlen, C.D., U. Kuros@nd S. Aoki. 2002.

5. Zhang, H.C., and G.X. Qiao. 2008.
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92015, 2016, 2017, and 2018
MAdditional samples

Figure 1. Localities across U.S. wheRhylloxeraspp. were collected from 2005018 indicated
by circles Squaresndicate where additional samples of Phylloxericley{loxeraspp.,
Phylloxerinaspp., andaktulosphaira vitifoliae) were collected.
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Figure 3. COI gene tree constructed from a Maximum likelihood analysis. Bootstrap values are
located ahodes. Sample names include accession numbd?laridxeraor outgroup species.
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Chapter 3
Fourteen new species dPhylloxera(Hemiptera: Phylloxeridae) described on

Juglandaceae in the U.S.

Abstract

Temperate deciduous forests are found across the Eastern U.S. and are dominated by
broadleafed tees that shed their leaves once a year such as hickoaiggépp.Nutt.) and
oaks Quercusspp.L.). Phylloxerans (Hemiptera: Phylloxeriddhylloxeraspp.Boyer de
Fonscolombgare small aphidike insects that are common in these forests on hickand
form galls (abnormal growths of plant tissue) during the spring in which the insects grow and
develop. Despite their ubiquity, this group has not been worked on taxonomically for over 100
years and much of what is known about their species divésditym a small area around
Washington, D.CPhylloxeragalls and specimens were collected from 53 sites distributed in 15
states across the Eastern U.S. from 2@038to revise their species diversity, characterize their
gall morphologies, and descrildeetr hostuse The collection was comprised of 358 samples of
phylloxerans which included 19 putative new species, 21 described specis, and
undeterminedPhylloxeraspp. Here, we describe 14 nespecies oPhylloxeraalong with their
respectivegallsand provide a key to adicceptedickory and walnufeeding species in the U.S.

Introduction
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Galls are considered one of the most emblematic examples of plant manipulation by
insects (Giron et al. 2016) and are distinguished from other insectsielters (e.g. rolled
leaves) by the active differentiation and growth of plant tissues that resemble a novel plant organ
(Stone and Schonrogge 2003, Shorthouse et al. 2005, Giron et al. 2016). There are approximately
15,000 described species of insectt thduce galls within which the insect feeds and develops
(Richardson et al. 2017). Galls are thought to confer their inducers with access to enhanced
nutrition as well as protection from harsh abiotic conditions and biotic interactions (Stone et al.
2002 Stone and Schonrogge 2003).

On deciduous trees such as hickortéarfyaspp.Nutt.) and oaksQuercusspp.L.),
galling insects cause aesthetic damage and when abundant may cause premature leaf drop and
branch die back (Caldwell and Schuder 1979, Bgtbn et al. 2013). In some cases, galling
insects which inhabit deciduous trees may cause economic damage such as the invasive gall
waspDryocosmus kuriphilu¥asumatsyHymenoptera: Cynipidae) that infests all species of
chestnut Castaneaspp.Mill. ) ard threatens the chestnut industry (Cooper and Rieske.2D07)
pecan treefCarya illinoinensigWangenh.) K. Koc)) Phylloxera russella&toetze(Hemiptera:
Phyl |l oxeridae) can destroy the current year 6s
infestations are high (Stoetzel and Tedders 1981).

Hickories are considered an important component of temperate deciduous forests in the
Eastern U.S. (McCarthy and Wistendahl 1988). There are 11 spetiekariesnative to the
U.S. and many of them hageSoutheastern distribution, but some species are found as far north
as Maine and as far west as Texas (Kirkman et al. 2007, Fryer 2018). Hickories provide food and

shelter to many animal species (Fralish 2004, Nelson et al. 2014) and are also economically
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important since their nuts are edible (e.g. pecans) and their wood is often used for tool handles,
furniture, and preparation of fo@s$fuel for smoking(Kirkman et al. 2007).

Phylloxerans (Hemiptera: Phylloxeriddghylloxeraspp.Boyer de Fonscolombare
small aphidlike insects that feed on the phloem of chestnuts, hickories, and oaks (Pergande
1904). Their feeding affects their host plants in different ways Rhtylloxeraspp. forming galls
on hickories and causing yellow spotting and/or curling of the leaves on utsesstid oaks
(Blackman and Eastop 2013). Currently, there are 32 described species of-faekiing
Phylloxerain the U.S. with many of them being collected@earyacordiformis(Wangenh) K.

Koch (bitternut hickory),C. glabra(Mill. ) Sweet(pignut hickory),C. illinoinensis(pecan)C.
tomentosgLam.) Nutt. (mockernut hickory), an@. ovata(Mill .) K. Koch (shagbark hickory)
(Pergande 1904, Stoetzel 1981, Blackman and Eastop 2013).

Hickory-feeding phylloxerans induce galls on their hosts in the early spring when
fundatrices (steamothers) emerge from their ovéntering eggs and begin to feed on the leaves
or stems shortly after beokeak and leaf expansion (Pergande 1904, Caldwell and Schuder
1979). Their feeding induces a gall to form around them and the fundatrix will mature and
reproduce parthenogeneticallythin the gall(Caldwell and Schuder 1979pnce the gall
matures, the orifice or orifices will open and the alates (winged migrants) will emerge to
reproduce parthenogenetically and lay the eggs of the sexual generation (Caldwell and Schuder
1979). The exual males and females will then mate and lay the egg of the fundatrix for the next
spring in an old gall or bark crevice (Caldwell and Schuder 1979).

Although phylloxerans are ubiquitous thoughout deciduous forests during the spring, they
have not beerhe focus of many taxonomic studies. Shimer (1868) documented the diversity of

hickory phylloxerans found near Mt. Carroll, lllinois and Pergande (1904) published 28 species
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descriptions of hickory phylloxerans, mainly from material around WashingtonHerGande

(1904) believed that his work treated only a fraction of the total diversity in the U.S., but since
Pergandeds r esear c iPhylboxetagn pecavimve beemdesriped¢Stoetzel o f
1981).

Despite the possibility of many new spea$hylloxeraawaiting to be discovered on
hickories across theastern U.S., this group has been overlooked and not worked on
taxonomically for over 100 years until now. During this study, we collected hidkeding
phylloxerans fronl5 statesn threegeographic regionsf the U.S. (Mid-Atlantic, Southeast, and
South Centraljo revise their species diversity, characterize their gall morphologies, and describe
their hos-use.A key to all hickory and walntfieedingPhylloxeraspp. in theJ.S.is provided.
Materials and Methods

Phylloxeragallsand/or specimensere collected on hickories, walnuts, and a chestnut
from 53 sites in 15 states across the Eastern U.S. during fall 2015 and spring(A@&L6-ield
sites were selected based on geographicitwtand hickory species distributiakoBoCollect,

a mobile device application, was used to record field data for galls and thsiatheath site.

Data types included date, SBoordinates, gall pictures, and hpgitures (rachis, bark, rat

and bud). Each gall type collected from an individual tree at a site was assigned an accession
number and galls collected from each tree were placed in a-gaeziplock plastic bag with

their corresponding accession numbers for later processiraghs, terminal bud, and nut (if

present) were collected from each tree for herbarium vouchers for latéddrdgication. A

rachis was preserved on herbarium paper using a plant press and a nut (if present), terminal bud,
and additional rachis eve placed in a paper lunch bag with a small amount of silica gel. The

corresponding accession numbers were put on the herbarium paper and bag. Hickories were
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identified to species by using two field guides (Kirkman et al. 2007, Nelson et al. 2014) and
identifications were confirmed by Dr. Nancy Loewenstein of the Auburn University School of
Forestry and Wildlife Scienceblerbarium samples are deposited at AUMNH.

Photographs and measurements of galls were taken prior to dissection and during
dissection uner a dissecting microscope and were recorded by using KoBoCollect. A ruler and a
5 mm Micro Ruler were used to take measurements. Measurements included: 1) number of galls
on leaf/stem2) number of gall types on leaf/steB) gall description4) locationof gall; 5)
distance to closest ga) gall surface (pubescent, glabrous, smooth, or rugds&cation of
opening/openings (above, below, or bpB8))opening type (nipple, round, slit, or thgr) state
of opening/openings (open, slightly openctorsed) 10) opening lengthl1) opening
surrounded by (bracts, pubescence, tubercles, or ngth2)gdpening pubescence on outside
(dense, fair, or nongl3) opening color (green/yellow, white, crimson, or brgvid) opening a
different color than & of gall (yes or ng)15) horizontal diameter of gall on adaxial leaf
surface, 16) vertical diameter of gall on adaxial leaf suyffegall height on adaxial leaf
surface 18) horizontal diameter of gall on abaxial leaf surfek® vertical diameteof gall on
abaxial leaf surface0) gall height on abaxial leaf surfgcl) wall thickness22) opening
pubescence on inside (dense, fair, or noaa) 2B) life stages preseliPergande 1904)
Measurements were recorded and phylloxerans were removee&ch gall type contained in
each bag and were put in separate vials containing 70% ethanol femslioiting and 95%
ethanol for molecular work.

Phylloxerans were prepared for sha@unting by putting them in vials containing 10%
KOH and were left toisin the solution overnight. Specimens were then transferred to a petri

dish where the body contents were pumped out; no incision on the abdomen was necessary as the
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specimens were very small and delicate. They were then transferred to a plate cahir@aing

rows of wells with the first row of wells filled with specimen clearing fluid (BioQuip Products,
Inc., Rancho Dominguez, CA) and a couple drops of double stain (BioQuip Products, Inc.,
Rancho Dominguez, CA), the second row of wells filled with 958arml, and the third row of

wells were filled with clove oil (Spectrum Chemical MFG Corp, Gardena, CA). Specimens were
put in the well containing the specimen clearing fluid and double stain for at least 10 minutes.
The specimens were then transferred wel containing 95% ethanol for at least 10 minutes.

Next, the specimens were put in the well containing clove oil for at least 10 minutes. A small
drop of Canada balsam (Al fa AesarE, Heys ham,
slide and an indidual phylloxeran was put in the balsam with the head facing down and covered
with a coverslip (15 mm). The slidaounted specimens were then transferred to awkdmer

for at least one month to allow the Canada balsam to thoroughly dry.

Specimens wereiewed through a phase contrast light microscope. Phylloxerans were
identified to species by using the key of Pergande (1904), the published descriptions of Stoetzel
(1981), and DNA sequence data generated from molecular work completed frol2@08.6
Phyloxeraspp. identifications were confirmed by comparing them tdtindloxerasyntypes in
the U.S. National Collection in Beltsville, MBny nomenclatural adh the dissertation should
notbe considered valid under ICZNWhere were n®hylloxeraspecimens odried gall
specimens in the U.S. National Collection Ritylloxerafoveata(Shimer), Phylloxeraglobosa
(Shimer), or Phylloxera minimgShimer)so they have been designatedasina dubia. NIS-
Elements software was used to take photographs and measurements. All of the given
measurements are maximum dimensions and are expresseang® across specimens. Digital

images of phybxeran specimens were traced and inked. lllustrations were refined with Adobe
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Photoshop. In each of the illustrations, the dorsal body surface is displayed on the left side and
the ventral body surface onethight side. Measurements are given in millimeters (mm) and
micrometers (um). The morphological terminology used in the descriptions follows that

of Pergande (1904), Stoetzel (1981), and Metz et al. (28hy)loxeraspecimens are deposited

at AUMNH (Auburn University Museum of Natural History, Auburn, ABMNH (British

Museum of Natural History, London, England), afldNH (National Museum of Natural

History, Beltsville, MD).

Taxonomy

PhylloxeraBoyer de Fonscolombe, 1834; Pergande 1904; Stoetzel B8kt et al. 2016;

Metz et al. 2017

Type speciesPhylloxera quercuBoyer de Fonscolombe, 1834, by original monotypy.

Generic diagnosisFundatrix. Body shape of adult female fundatrix variable: elliptical,
elongate, globular, obovate, or ovApterous.Cuticle smooth or with minute granulation, tiny
points, conical tubercles, or round tubercles. Cuticle with or without dusky markings. Setae on
body acuminate or capitate. Eye a triommatidion. Antennae with three segments; annulated,
scaly, or smooth. Thil antennal segment longest and with a thiikésensory organ,i2

sensory pits, and two or more setae. Digitules present on tarsi.

Alate. Body shape of alate variable: slender or stout. Cuticle smooth or with minute
granulation tiny points, or conidaubercles. Setae on body acuminate. Compound eyes with a
triommatidion and medial and lateral ocelli present. Antennae \itrs8gments; annulated,
scaly, or smooth. Third antennal segment longest and with or without a basal sensorium, an

upper sensorim always present,i3 sensory pits, and two or more setae. Digitules present on
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tarsi. Forewings and hindwings flat against dorsum when not spread. Forewings with a

pterostigma and the following veins: subcosta, radius, media, cubitus, and anal.

Phylloxera auburnensisHamilton, sp. n.

Figures 1i 3

Material examined. Holotype: adult female fundatrix, slideounted. Five galls collected on
Carya pallidaleaves aDonald E.Davis Arboretum(32.59529042-85.4822174% Auburn
University, Lee County, AL, USA, .B. Hamilton, 13.1V.16, Acc. 207. Holotype deposited at
NMNH.

Paratypes: 5 adult female alates. Same data as holotype. Deposited at AUMNH, BMNH,
and NMNH.

Description. Fundatrix. Slideemounted adult female 0.39 mm long and 0.22 mm wide
(Figure 1). Body otline oval. Cuticle with minute sharp points apparent around margins and
head Antenna Length ~ 89 um; segment | wider than long, with one long seta on anterior
margin and one short submedial seta; segment Il slightly longer than wide, with one lanyg seta
anterior margin and one short medial seta; segment Il longest with coarsely annulated surface,
one thumkblike sensory organ, three sensory pits, one seta at apex and another seta proximal to it.
Mouthparts Two setae on anterior end of clypeus; rostaxtends to metacoxa, labial segments
| and Il without setae, segment Il longest, segment Il witbpair of marginal setae, segment
IV with onepair of marginal setae, and segment V shortest with two pairs of setae at apex.
Spiracles Anterior and post#or spiracles wih diameter of ~ 20 um.egs Coxa with 15 setae;
trochanter and femur fuseahepair of campaniform sensilla and one long seta on posterior

margin, @ 1 seta on anterior margin, anidlOseta on apical margin; tibia withi A setae on
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postkrior margin, 01 seta on anterior margin, ani4lsetae on apical margin; tarsal segments |
and Il fused with %9 digitules (setae that appear broadly dilated or expandgusaand claws
reduced. Vulva not apparent duedistortion of cuticle

Setae bsimilar size distributed across dorsum and venter with average length ~ 13 um.
Dorsal setaeHead with four marginal setae; prothorax with one pleural seta and two marginal
setae; mesothorax with one medial seta, one pleural seta, and one marginatsd¢tarax with
one pleural seta and two marginal setae; abdominal segment | with one pleural seta and two
marginal setae. Distribution of setamdetermined for rest of abdominal segments due to
distorion of cuticle of preservedgpecimensVentral setaeHead with one marginal seta, one seta
anterior to clypeus, and one seta near eye; one seta at level of coxa on prothorax, mesothorax,
and metathorax. Distribution of setadetermined for abdominal segments due to distortion of
cuticle of preserved spawens.

Description. Alate. Slide-mounted adult female 0.#3.53 mm long and 0.20.29 mm
wide (Figure 2)Wings Forewing ~ 0.8 mm long and ~ 0.3 mm wide; hindwing ~ 0.5 mm long
and ~ 0.2 mm widéAntenna Length of ~ 119 um; segment | wider than longhwohe short seta
and one long seta along posterior margin; segment Il about as long as wide, scaly, and with two
long setae near posterior margin; segment Il longest, annulate orobesild, rest of
segment scaly with large sensorium along postememgin~ onehalf to threefourthslength of
segment, four setae near apebauthparts:Setae absent on clypeus; rostrum extends to above
mesocoxalabial segment | without setae, segment Il with two pairs of marginal setae, segment
[l with one pair of maginal setae, segment IV longest with two pairs of marginal setae, and
segment V shortest with one pair of setae at appixacles Anterior and posterior spiracles

with diameter ~ 20 pmegs Coxa with 02 setae; trochanter and femur fusaekepair of
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campaniform sensilla and one long seta on posterior maidirgeda on anterior margiand

one seta on apicahargin; tibia with 02 setae on posterior margiri,4Almedial setae,id seta on
anterior margin, andi2 setae on apical margin; tarsal segméatsd Il fused with 67 digitules
(toelike setae that appear broadly dilated or expanded at tips), one short seta on anterior margin,
and weltdeveloped claws. Vulva indicated by striations in derm.

Setae of similar size distributed across dorsum antewavith average length ~ 6 um.
Dorsal setaeHead with one medial seta; prothorax with one medial seta and one pleural seta;
mesothorax with one medial seta and five pleural setatathorax with one medial seta;
abdominal segments with varying numbésetae ranging fromib per segmen¥/entral setae
Head with two marginal setae; prothorax with one pleural seta; one seta at level of coxa on
mesothorax and metathoradominal segmentslll fused, abdomen with varying number of
setae ranging fromi B per segmengnd terminal abdominal segment with three long setae with
average length ~ 27 um.

Galls. Green, glabrous, and raised to a point on adaxial leaf surface; on abaxial leaf
surface more convex, light green, pubescent, and globular; distribatedraidvein of leaf
(Figure 3). On adaxial leaf surface: horizontal diameter ~ 3.6 mm4(%.5nm) vertical
diameter ~ 3.4 mm (2i8.5 mm) and height ~ 0.6 mm; on abaxial leaf surface: horizontal
diameter ~ 4.3 mm {&.5 mm) vertical diameter ~ 3.9 m(3i 5 mm), and height ~ 2.6 mm.
Opening round and surrounded ky6Short pubescent bracts that extend out from gall surface
when open.

Remarks. Carya pallida(Ashe) Engl& Graebn.(sand hickry) represents a novel host
for Phylloxeraspp.The gall of this species most resembles th&loflloxera caryaeavellana

Riley, 1880, a species known to ocomCarya tomentosaear Washington, D.C (Pergande
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1904). Galls of the two species are green and round on adaxial leaf surface; on abaxial leaf
surface both species are light green, globular, and pubescemjall bf this species diffesfrom
that of P. caryaeavellanaby the following charactgmwith the correspondingdP. caryaeavellana
state in parenthesegjall on adaxial leaf surface raised to a pust not raised to a point). Eh
fundatrix of this species differs froRv caryaeavellandy the following characters (with
correspondingp. caryaevellanatates in parentheses): two dark, median puncture marks near
eyesabsen(vs. present)dark depression on each safehead abser{/s. present and antenra
segment lllwith two setae near apexs( three setae near apex) (Pergande 1904). This species
differs fromP. caryaeavellandy the following characters of the aldteith correspondingp.
caryaeavellanatates in parenthesegntennal segment Il annulate at basedthird with
remainder of segmestaly {/s. annulate for entire length) and antennal segment 11l with four
setae near apexq.three setae near apex) (Pergande 1904). The alate has similar antennae to
Phylloxera pilosuladPergandavith antennal segmetit lacking a lower sensorium, upper
sensorim abouttwo-thirdsthe length of the joint, and being a similar diameter thoughout.
Alates ofP. auburnensisliffer from P. pilosulaby being much shorter. The fundatrixff
auburnensigliffers fromP. pilosulaby the presence of minute granulation oa ¢hticle,
absence of two puncture marks between the eyes, and absence of six rows of dusky tubercles on
dorsum.

Etymology. Specific epithetduburnensisrefers to the location (Auburn University,

Auburn, AL) where the galls were collected.

Phylloxera bspinaeHamilton, sp. n.

Figures 4 6
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Material examined. Holotype: adult female fundatrix, slideounted. One gall collected on
Carya glabraleaves at Bankhead National Forg3t.1768663/-87.27817928 AL, USA, F.B.
Hamilton, 19.1V.16, Acc. 028. Holotyp#eposited at NMNH.
Paratypes: 4 adult female fundatrices, 1 adult alate, and 6 nymphs. Fifteen galls collected on
Carya glabraleaves at Bankhead National Forest, AL, USA, F.B. Hamilton, 19.1V.16, Accs.
009, 023, and 037. Paratypes deposited at AUMNH, BMaitd NMNH.

Description. Fundatrix. Slideemounted adult female 0.B8.57mm long and 0.29.39
mm wide (Figure 4)Body outline globular to oval. Cuticleith some conical granulations and
more prominent on headntenna Length ~ 87 um; segment | widdran long with one long
seta on anterior margin and one short seta near base; segment Il longer than wide with one long
seta on anterior margin, one short seta near middle, and one long seta on posterior margin;
segment Il longest with coarsely annulatedace,onesensory organ apparent in some
specimens near middle of posterior margin, one thliketsensory organ, three sensory pits, and
one long seta at apex with four setae proximal tdatthparts One seta on anterior end of
clypeus; rostrum extels to metacoxdabial segment | without setae, segment Il with three pairs
of marginal setae, segment Il witimepair of medial setae, segment IV wihepair of medial
setae andnepair of marginal setae, and segment V shortest with two pairs efaeapex.
Spiracles Anterior and posterior spiracles with diameter of ~ 31 pegs Coxa with 47 setae;
trochanter and femur fuseohepair of campaniform sensilla and one long seta on posterior
margin, 1 3 setae on anterior margin, ariddlsetae on@cal margin; tibia with 12 setae on
posterior margin, 0L *ta on anterior margin, and3lsetae on apical margin; tarsal segments |
and Il fused with 68 digitules (setae that appear broadly dilated or expanded at tips), one short

seta on anterior margi and weHldeveloped claws. Vulva indicated by striations in derm.
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Setae distributed across dorsum with average length ~ 1Dqursal setaeHead with
two medial setae, two pleural setae, and two marginal setae; prothorax with one medial seta, two
pleurd setae, and one marginal seta; mesothorax with one medial seta, four pleural setae, and
two marginal setae; metathorax with one medial seta, four pleural setae, and one marginal seta;
abdominal segments with varying number of setae ranging fré&np& sgment.Two long
setae present on terminal abdominal segment ~ 16/gniral setaeSetae with average length
of ~ 8 um; head with one marginal seta and one seta anterior to clypeus; one seta at level of coxa
on prothorax, mesothorax, and metathorax aieitig two pleural setae on prothorax; abdominal
segmentdi Il fused,varying number of setae on abdominal segments ranging firérpelr
segment. Terminal abdominal segment with two long setae ~ 19 um and one short seta at
opening.

Description. Alate. Slide-mounted adult female 0.52 mm long and 0.24 mm wide
(Figure 5).Wings Forewings and hindwings broken offntenna Length of ~ 123 um; segment
| wider than long, scaly, and with one long seta along anterior margin; segment Il longer than
wide, scaly, andavith two long setae along anterior margin and one sensory pit near posterior
margin; segment Il long and stout, about equal diameter throughout, lower sensorial membrane
absent or indistinct, annulate from base to upper sensorial membrane, scaly feorsemgprial
membrane to apex, upper sensorial membtaheeefourthslength of segment, distinct nipple
at apex with one long seta and four shorter sélaethparts Rostrum extends to mesocoxa,
labial segment | with one pair of medial setae, segnlesith one pair of marginal setae,
segment Il with one pair of marginal setae, segment IV longest with two pairs of marginal setae,
and segment V shortest with one pair of setae at &mracles Anterior and posterior spiracles

with diameter ~ 24 pmiegs Coxa with 13 setae; trochanter and femur fusaekepair of
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campaniform sensilla and one long seta on posterior maidirgeéda on anterior margiand I

2 setae on apicahargin; tibia with one seta on posterior margiinl 8eta near middle, setae
absent on anterior margin, anidé5setae on apical margin; tarsal segments | and 1l fused with 5
7 digitules (setae that appear broadly dilated or expandigubatone short seta on anterior
margin, and welbdeveloped claws. Vulva indicated by striatiomsierm.

Setae of similar size distributed across dorsum and venter with average length ~ 5 um.
Dorsal setaeHead with one medial seta, one pleural seta, and two marginal setae; prothorax
with one medial seta, one pleural seta, and one marginal se@tho@x with one medial seta
and two pleural setae; metathorax with one medial seta and two pleural setae; abdominal
segments with varying number of setae ranging froB) 8bdominal segment VIII with two
long setae (~23 um) and one short sétntral séae Head with one seta anterior to clypeus;
one seta at level of coxa on prothorax and one medial seta; one seta above coxa on mesothorax
and one pleural seta; one seta at level of coxa on metathorax. Abdominal segthidased;
segments with varyingumber of setae ranging from@.

Galls. Elongate, slender, conical projections on both sides of leaf; green, crimson, or
green and crimson; distributed along midvein of leaf (Figure 6). On adaxial leaf surface:
horizontal diameter ~ 3.5 mmi(Z mm), verical diameter ~ 3.4 mm (6 mm),and height ~ 4
mm; on abaxial leaf surface: horizontal diameter ~ 3.5 mim (dm), vertical diameter ~ 3.8
mm (I’ 8 mm), and height ~ 3.2 mm. Opening surrounded by slender bracts on both surfaces.

Remarks. The gall of this pecies most resembles thatRifylloxera caryaesepta
subspecies perforar®®ergande, 1904, a species known to occuCanya glabrain New York
and Virginia (Pergande 1904). Galls of the two species are elongate and conical on both sides of

the leaf with eeh having a thortike opening (Pergande 1904). The fundatrices of both species
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have an irregular distribution of minute conical tubercles with more being found on the head and
two dusky puncture marks between the €frResgande 1904 Additionally, the ahtes of both
species have stout bodies and long, slender legs (Pergande 1904). This species differs from
caryaesepta subspecies perfordmysthe following gall charactersvith correspondingp.
caryaeseptaubspecies perforarstatesn parentheses): viical diameter of gall from 6181
mm (vs.4i 6 mm) andopeningon adaxial leaf surfacgurrounded by 1i 12 slender pubescent
bracts(vs. ~ eightpubescent bradgtgPergande 1904). This species differs fi@ntaryaesepta
subspecies perforarg the followng characters of the fundatriwith correspondingp.
caryaeseptaubspecies perforarstates imparenthesesjliameter across thorax0.4 mm {s. ~
0.7 mm), outline of body ovaV$. pyriform or globular), antenhaegment wider than long\(s.
longerthan wide) antennabegment Ilacking 3i 4 scaly annulations/§. with 3i 4 scaly
annulation}, andan intermediate sensoriupnesen{vs. absenthear middle of posterior margin
on antennal segment [IPergande 1904). This species differs fil@ntaryaesepta subspecies
perforansby the following characters of the alatith correspondindp. caryaeseptaubspecies
perforansstatesn parentheses): antennal segment Il s(esit long and slender), antennal
segment lllof almost uniform diameter throughowss( varying indiameterthroughout) a basal
sensorial membrarabsen{vs. presentpn antennal segment Jlpper sensorial membrane
aboutthreefourthsthe length ofantennal segment I{i/s. twofifths the length ofantennal
segmentll), antennakegment Il scalyvs. annuléed) by upper sensorial membrammad apex
of antennakegment Il withfive setae ¥s. with two setae) (Pergande 1904).

Etymology. Specific epithetlfispinag from the Latinbi meaning two andpinae

meaning spines; in relatida the gall resembling two thotike structures on a leaf.
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Phylloxera chippokegnsisHamilton, sp. n.
Figures 7 9
Material examined. Holotype: adult female fundatrix, slideounted. Five galls collected on
Carya cordiformideaves at Chippokes Plantation State Rark14611399-76.73876058, VA,
USA, F.B. Hamilton, 17.V.18, Acc. tnh. Holotype deposited at NMNH.
Paratypes: 8 adult female sexugai®ame data as holotype and fadditionalgalls collected,
Acc. qz7. Paratypes deposited at AUMNH, BMNH, and NMNH.

Description. Fundatrix. Slideemounted adult female 0.21 mm long and 0.11 mm wide
(Figure 7).Body outline oval. Cuticle almost smooth with minute granulation. Dorsum with
cluster of dusky markings present on head and two clusters of dusky markings present on
prothorax Antenma: Length ~ 61 um; segment | wider than long with one long seta on anterior
margin, one short seta near base, and rounded at apex; segment Il wider than long with one long
seta on anterior margin, one long seta near middle, and rounded at apex; sedoreyasti with
annulated surface, widest near middle of segment and tapering sharply towards apex, one thumb
like sensory organ and three circular sensory pits near apex with one long seta proximal to them,
and one very long seta (~ 17 um) at apex with $tvorter setaédviouthparts One seta present
on clypeus; rostrum extends to metacdabial segment Il with two pairs of marginal setae,
segment Il with one pair of marginal setae, segment IV with two pairs of marginal setae,
segment V shortest with twaairs of setae at apex and inner pair longer than usual ~ 5 pum.
Spiracles Anterior spiracles with diameter of ~ 14 um and posterior spiracles with diameter of ~
10 pum.Legs Coxa with 2 4 setae; trochanter and femur fusedepair of campaniform sensilla
and one long seta on posterior margin, one seta on anterior margiri 3asetde on apical

margin; tibia with @1 seta on posterior margini D seta on anterior margin, andé®setae on
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apical margin with some being very long ~ 17 um; tarsal segmentsil &used with 79
digitules (setae that appear broadly dilated or expanded at {ifgs3h0rt seta on anterior
margin, and welbleveloped claws.

Setae of similar size distributed across dorsum and venter with average length ~ 4 um.
Dorsal setaeCaptate setae (slightly thickened and expanded at tips) extend from head to
abdominal segment IV; head with one pleural seta and three marginal setae; prothorax with two
medial setae, one pleural seta, and two marginal setae; mesothorax with one medizé seta,
pleural seta, and two marginal setae; metathorax with one medial seta, one pleural seta, and two
marginal setae; abdominal segmeintéll with two setae per segment, setae absent on
abdominal segment VIII and terminal abdominal segméemtral setaeOne marginal seta and
one medial seta present on head; seta absent at level of coxa on prothorax, mesothorax, and
metathorax; abdominal segmetitl fused;abdomen with 12 setae per segment.

Description. Sexupara.Slidemounted adult female 0.438.72 nm long and 0.3110.48
mm wide (Figure 8). Apterous and body outline obovate. Cuticle densely covered in minute
granulation. Dorsum with two clusters of dusky markings on head and one cluster of dusky
markings on prothorax. Eye a triommatidiémtenna Lengh ~ 70 um; segment | slightly wider
than long with one long seta on anterior margin and one short seta near middle, and several
striations present on surface; segment Il about as long as wide with one long seta on anterior
margin, one long seta near middhnd almost straight at apex; segment Il longest with some
scalloped annulations on surface, almost of equal length or slightly shorter than first two
antennal segments combined, widest near middle of segment and narrowest at apex, ene thumb
like sensoy organ with one short seta proximal to it and two long setae at ldlpexhparts

Seta absent on clypeus; rostrum extends to mesdedsxal,segment Il with one pair of marginal
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setae, segment Il with one pair of medial setae, segment IV with ond paadal setae, and
segment V shortest with two pairs of setae at appkacles Anterior and posterior spiracles
with diameter of ~ 31 pm.egs Coxa with 35 setae; trochanter and femur fuseke pair of
campaniform sensilla and one long seta on pastmargin, 12 setae on anterior margin, and
1i 3 setae on or near apical margin; tibia witl @eta on posterior margin, 2setae on anterior
margin, and 46 setae on apical margin; tarsal segments | and Il fused witdigitules (setae
that appeartwadly dilated or expanded at tipsj,10short seta on anterior margin, and well
developed claws. Vulva indicated btiations inderm.

Setae of similar size distributed across dorsum and venter with average length ~ 7 pum.
Dorsal setaeHead with one medialeta, two pleural setae, and one marginal seta; prothorax
with one medial seta, two pleural setae, and one marginal seta; mesothorax with one medial seta,
one pleural seta, and one marginal seta; metathorax with one medial seta, one pleural seta, and
two marginal setae; abdominal segments with varying number of setae ranging fraetde
per segmententral setaeOne marginal seta on head; one seta at level of coxa on prothorax,
mesothorax, and metathorax; abdominal segméhtsfused; abdominal segents with varying
number of setae ranging from3 setae per segment.

Galls. Round and convex with depression or central elevation near middle, shiny and
slightly pubescent, and green or yellowggteen on adaxial leaf surface. On abaxial leaf surface
gal thorny and more convex, light green, transparent especially near base, and slightly pubescent
(Figure 9). On adaxial leaf surface: horizontal diameter ~ 2.0 mm2.4.4nm) vertical
diameter ~ 2.0 mm (1i2.6 mm) and height ~ 0.5 mm (0.2.6 mm).On alaxial leaf surface:

horizontal diameter ~ 2.4 mm (1®mm) vertical diameter ~ 2.4 mm (1.8 mm),and height ~
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2 mm (0.54 mm) Opening thordike on abaxial leaf surface and splits inicdb4lender long
bracts

Remarks. The gall of this species most eesbles that oPhylloxera caryaesemen
(Shimer 1869) a species known to occuiGamya glabrain lllinois and Missouri as well &S.
cordiformisin lllinois. Galls of the two species are small and have a depression in center on
adaxial leaf surface (Pergde1904). The fundatrices of both species are small and oval. This
species differs fron®. caryaesemehby the following gall charactersvith correspondingp.
caryaesementatesn parentheses): adaxial leaf surface yellovgsben ¢s.red or yellow)
slightly pubescent on both leaf surfaces. pubescent only on abaxial leaf surfacedre
convex on abaxial leaf surfaces(on adaxial leaf surfacejhorn-like (vs. almost flatpn abaxial
leaf surfacelongandslender bractsv6. shortandstout bractssurrounding openingnd
opening greenv. white) (Pergande 1904This species differs frolR. caryaesemehy the
following characters of the fundatriwith correspondindp. caryaesemestatesn parentheses):
setae capitatfss. acuminatedn dorsumantennal segmeiii with sharp annulationy$.
several coarse annulations), antennal segiflewith anextremely long seta ~ 16i8n (vs. with
a long seta 6.3um) at apexclaws long and slender ~ fuen (vs.short ~ 5.8um), and digitules
extremelylong ~ 21um (vs. short ~ 9.2um).

Etymology. Specific epithetc¢hippokesensig named after the site where the specimens

were collectedChippokes Plantation State Park in Surry County, VA.

Phylloxera cryptaHamilton, sp. n.

Figures 1011
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Material examined. Holotype: adult female fundatrix, slideounted. Two galls collected on
Carya aquaticdeaves at Francis Marion National Forg33.1125611-79.7927564% Berkeley
County, SC, USA, F.B. Hamilton, 27.IV.16, Acc. 110. Holotype deposited at NMNH.
Paraype: 1 adult female fundatrix. Same data as holotype. DepositdddH.

Description. Fundatrix. Slideemounted adult female 0.4@.57 mm long and 0.38.43
mm wide (Figure 10)Body outline elliptical. Cuticle covered in minute granulations. Dusky
circular marks present on dorsum near midline of body on prothorax, mesothorax, metathorax,
and abdominal segmentAntenna Length ~ 123 um; segment | about as long as wide with one
long seta on anterior margin and one short seta on posterior margin; sedoregerithan wide
with one long seta on anterior margin, one short seta on posterior margin, and one circular
sensory pit on apical margin; segment Il longest with distinct petiole atthasshallow
annulations present on petiole with more distinctudattions on remainder of segment, one
thumblike sensory organ on posterior margin with three small, circular sensory pits anterior to
it, and one long seta at apex with three long setae proximaMoluthparts One seta present on
anterior end of clypss; rostrum extends to mesocobedial segment | without setae, segment |l
with one medial seta and two pairs of marginal setae, segment Ill with one pair of marginal
setae, segment IV longest with two pairs of marginal setae, and segment V shortegb with
pairs of setae at apeSpiracles Anterior and posterior spiracles with diameter ~ 28 hegs
Coxa with 35 setae; trochanter and femur fusedkepair of campaniform sensilla and one long
seta on posterior margini 4 setae on anterior margin, aticB setae on apical margin; tibia with
1i 2 setae on posterior margin, one seta on anterior margin, and five setae on apical margin; tarsal
segments | and Il fused with & digitules (setae that appear broadly dilated or expanded at tips),

one short seta cemterior margin, and claws reduced. Vulva indicated by striations in derm.
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Setae of varying lengths distributed across dorsum and venter with average length ~ 9
pum. Dorsal setaeHead with two medial setae, two pleural setae, and one marginal seta;
prothorax with two medial setae, two pleural setae, and one marginal seta; mesothorax with one
medial seta and two pleural setae; metathorax with one medial seta, six pleural setae, and one
marginal seta; abdominal segments with a varying number of setaegémogm2 6 per
segment; terminal abdominal segment with two long setae each ~ 19 um, one medium seta ~ 7.5
pum, and one short seta ~ 6 pwentral setaeHead with one marginal seta; one seta at level of
coxa on prothorax with two pleural setae; one sel@val of coxa on mesothorax with one
medial seta, five pleural setae, and four marginal setae; one seta at level of coxa on metathorax
with one medial seta and one marginal seta; abdominal segmkhfissed, abdomen with
varying number of setae pergseent ranging fromil6, terminal abdominal segment with two
long setae ~15 pum and two short setae ~ 6 pum.

Galls. Round, slightly convex, pubescent, and concolorous to surrounding leaf tissue on
both surfaces with slight depression in center on adaxiaslgtfce (Figure 11). On adaxial leaf
surface: horizontal diameter ~ 4.1 mm {3l% mm) vertical diameter ~ 4 mm (3.8.6 mm)
and height ~ 0.3 mm. On abaxial leaf surface: horizontal diameter ~ 4irdBrm(8) vertical
diameter ~ 3.7 mm (3i2.2 mm) andheight ~ 0.6 mm. Opening a green, stém projection on
abaxial leaf surface.

Remarks. The gall of this species most resembles thd&toflloxera deplanat®ergande,
1904, a species known to occur@arya tomentosan Washington, D.C (Pergande 190&hxlls
of the two species are slightly convex on adaxial leaf surface with a shallow depression; on
abaxial leaf surface gall is green, convex, and with an opening (Pergande 1904). This species

differs fromP. deplanatay the following gall charactersv{th corresponding. deplanata
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statedn parentheses): greenigkllow (vs.red with a yellow depression or greenigilow) on
adaxial leaf surfacadepression in centévs. depression towards one s)abn adaxial leaf
surface, and opening is long and stigte with short pubescenceq. a short nipple with short
pubescence) (Pergande 1904). This species differsRrataplanataby the following characters
of the fundatrix(with correspondindP. deplanatastates in parenthesesticle with minute
granuldion (vs.with small conical tuberclestonical protuberance absers(present) in front
of eyes dusky circular markpresent (vs. absertp dorsum near midline of prothorax,
mesothorax, metathorax, and abdominal segmemténnal segment 11l withdistinct petiole
(vs. absent and four setaévs. two setaedt apex of antennae (Pergande 1904).

Phylloxera cryptas sister taPhylloxera castanea@gialdeman) n the phylogeny and
differs from it by the following character&/ith correspondindp. castaneaestatesn
parentheses): gall forming specigs.freeliving species), stout tubercles abs@rst. four stout
tubercles presendn dorsum near anterior end of bodysky markings presefis. absent) on
dorsum,and four setae presevs. two setae presentear apx of antennaéPergande 1904)

Etymology. Specific epithetdrypta) refers to the inconspicuous appearance of the galls.

Phylloxera echirus Hamilton, sp. n.

Figures 1213

Material examined. Holotype: adult female fundatrix, slideounted. Four galls catted on

Carya aquaticdeaves at Francis Marion National Forg2.1127890,/-79.7927356},

Berkeley County, SC, USA, F.B. Hamilton, 27.1V.16, Acc. 112. Holotype deposited at NMNH.
Description. Fundatrix. Slidemounted adult female 0.41 mm long and &8 wide

(Figure 12)Body outline elliptical. Cuticle with minute granulations acrossybéditenna
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Length ~ 68 um; segment | wider than long with one short seta near base; segment Il longer than
wide with one short seta near anterior margin and onesetagnear posterior margin; segment

[l longest with annulated surface, one prominent thdikdosensory organ on posterior margin
with three circular sensory pits anterior to it, and one long seta and one short seta at apex with
one seta proximal to therouthparts Two setae on posterior end of clypeus; rostrum extends
to mesocoxaabial segment Il with two pairs of marginal setae, segment Il with one pair of
marginal setae, segment IV longest with two pairs of marginal setae, and segment V shortest
with one pair of setae at ap&piracles Anterior and posterior spiracles with diameter ~ 23 um.
Legs Coxa with 25 setae; trochanter and femur fusake pair of campaniform sensilla and one
long seta on posterior margin, one seta on anterior margii@i @sktae on apical margin; tibia
with Oi 1 seta on anterior margin and six setae on apical margin; tarsal segments | and Il fused
with 71 9 digitules (setae that appear broadly dilated or expanded at tips) and one short seta on
anterior margin. Vulva indated by striations in derm.

Setae stout and of varying lengths distributed across dorsum and venter with average
length of ~ 16 umDorsal setaeMany setae distributed across dorsum and decreasing in number
towards apex; last four abdominal segments Riithsetae per segmeMentral setaeOne seta
at level of coxa on prothorax with three pleural setae; one seta at level of coxa on mesothorax
and metathorax; abdominal segmeiitdl fused; a varying number of setae distributed across
abdomen ranging fror@i 5 per segment.

Galls. Globular, pubescent, pink, and more convex on adaxial leaf surface and slightly
convex, pubescent, and green on abaxial leaf surface (Figure 13). On adaxial leaf surface:
horizontal diameter ~ 1.5 mm (1.B8 mm) vertical diamedr ~ 1.5 mm (1.81.8 mm) and

height ~ 0.5 mm. On abaxial leaf surface: horizontal diameter ~ 1.5 minii (A r2m) vertical
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diameter ~ 1.5 mm (1i3.6 mm) and height ~ 0.1 mm. Opening round on abaxial leaf surface
and surrounded by short white pubescence

Remarks. The gall of this species most resembles thd&toflloxera pilosulaPergande,
1904, a species known to occur@arya glabranear Washington, D.C (Pergande 1904). Galls
of the two species are densely covered with long, yellowisite hairs orboth adaxial and
abaxial leaf surfaces, atige opening is surrounded by whitish pubescenctheabaxial leaf
surface (Pergande 1904). This species differs fPomilosulaby the following gall characters
(with correspondindp. pilosulastatesn parenheses): globular and raised(flat or slightly
raised with a central depressjam adaxial leaf surfag@ink (vs. pale greenpn adaxial leaf
surface and flat with opening surrounded by only pubescéwnseonvex with a distinct nipple
opening)on daxial leaf surfacéPergande 1904). This species differs fienpilosulaby the
following characters of the fundatriwith correspondingdpP. pilosulastatesn parentheses):
cuticle with minute granulatiorv$. lacking granulation two blackish medianymcturemarks
absen{vs. presentdn heagsix rows of dusky tubercles abséms. presentpn dorsumand
antennal segment Il annulates(scaly) (Pergande 1904).

Etymology. Specific epithefrom the Latinechinusfor theresemblance dfs gall to a

sea urchintreated as a noun in apposition.

Phylloxera falsostiumHamilton, sp. n.

Figures 14 15

Material examined. Holotype: adult female fundatrix, slidaounted. Five galls collected on
Carya cordiformideaves at Natural Falls State P&8K.17396029-94.6680864 Delaware

County, OK, USA, F.B. Hamilton, 13.V.17, Acc. mOn. Holotype deposited at NMNH.
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Paratypes: 6 adult female fundatrices and 1 alate nymph. Same data as holotype and Acc. mQOo.
In addition,4 fundatricesfrom six galls collected o@arya cordiformisleaves, Chippokes
Plantation State Paf87.14601448-76.7385979), Surry, VA, USA, F.B. Hamilton, 17.V.18,
Acc. tzg. Deposited at AUMNH, BMNH, and NMNH.

Description. Fundatrix. Slideemounted adult female 0.26.51mm long and 0.1i3.25
mm wide (Figure 14)Body outline elongate to pyriform. Cuticle covered in minute granulations.
Onedusky puncture mark present on each side of dorsum of head; elongate duskgsnark
present on prothorax; two to three groups of dusky markings present omonasdhrough
abdominal segment Antenna Length ~ 62 um; segment | wider than long with one long seta
along anterior margin and one short seta near middle; segment Il longer than wide, narrowest at
base and edges rounded at apex, one long seta omantargin and one long seta on posterior
margin withonesmall sensory pit near base on posterior margin; segment Il longest with
annulated surface, one distinct thufie sensory organ and three circular sensory pits near
apex, one long seta at apexrajavith two shorter setae, and one short seta near middle of
segmentMouthparts Rostrum extends past mesocoxa and to level of metacoxa in some
specimendabial segment Il with three pairs of marginal setae, segment Ill with one pair of
marginal setae ggment IV with two pairs of marginal setae, and segment V shortest with two
pairs of setae at apeSpiracles Anterior and posterior spiracles with diameter ~ 32 hegs
Coxa with 2 5 setae; trochanter and femur fusaeke pair of campaniform sensilland one long
seta on posterior margin, one seta on anterior margin,ighsketae on apical margin; tibia with
Or 1 seta on posterior margidi, 1 seta on anterior margin, andébsetae near apical margin;
tarsal segments | and Il fused withlD digitules (stae that appear broadly dilated or expanded

at tips) andbne short seta on anterior marguulva indicated by striations in derm.
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Setae of varying lengths distributed across dorsum and vBaesal setaeSetae with
average length ~ 14 um and margisetae slightly longer with average length ~ 18 um; head
with one medial seta, two pleural setae, and four marginal setae; prothorax with two medial setae
and three pleural setae with pleural setae overlapping one another; mesothorax with two medial
setaeand four pleural setae, and couple of pleural setae overlapping one another; metathorax
with two medial setae, one pleural seta, and one marginal seta; abdominal segments with varying
number of setae ranging from®per segmen¥/entral setaeSetae withaverage length of 6
pum; head with one marginal seta; two seta at level of coxa on prothorax; one seta at level of coxa
on mesothorax and metathorax; abdominal segméiitgused; varying number of setae
distributed across abdomen ranging froid per sement; terminal abdominal segment with one
short seta at opening ~ 4 um.

Galls. Round and convex, yellowisireen and somewhat transparent, with or without
slit-like opening in middle, and rim formed around circumference on adaxial leaf surface; more
raisal above than below; round, pubescent, light green and much lighter compared to adaxial leaf
surface, and sunken below surface with formed around circumference on abaxial leaf surface
(Figure 15). On adaxial leaf surface: horizontal diameter ~ 3.2 n8i(8 mm) vertical
diameter ~ 3.1 mm (1i@ mm) and height ~ 1.2 mm; on abaxial leaf surface: horizontal
diameter ~ 3.1 mm (2i#.1 mm) vertical diameter ~ 3.2 mm (18.1 mm) and height ~ 0.62
mm. False opening present on adaxial surface of sonsethatlappears slikke and opens into
afalse chamberOpening on abaxial leaf surface round and surrounde@@griall bracts
which open to expose white pubescence.

Remarks. The gall of this species most resembles th&loflloxera rimosali?ergande,

1904, a species known to occur@arya tomentosa Washington, D.C. (Pergande 1904). Galls
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of the two species are slightly raised and round on both surfaces of the leaf, gall on adaxial leaf

surface is green and somewhat transparent with a distinaroumd it, and gall on abaxial leaf

surface with a round opening covered in white pubescence (Pergande 1904). Additionally, the

fundatrices of both species have two dusky puncture marks on head, dusky markings on

prothorax, antennal segment | globular eamtal segment Il longer than wide, and antennal

segment Il annulate (Pergande 1904). This species differsHraimosalisby the following

gall characterswith correspondindP. rimosalisstatesn parentheses): somewhat transparent

near centern/s. somewhat transparent around margios)adaxial leaf surfaca slitlike opening

present (vs. absentj adaxial leaf surfaca false chamber presgns. absentjnside gall more

raised on adaxial leaf surfaoces( onabaxial leaf surface), and openimeyél with surfacevs.

slightly protruding)(Pergande 1904 his species differs fro. rimosalisby the following

characters of the fundatriwith correspondindpP. rimosalisstatesn parentheses): dusky

markings present on mesothorax, metathoraxaadominal segment V§. absent on

mesothorax and metathorax, but present on first three abdominal sutures), setas.stout (

slender)on dorsumpleural setaeverlap one another (vs. do not overlap one another)

prothorax and mesothoraand antenra~ 62 um long ys.~ 179 um long) (Pergande 1904).
Etymology. Specific epithetfalsostiunj is from the Latinfalsusmeaning false and

ostiummeaning door imeferenceto thefalseopening ortheadaxial leaf surface

Phylloxera flavoconicaHamilton, sp. n.

Figures 16 18
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Material examined. Holotype: adult female fundatrix, slideounted. Eleven galls collected on
Caryaovateat War r i or s 6(36B&/93807-t4845922% Budlivak County, TN,
USA, F.B. Hamilton, 30.IV.16, Acc. 154. Holotype depediat NMNH.
Paratypes: 8 female fundatrices, slideunted. Same data as holotype including Acc. Ib5.
addition,9 female fundatrices aridadult female sexupara, slideuntedand collected from
five galls onCarya tomentoséaves at Dauset Trails Naie Cente(33.23612682-
83.9523480Y, Butts County, GA, USA, F.B. Hamilton, 24.1V.16, Acc. 087. Paratypes deposited
at AUMNH, BMNH, and NMNH.

Description. Fundatrix. Slideemounted adult female 0.22.53 mm long and 0.19.35
mm wide (Figure 16)Body autline obovate or elongate. Cuticle with conical granules across
surface Oneprominent linear depression each side oflorsum extending from anterior margin
of head to prothorax. Clusters of dusky circular markings distributed across dorsum from head to
about abdominal segment IAntenna Length ~ 87 um; segment | about as long as wide with
two long setae on anterior margin, one short seta near base, and one circular sensory pit on
posterior margin; segment Il longer than wide with one long seta eri@nnargin, one small
sensory pit near apex, and one long seta on posterior margin; segment Il longest with annulated
surface, one thumlike sensory organ on posterior margin with three small, circular sensory pits
anterior to it, one stout seta andifshorter setae at apex, and one short seta proximal to them.
Mouthparts One long seta present on anterior end of clypeus; rostrum extends to metacoxa,
labial segment Il longest with three pairs of medial setae, segment Il with one pair of medial
setaesegment IV with two pairs of medial setae, and segment V shortest with two pairs of setae
at apexSpiracles Anterior and posterior spiracles with diameter ~ 20 hegs Coxa with 45

setae; trochanter and femur fusedepair of campaniform sensilland one long seta on
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posterior margin, two setae on anterior margin, and one seta on apical margin; tibialvsite0
on posterior margifone seta on anterior margin, arid setae on apical margin; tarsal segments
| and Il fused with seven digitules fae that appear broadly dilated or expanded at tips), one
short seta on anterior margin, and waglheloped claws. Vulva indicated by striations in derm.

Setae of varying lengths distributed across dorsum and venter with average length ~ 8
pm. Setae alondorsal margins longer with average length ~ 11 porsal setaeHead with
one medial seta, one pleural seta, and two marginal setae; prothorax with one marginal seta;
mesothorax with one medial seta and two marginal setae; metathorax with one medakseta
pleural seta, and two marginal setae; abdominal segments with varying number of setae ranging
from 1i 3, abdominal segment VIII and terminal abdominal segment each with one long seta ~ 25
pum. Ventral setaeHead with one marginal seta; one seta atllef’coxa on prothorax and one
pleural seta; one seta at level of coxa on mesothorax; one seta at level of coxa on metathorax;
abdominal segmentslll fused; varying number of setae per abdominal segment ranging from
1i 4.

Description. Sexupara.Slidemounted adult female 0.63 mm long and 0.27 mm wide
(Figure 17). Apterous and body outline obovate. Cuticle mostly smooth except for conical
granulations distributed on head. Eye a triommatieidh small ocular facets surrounding it.
Antenna Length ~ 111 m; segment | wider than long with one short seta and one long seta near
posterior margin; segment Il about as long as wide with one short seta and one small sensory pit
near anterior margin and one long seta on posterior margin; segment Il longestnultiezh
surface, one slender thurike sensory organ on posterior margin with two small circular
sensory pits anterior to it, one short seta proximal to thlikelsensory organ, and one stout seta

at apex along with four shorter settauthparts Seta dsent on clypeus; rostrum extends to
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mesocoxalabial segment Il longest with one pair of marginal setae, segment Il with one pair of
marginal setae, segment IV with two pairs of marginal setae, and segment V with two pairs of
setae at apeXSpiracles Anterior and posterior spiracles with diameter ~ 20 pegs Coxa with

2i' 5 setae; trochanter and femur fusake pair of campaniform sensilla and one long seta on
posterior margin, one seta on anterior margin, dr3dskétae on apical margin; tibia with2l

setae on posterior margiri,Dseta on anterior margin, antdédsetae on apical margin; tarsal
segments | and Il fused with 4 digitules (setae that appear broadly dilated or expanded at tips),
one short seta on anterior margin, and weleloped claws/ulva indicated by striations in

derm.

Setae of varying lengths distributed across dorsum and venter with average length ~ 8
pum. Dorsal setaeHead with one pleural seta and two marginal setae; prothorax with two medial
setae and two marginal setae; nieecax with two medial setae and two marginal setae;
metathorax with two medial setae, one pleural seta, and one marginal seta; abdominal segments
with varying number of setae ranging froiidIper segmen¥entral setaeHead with one
medial seta, one pleal seta, and one marginal seta; one seta at level of coxa on prothorax,
mesothorax, and metathorax; abdominal segnméhtdused, varying number of setascross
abdomermranging from 14 per segment; terminal abdominal segment with one long seta ~ 22
pm and one short seta.

Galls. Conical and yellow, glabrous, and more prominent on adaxial leaf surface; on
abaxial leaf surface slightly convexdlight yellowishgreen (Figure 18). On adaxial surface of
leaf: horizontal diameter ~ 3 mm (L2 mm) verticaldiameter ~ 3 mm (11%5.5 mm) and

height ~ 1.7 mm. On abaxial surface of leaf: horizontal diameter ~ 2.7 mind.®ram)
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vertical diameter ~ 2.8 mm (1.8.5 mm) and height ~ 0.5 mm. Opening dike on abaxial leaf
surfacewith protruding lips coverediwhite pubescence.

Remarks. The gall of this species most resembles thdttoflloxera caryaefallaRiley,
1874, a species known to occur@arya ovatain lllinois and Missouri as well as states along
the Mississippi River (Pergande 1904). Galls of the $pecies are yellow and somewhat
conical on adaxial leaf surfa¢Bergande 1904 he openings for both species leatedon the
abaxial leaf surface. Additionally, the cuticle of the fundatrices of both species have conical
granules distributed across the surfaceqBede 1904). This species differs fr@ncaryaefallax
by the following gall charactersvith correspondindp. caryaefallaxstatesn parentheses):
conical (s.flattened and round or conicalh adaxial leaf surface amgening a transverse slit
(vs.a npple with a round or oval orifice or slike) (Pergande 1904). This species differs from
P. caryaefallaxby the following characters of the fundatfixith correspondingdp. caryaefallax
states in parenthesef)ndatrix obovatevs. almost globular), dsky circular markings present
(vs. absenton dorsumcapitate setae absdrs. presentpn terminal abdominal segment
antennae ~ 87 unv$.~ 181 um), antennal segment Ill with coarse annulatiosswith scaly
annulations), and antennal segment lithwt 10 annulations/§. with ~ 20 annulations)
(Pergande 1904).

Etymology. Specific epithetflavoconicg refers to thi appearance as yellowonical

galls

Phylloxera floridanaHamilton, sp. n.

Figures 19 20
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Material examined. Holotype: adult femaléundatrix, slidemounted. Unrecorded number of
galls collected oi€Carya floridanaleaves at Archbold Biological Stati¢@7.17098998-
81.3480559y, Highlands County, FL, USA, F.B. Hamilton, 3.X.15, A@1.1 Holotype
deposited at NMNH.
Paratype: 1 immate female fundatrix, slidenounted. Same data as holotype. Deposited at
NMNH.

Description. Fundatrix. Slidemounted femal®.41' 0.67 mm long and 0.28.33 mm
wide (Figure 19)Body outline globular to oval. Cuticle with conical granulatiochstenna
Lengh ~ 133 um; segment | about as long as wide with one long seta on anterior margin and one
short seta near middle; segment Il longer than wide with two long setae near anterior margin and
one sensory pit near posterior margin; segment Il longest withlgtzampulated surface, one
thumblike sensory organ on posterior margin without any apparent sensory pits anterior to it,
and one stout, long seta at apex with three shorter setae proximdldatitparts Seta absent
on clypeus; rostrum extends to mesagdabial segment Il with three pairs of medial setae,
segment Il with one pair of medial setae, segment IV longest with two pairs of marginal setae,
and segment V shortest with two pairs of setae at &mracles Anterior and posterior
spiracles witidiameter ~ 28 umLegs Coxa with 45 setae; trochanter and femur fusede
pair of campaniform sensilla and one long seta on posterior margin, one seta on anterior margin,
and 1 2 setae on apical margin; tibia with3Lsetae on posterior margin, oneaset anterior
margin, and b6 setae near apical margin; tarsal segments | and Il fused witti§itules (setae
that appear broadly dilated or expanded at tips), one short seta on anterior margin,-and well

developed claws.
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Setae of varying lengths distuted across dorsum and venter with average length ~ 9
pm. Dorsal setaeHead with one medial seta, one pleural seta, and one marginal seta; prothorax
with two medial setae and one pleural seta; mesothorax with one medial seta and two marginal
setae; metatirax with two medial setae and three marginal setae; abdominal segments with
varying number of setae ranging froiidlper segment, abdominal segment VIl with one long
seta ~ 25 um, and terminal abdominal segment with one short seta ~V@pimal setaeHead
with one marginal seta anterior to eye; one seta at level of coxa on prothorax and one pleural
seta; one seta at level of coxa on mesothorax and metathorax; abdominal segimérdsd;
varying number of setae distributed across abdomen rangimgXrf@per segment; terminal
abdominal segment with one long marginal seta ~ 39 um long, one medium seta ~ 12 um long,
and two grairshaped scleroses ~ 16 pum long.

Galls. Round and slightly convex, yellow, and with or without central depression on
adaxia leaf surface; somewhat conical and convex on abaxial leaf surface (Figure 20).
Measurements taken on dried gall specimens. On adaxial leaf surface: horizontal diameter ~ 3.3
mm (1.1 5.2 mm) vertical diameter ~ 2.8 mm (1.4 mm) and height ~ 0.4 mm. Cabaxial leaf
surface: horizontal diameter ~ 3.2 mm {&2 mm) vertical diameter ~ 2.7 mm (1.2 mm),
and height ~ 0.7 mm (Figure 14). Slke opening on abaxial leaf surface fringed with whitish
pubescence.

Remarks. This is the firstPhylloxerasp. decribed fromC. floridanaSarg.(scrub
hickory). Scrub hickorypccursthroughout the central Florida peninsula and is found in sand
scrub (Nelson et al. 2014). The gall of this species most resembles Bimtlokera
caryaefallaxRiley, 1874, a species known dccur onCarya ovatan lllinois and Missouri as

well as states along the Mississippi River (Pergande 1904). Galls of the two species are yellow
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with a slitlike opening on abaxial leaf surface. Additionally, the cuticlethefundatrices of

both specis have conical granulations distributed across surface (Pergande 1904). This species
differs fromP. caryaefallaxoy the following characters of the fundatrixith correspondingp.
caryaefallaxstatedn parentheses): fundatrix ovais( almost globular)¢uticle with some small
conical granulationsv6. densely covered in conical granulations), two giéie scleroses

presen{vs. absentat caudal end of venterapitate setae absdnt. presentpn terminal

abdominal segmepdintenna with sharp anntilans {s. with scaly annulations), antereva 133

pum (vs.~181 um), and anteneavith four setae near apexs( with two setae near apex)

(Pergande 1904).

Etymology. Specific epithetfloridana) refers to the host plant speci€srya floridana

Phylloxera killianae Hamilton, sp. n.

Figures 21 22

Material examined. Holotype: female fundatrix, slidamounted. Four galls collected Qarya
glabraleaves at Nantahala National Forg&8.16564806;83.54076798 Macon County, NC,
USA, F.B. Hamilton, 29.IV.16Acc. 141. Holotype deposited at NMNH.

Description. Fundatrix. Slideemounted female 0.15 mm long and 0.09 mm wide (Figure
21).Body outline obovate. Cuticle smoo#intenna Length ~ 45 um; segment | wider than long
with one long seta on anterior margiegsent Il wider than long with one long seta on anterior
margin, one sensory pit at base, and one short seta near middle; segment Ill longest and slightly
longer than first two antennal segments put together, surface scaly, onelikeisgmsory organ
nea posterior margin with two circular sensory pits anterior to it and one seta proximal to it, and

one stout seta at apex with two shorter séfeithparts Rostrum apparently broken off.

82



Spiracles Anterior spiracles with diameter of ~ 22 um and postesjracles with diameter of ~
11 um.Legs Stout; coxawith 2i 3 setae; trochanter and femur fuseke pair of campaniform
sensilla and one long seta on posterior margin, setae absent on anterior margin, one seta near
middle, and three setae on apical giaytibia with 4 6 setae near apical margin; tarsal segments
| and Il fused with 57 digitules (setae that appear broadly dilated or expanded at tips), aind O
short seta on anterior margin.

Setae of varying lengths distributed across dorsum and veitheawerage length ~ 5
pum. Dorsal setaeHead with one marginal seta; prothorax with one medial seta and two
marginal setae; mesothorax with one medial seta, three pleural setae, and one marginal seta;
metathorax with one medial seta and one marginal aletigminal segments with varying
number of setae ranging from®per segmen¥entral setaeHead with one marginal seta; one
seta at level of coxa on prothorax, mesothorax, and metathorax; abdominal segtidused;
abdomen with 02 setae per segmen

Galls. Round and slightly convex, covered in crimson rdiéi@ droplets which make it
appear to sparkle with several long white hairs present on adaxial surface and on abaxial surface
of leaf around opening (Figure 22). On adaxial leaf surface:dmgakzdiameter ~ 1.2 mm (0.9
1.5mm), vertical diameter ~ 1 mm (0.B1mm), and height ~ 0.3 mm. On abaxial leaf surface:
horizontal diameter ~ 1 mm (G.9.1 mm) vertical diameter ~ 0.9 mm, and height ~ 0.2 mm.
Opening on abaxial leaf surface circulada@urrounded by long white pubescence.

Remarks. The gall of this species most resembles th&loflloxera pilosulaPergande,
1904, a species known to occur@arya glabranear Washington, D.C (Pergande 1904). Galls
of the two species have long whitishb@gcence on both surfaces with the opening being found

on the abaxial leaf surface (Pergande 1904). The fundatrices of both species have a smooth
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cuticle, slender last several abdominal segments, and a scaly third antennal segment (Pergande

1904). This spaes differs fromP. pilosulaby the following gall charactersvith corresponding

P. pilosulastatesn parentheses): crimsong( light green), crimson resilike droplets present

(vs. absentpn both surfaces of leadepression absefts. presentin middle of gall on adaxial

leaf surface, and opening surrounded by only long white pubesaensarfounded by 5

slender filaments and long white pubescence) (Pergande 1904). This species différs from

pilosulaby the following characters of the furida (with corresponding. pilosulastatesn

parentheses): two median puncture marks aljgenpresentpn heagsix rows of pale dusky

tubercles abselrfts. presentpn dorsumand legs stoutv§.long and slender) (Pergande 1904).
Etymology. Specific epithet killianae) named in honor of Dr. Joella Killian, Professor

Emeritus of Biology, at the University of Mary Washington in Fredericksburg, VA. Dr. Killian

inspired me to become an entomologist through her passion for entomology and enthusiasm

towards teaching it.

Phylloxera myristicaHamilton, sp. n.

Figures 23 25

Material examined. Holotype: adult female fundatrix, slidaeounted. Five galls collected on

Carya myristiciformideaves at Francis Marion National Foré33.12628563-79.77577308

Berkeley County, SC, USA, F.B. Hamilton, 27.1V.16, Acc. 114. Holotype deposited at NMNH.

Paratypes: 1 adult female alate and three nymphs. Same data as holotype. Deposited at NMNH.
Description. Fundatrix. Slidemounted adult female 0.31 mm long and 0.20 muoewi

(Figure 23)Body outline oval. Cuticle with minute granulations across b@uhedusky

puncture mark present on dorsum of head each side of midline and one cluster of dusky cells on
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prothorax of dorsumAntenna Length ~ 76 um; segment | wider than dowith one short seta

on anterior margin and one short seta near base; segment Il about as long as wide with one short
seta on anterior margin, one short seta near posterior margin, and one small sensory pit on
posterior margin; segment Il longest witrakoped annulations, minute thurdike sensory

organ on posterior margin with two small circular sensory pits anterior to it, one stout seta at
apex with two shorter setae, and one short seta near middle of selgimathiparts Setae absent

on clypeus; rasum extends to metacoXabial segment | with one medial seta, segment Il with
three pairs of marginal setae, segment Ill with one pair of medial setae, segment IV longest with
two pairs of marginal setae, and segment V shortest with two pairs of sefex&piracles

Anterior and posterior spiracles with diameter ~ 21 hegs Coxa with 47 setae; trochanter

and femur fusedynepair of campaniform sensilla and one seta on posterior margin, one seta on
anterior margin, andi2 setae on apical margitibia with O' 1 seta on posterior margin, one seta

on anterior margin, and 8 setae near apical margin; tarsal segments | and Il fusedi@ith 7
digitules (setae that appear broadly dilated or expanded at tips) and one short seta on anterior
margin. Vulvaindicated by striations in derm.

Setae of varying lengths distributed across dorsum and venter with average length ~ 6
pum. Dorsal setaeHead with two medial setae, one pleural seta, and four marginal setae;
prothorax with two medial setae, eight plewsetae, and three marginal setae; mesothorax with
two medial setae, 12 pleural setae, and one marginal seta; metathorax with two medial setae and
seven pleural setae; abdominal segments with varying number of setae ranginpgioen 1
segmentVentral seta: Head with one marginal seta and one seta anterior to clypeus; one seta at

level of coxa on prothorax and two pleural setae; one seta at level of coxa on mesothorax; two
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setae at level of coxa on metathorax; abdominal segnightiised; I' 2 setae fouth on each
abdominal segment.

Description. Alate. Slide-mounted adult female 0.72 mm long and 0.34 mm wide
(Figure 24) Wings Undetermined size due torewingsand hindwings being broken off.
Antenna Length of ~ 179 um; segment | about as long as witle ene short seta near middle;
segment Il about as long as wide with one short seta on anterior margin and one small, circular
sensory pit near posterior margin; segment Il longest, annulate on -ohesallf and rest of
segment scaly, large circularsorium near base and indented above it, short slender sensorium
on posterior margin with three small, circular sensory pits anterior to it, one stout seta at apex
with additionaltwo short setae and two long setae proximal to them on anterior margin.
Mouthparts: Rostrum extends past procoxa to well above mesotahxal segment Il with one
pair of medial setae, segment Il with one pair of medial setae, segment IV longest with two
pairs of marginal setae, and segment V with two pairs of setae atSyjpagles Anterior and
posterior spiracles with diameter ~ 29 regs Coxa with 18 setae; trochanter and femur
fused,onepair of campaniform sensilla and one long seta on posterior margiselae on
anterior margin, 0L seta near middle, andDset& on apicamargin; tibia with 23 setae on
posterior margin, i13 setae on anterior margin, aridilsetae on apical margin; tarsal segments |
and Il fused with 78 digitules (setae that appear broadly dilated or expanded at tips), one short
seta on anterifamargin, and weitleveloped claws. Vulva indicated by striations in derm.

Setae of varying lengths distributed across dorsum and venter with average length ~ 8
pm. Dorsal setaeHead with two medial setae and three pleural setae; prothorax with one medial
seta; mesothorax with two medial setae and two pleural setae; metathorax with one medial seta

and three pleural setad;£setae on last few abdominal segments, and distribution of setae on
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other segmentsndetermined due tdistortion ofcuticleon preseved specimenventral setae

Setae absent on head; three pleural setae and one marginal seta on prothorax; one seta at level of
mesocoxa and two pleural setae; one seta at level of metacoxa; abdominal skdhé&med;

abdominal segments witli @ set& per segmentong setagresenbn last twoabdominal

segments wittength ~ 23 um.

Galls. Round,flattened, and yellowislgreen with central depression in middle on adaxial
leaf surface; round, more convex, and green with reticulated pattern on abaxialfseas sur
(Figure 25). On adaxial leaf surface: horizontal diameter ~ 2.4 mzn92nm) vertical diameter
~ 2.4 mm (22.9 mm) and height ~ 0.1 mm. On abaxial leaf surface: horizontal diameter ~ 2.3
mm (1.7 2.7 mm) vertical diameter ~ 2.2 mm (1.8.8 mm) andheight ~ 0.9 mm. Opening on
abaxial leaf surface a brown closed nipiblatlikely breaks open into several bracts when gall
matures.

Remarks. Carya myristiciformigMichx.f.) Nutt. (nutmeg hickory) represents a novel
host forPhylloxeraspp. Nutmeg hickory is the raresiecies of hickory in the U.S. and is found
in river bottoms, stream margins, and hillsides in disjunct populations from the coast of South
Carolina to central Texas (Nelson et al. 2014). The gall of this species most resembles that of
Phylloxera russella&toetzel, 1981, a species known to occu€arya illinoinensisn AR, GA,

LA, MS, OK, and TX (Stoetzel 1981). Galls of the two species are round, somewhat flattened,
and greenish with a round openingtbheabaxial leaf surface (Stoetzel 1981). This sgec

differs fromP. russellaeby the following gall charactersv(th correspondindp. russellaestates

in parentheses): a reticulated pattern present only on abaxial leaf susfgwegent on both leaf
surfaces), slightly raise@s. raised) on adaxis&af surfacea distinct central depressignesent

(vs.absentpn adaxial leaf surfacevhite pubescence abséwns. presentaround opening on
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abaxial leaf surface (Stoetzel 1981). This species differs fromssellagby the following
characters of #fundatrix (ith correspondingdp. russellaestatesn parentheses): cuticle with
some granulationw$. densely granulated), concavity abs@sst presentin center of head
rostrum extends to metacoxs(extends past mesocoxa), claws waelelopedys. reduced),
antennal segment Ill with scalloped annulatiorss \{ith sharp annulationsgn indistinct (vs.
distinct)thumblike sensory organ on antennal segment Ill, two sensory pores pfesehtee
sensory pores preseftpng posterior margin @ntennal segment Jithree setagvs. four setae)
present at apex of antennal segment Il (Stoetzel 198aydition,Stoetzel (1981) stated that
there were no alatae known frdPn russellaeand there was no host alternation.

Etymology. Specific epithefrom the Latinmyristicanamed after ithost plant species

(nutmeg hickory)

Phylloxera paludisHamilton, sp. n.
Figures 26 27
Material examined. Holotype: adult female fundatrix, slideounted. Nine galls collected on
Carya aquaticdeaves at Delta National Forg82.81699665-90.80930258 Sharkey County,
MS, USA, F.B. Hamilton, 4.V.17, Acc. eup. Holotype deposited at NMNH.
Paratypes3 adult female fundatrices. Same data as holotype as well as one gall colleeed und
Acc. rbn on same host species and location. DepositeifiatH and NMNH.

Description. Fundatrix. Slideemounted adult female 0.650.56mm long and 0.270.40
mm wide (Figure 26)Body outline globular, obovate, or oval. Cuticle covered in conical
granulations that extend from head to ~ abdominal segment IV with minutdikegbeints

extending to terminal abdominal segment. Two dusky puncture marks present on head with one
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on each side of midline of dorsum. In addition, dusky group of cells gresgothorax of
dorsumAntenna Length ~ 111 um; segment | about as long as wide with one long seta along
anterior margin; segment Il longer than wide with one short seta on anterior margin and one long
seta on posterior margin; segment Il longest lightly clavate with sharply annulated surface,
one slender thumlike sensory organ along posterior margin and three circular and one oval
sensory pit anterior to it, and one long seta at apex witlsBort setaeMouthparts Oneseta
present near midie of clypeus; rostrum extends well past mesocoxa and to level of metacoxa in
some specimenfgbial segment | with one marginal seta, segment Il longest with two pairs of
marginal setae, segment Ill with one pair of marginal setae, segment IV with te@pai
marginal setae, and segment V shortest with two pairs of setae aSppaxles Anterior and
posterior spiracles with diameter ~ 32 regs Coxa with 34 setae; trochanter and femur
fused,onepair of campaniform sensilla and one long seta @tguimr margin, one seta on
anterior margin, andi@ setae on apical margin; tibia with2lsetae on posterior margone
seta on anterior margin, and six setae near apical margin; tarsal segments | and Il fused with
eight digitules (setae that appearduty dilated or expanded at tips) amk short seta on
anterior marginVulva indicated by striations in dertoothlike lobe with length ~ 18 um and
width ~ 5 um present on each side of opening.

Setae of varying lengths distributed across dorsum artérmeith average length ~ 10
pm. Marginal setae on dorsum slightly longer ~ 12 porsal setaeHead with one medial seta,
one pleural seta, and three marginal setae; prothorax with one medial seta, three pleural setae,
and two marginal setae; mesothovaih two medial setae, four pleural setae, and two marginal
setae; metathorax with one medial seta, three pleural setae, and two marginal setae; abdominal

segments with varying number of setae ranging frothgger segment; terminal abdominal
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segment with ne medium seta ~ 12 um and one long seta ~ 26Vi@miral setaeHead with
three marginal setae and one seta anterior to clypeus; one seta at level of coxa on prothorax and
two pleural setae; one seta at level of coxa on mesothorax and metathorax; abskgmeats
I7 11l fused; varying number of setae distributed across abdomen rangingif®peisegment;
terminal abdominal segment with two long marginal setae ~ 20 um and 28 pm.

Galls. Round and shiny, convex, light green to browrgséen, slightly pubescent, and
with shallow or deep depression in center on adaxial leaf surface; round and shiny, flattened and
slightly convex, light green to brownigireen, and slightly pubescent on abaxial leaf surface;
more convex above than below (Figure ZJ¢curs dong midvein of leafOn adaxial leaf
surface: horizontal diameter ~ 3.8 mni43®% mm) vertical diameter ~ 3.3 mm (24 mm) and
height ~ 1 mm; on abaxial leaf surface: horizontal diameter ~ 3.1 mi(2.dam) vertical
diameter ~ 3.0 mm (2i#.9 mm) and height ~ 0.2 mm. Opening on abaxial leaf surface round
and surrounded by b short bracts fringed with pubescence at tips.

Remarks. The gall of this species most resembles thdttoflloxera notabilifPergande,
1904, a species known to occur@arya illinoiensisthroughout eastern and southern U.S.
(Pergande 1904, Blackman and Eastop 2013). Galls of the two species are more convex on
adaxial leaf surface, pubescent, and greenish. Additionally, the fundatrices share common
characters with them being adfrslar size and shape, cuticle being covered in conical tubercles,
and antennal segment Il being annulate and slightly clavate (Pergande 1904). This species
differs fromP. notabilisby the following gall charactersvith correspondindP. notabilisstates
in parenthesesjtattened(vs. globular to conicalpn abaxial leaf surfa¢cslightly pubescentv.
densely pubescenbn abaxial leaf surfagandred coloratiombsen{vs. present(Pergande

1904). This species differs fromh notabilisby the followng characters of the fundatriwith
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corresponding®. notabilisstatedn parentheses): notch abserd. presentin middle of head
conical tubercles are wider and more rounded at¥donger and more acute at tips)
dorsum two dusky puncture mes presenfvs. absentpn dorsum of hegdntennal segment I
~ 65um long (vs.~ 128 umlong), antennal segment Ill with one oval and three circular sensory
pits (vs.with three circular sensory pits), and todie lobes presenivs. absentaround wulva
(Pergande 1904).

Etymology. Specific epithetgaludig is theLatin genitive of swamp and refers to the

bayounear where the specimens were collecteshted as a noun in apposition.

Phylloxera stoetzelaklamilton, sp. n.
Figures 28 29
Material examined.Holotype: adult female fundatrix, slideounted. Seven galls collected on
Carya aquaticdeaves at Delta National Forg82.8154396;1-90.8094776), Sharkey County,
MS, USA, F.B. Hamilton, 4.V.17, Acc. rbo. Holotype deposited at NMNH.
Paratyps: 4 fundatrices an@alate nymphs. Same data as holotype. In addition, five galls and 1
fundatrix collected oduglans hindsileaves at J.F. Gregory City P41.95036364
-81.3017591p Bryan County, GA, USA, F.B. Hamilton, 25.1V.16, Acc. 090. Defeukat
AUMNH, BMNH, and NMNH.
Description. Fundatrix. Slideemounted adult female 0.60.80mm long and 0.240.55
mm wide (Figure 28)Body outline globular or elliptical. Cuticle covered in minute granulation.
AntennalLength ~121 um; segment | about asdas wide with one long seta on anterior
margin and one short seta near base; segment Il longer than wide with one long seta on anterior

margin, one long seta near posterior margin, and one short seta near base; segment Il longest
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with annulated surfacene thumHike sensory organ along posterior margin and three circular
sensory pits anterior to it, and one long seta at apex with two shortMetabparts Rostrum
extends past mesocoxabial segment Il longest with two pairs of marginal setae, segl
with one pair of marginal setae, segment IV with two pairs of marginal setae, and segment V
shortest with two pairs of setae at apgpiracles Anterior and posterior spiracles with diameter
~ 36 um.Legs Coxa with 34 setae; trochanter and fenfused,onepair of campaniform
sensilla and one long seta on posterior margif,sétae on anterior margin, anidlOseta on or
near apical margin; tibia withiQ seta on posterior margity, 1 seta on anterior margin, ane2
setae near apical margin;gat segments | and Il fused with&digitules (setae that appear
broadly dilated or expanded at tipshe short seta on anterior margin, and claws redadda
indicated by striations in derm.

Setae of varying lengths distributed across dorsum andmeith average length ~ 7
pum. Dorsal setaeHead with two marginal setae and one pleural seta; prothorax with two medial
setae, two pleural setae, and two marginal setae; mesothorax with two medial setae and four
pleural setae; metathorax with one medgth, two pleural setae, and one marginal seta;
abdominal segments with varying number of setae ranging fré&np& segmen¥/entral setae
Head with two marginal setae and one seta anterior to clypeus; one seta at level of coxa on
prothorax, mesothoraand metathorax; abdominal segmeiitd fused, varying number of
setae distributed across abdomen ranging frofnpker segment, terminal abdominal segment
with three short setae and one long marginal seta ~ 14 pum.

Galls. Round and yellowisigold or crimsa, slightly convex or sunken below leaf tissue,
with central elevation or depression, shiny and glabrous on adaxial leaf surface; globular, much

more convex, yellowisigold or green with a hint of pink, shiny, and glabrous on abaxial leaf

92



surface (Figure @). On adaxial leaf surface: horizontal diameter ~ 6.4 nir@ (dm),vertical
diameter ~ 6.2 mm (3(9.5 mm) and height ~ 0.1 mm. On abaxial leaf surface: horizontal
diameter ~ 6.8 mm {40 mm) vertical diameter ~ 6.7 mmi(Z0 mm) and height ~ 2.9 mm.
Opening on abaxial surface surrounded by white pubescence and at maturity, four white
pubescent bracts exposed.

Remarks. Juglans hindsi{Jeps) Jepsex R.E Sm.(NorthernCalifornia walnut)
represents aovel hosfor Phylloxeraspp.The gall of this species most resembles that of
Phylloxera russella&toetzel, 1981, a species known to occu€arya illinoinensisn AR, GA,
LA, MS, and TX (Stoetzel 1981). Galls of the two species are round, glabrous, and flattened with
a round opening below surrounded by white pubescence. Additionally, the fundatrices share a
common feature with the rostrum extending past the mes@&taetzel 1981). This species
differs fromP. russellaeby the following gall charactersvith correspondingdp. russellaestates
in parentheses): yellowigiold or crimson and gredus. geen), a reticulated patteatsen{vs.
present, and rim of elevied tissue absemig. presentaround openingStoetzel 1981)This
species differs fron®. russellaeby the following characters of the fundatrixith corresponding
P. russellaestatesn parentheses): cuticle with dense uniform granulatisnwith aate points
and dense granulationgbial segment Il with two pairs of marginal setas.{vith one medial
seta and two pairs of marginal setae), posterior end of body semiciksulapering), and
antennal segment Il with one long seta at apex angheder setae proximal to ig. with one
long seta at apex and three shorter setae proximal to it) (Stoetzel Ih98ddition, his species
differs fromP. russelladife history (with correspondingp. russellaestates in parentheses):
alates preserfts. absentjn life cycle and sexuparae absdus. presentin life cycle (Stoetzel

1981)
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Etymology. Specific epithetgtoetzelagnamed in honor of Dr. Manya Stoetzel, former
Research Entomologist and Research Leader at the USDA Systematic Entobatloggtory

(Beltsville, MD), for her significant contributions ®hylloxeraresearch in the U.S.

PhylloxerawiedenmanniHamilton sp. n.
Figures 30 32
Material examined. Holotype: adult female fundatrix, slideounted. Five galls collected on
Carya ordiformisleaves at Natural Falls State P&8K.17380934-94.6698995), Delaware
County, OK, USA, F.B. Hamilton, 13.V.17, Acc. m0s. Holotype deposited at NMNH.
Paratypes: Five alates and two nymphs, gimbeinted. Same data as holotype. In addition, one
fundatrix, slidemounted. Three galls collected Carya cordiformideaves at Lake Bob Sandlin
State Park33.05545423-95.096434% Camp County, TX, USA, F.B. Hamilton, 09.V.17, Acc.
2qd. Deposited at AUMNH, BMNH, and NMNH.

Description. Fundatrix. Slideemounted adult female 0.¥0.71mm long and 0.440.48
mm wide (Figure 30)Body outline elliptical. Cuticle with minute granulatiolntenna Length
~ 100 um; segment | wider than long with one short seta along anterior margin and one small
sensory pit ear base along posterior margin; segment Il about as long as wide with one long seta
on anterior margin and one long seta on posterior margin; segment Il longest with coarsely
annulated surface, stout thustike sensory organ on posterior margin with ¢ghseall and
circular sensory pits anterior to it, one long seta at apex,id@shbrter setae proximal to it.
Mouthparts Rostrum extends past mesocoxa and almost to level of metéadoighsegment |
with one pair of medial setae, segment Il longestsatde absent, segment Il with one pair of

medial setae, segment IV with two pairs of marginal setae, and segment V shortest with two
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pairs of setae at apeSpiracles Anterior and posterior spiracles with diameter ~ 41 hegs
Coxa with 2 4 setae; trohanter and femur fusednepair of campaniform sensilla awthelong
seta on posterior margin, one seta on anterior margin,ighsetae on apical margin; tibia with
1i 2 setae on posterior margii 1 seta on anterior margin, and six setae near apadim
tarsal segments | and Il fused with87digitules (setae that appear broadly dilated or expanded at
tips), O 1 short seta on anterior margin, and claws reduced

Setae of varying lengths distributed across dorsum and venter with average length ~ 9
pm. Dorsal setaeHead with one medial seta, one pleural seta, three marginaltsetaeisky
puncture marknear middle of head, and couple of dusky markings near margin; prothorax with
two medial setae, two pleural setae, one marginal seta, elongayendldiing in suture and
coupleof dusky markings near margin; mesothorax with one medial seta, two pleural setae, one
marginal seta, dusky marking in suture and one dusky marking near margin; metathorax with one
medial seta, four pleural setae, one maigeéa, two dusky markings with one near middle of
segment and one near margin; abdominal segments with varying number of setae ranging from
2i' 5 per segmenandcircular dusky marking near margin of abdominal segment Il and IV.
Ventral setaeHead with me seta along margin, one seta on inner edge of eye, and one seta
anterior to clypeus; one seta at level of coxa on prothorax, mesothorax, and metathorax; three
setae near margin on prothorax and three setae near margin on mesothorax; abdominal segments
I Il fused, varying number of setae distributed across abdomen rangingifdopedsegment.
Vulva indicated by striations in derm.

Description. Alate. Slide-mounted adult female 0.60.77 mm long and 0.30.35 mm
wide (Figure 31)Wings Forewing ~ 0.8 mntong and ~ 0.4 mm wide; hindwing ~ 0.5 mm long

and ~ 0.2 mm wide. Cuticle withinutegranulation Antenna Length of ~ 135 um; segment |
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wider than long with one long seta on anterior margin and scaly surface; segment Il longer than
wide, scaly, and witlone short seta on anterior margin and one long seta on posterior margin;
segment Il longest, ~ 8oarse annulations on basalefourth and rest of segment scaly, pedicel
present at basal end widlistinct projecting pointy sensorium on anterior margpper

sensorium present on posterior margin thétreefourthslength of segment and 8 circular

sensory pits anterior to it, and one long seta present at apex along with two shorter setae
Mouthparts:Rostrum extends to well above mesocdahbial segnent | without setae, segment

Il with two pairs of marginal setae, segment Ill with one pair of marginal setae, segment IV
longest with two pairs of marginal setae, and segment V shortest with two pairs of setae at apex.
Spiracles Anterior and posterior gacles with diameter ~ 23 urhegs Coxa with 2 3 setag
trochanter and femur fuseohepair of campaniform sensilla and one long seta on posterior
margin, one seta on anterior margind 0 2 setae on apicahargin; tibia with 02 setae on

posterior magin, O' 2 setae near middlej @ seta on anterior margin, anid/ssetae on apical

margin; tarsal segments | and Il fused witl8 @igitules (setae that appear broadly dilated or
expanded at tips), one short seta on anterior margin, and&edloped claws/ulva indicated

by striations in derm.

Setae of varying lengths distributed across dorsum and venter with average length ~ 8
pum. Dorsal setaeHead with one medial seta, two pleural setae, and one marginal seta;
prothorax with one marginal seta; mesothowith one medial seta and one pleural seta;
metathorax with one medial seta and one pleural seta; abdominal segmenisithae except
for terminal abdominal segment with four set@ed two long setae on terminal abdominal
segment with length ~ 19 uiWentral setaeHead with one marginal seta; one seta at level of

coxa on prothorax, mesothorax, and metathorax and one additional pleural seta on mesothorax;
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abdominal segmentslll fused; varying number of setae distributed across abdomen ranging
from 11 6 per segment.

Galls. Round or oval, convex, with pubescent yellowigken circumference and
transparent light yellow depression in center, occurs above plane of leaf or slightly sunken below
plane forming a rim around it on adaxial leaf surface; doaumoval, convex, constricted at base,
light green, pubescent, and with round opening surroundedbgubescent bracts on abaxial
leaf surface (Figure 32). On adaxial leaf surface: horizontal diameter ~ 7.1 nii@. 151m)
vertical diameter ~ 6.2 mm . 8.0 mm) and height ~ 2.3 mm (Q.2.5 mm) on abaxial leaf
surface: horizontal diameter ~ 7.6 mm {@&@® mm),vertical diameter ~ 6.0 mm (4.8.0 mm)
and height ~ 1.7 mm (2.2.1 mm)

Remarks. The gall of this species most resembles thd&ttoflloxeia foveolaPergande,
1904, a species known to occur@arya glabrain Virginia. The galls of both species are round
and convex with a depression in middle on adaxial leaf surface and below convex with a round
opening surrounded by bra¢Rergande 1904Yhe fundatrices of both species have minute
granulation on the surface and are of a similar @eegande 1904 he alates of both species
have both an annulated and scaly antennal sedihéRergande 1904 his species differs
from P. foveolaby the bllowing gall charactersifith correspondindp. foveolastatesn
parentheses): raised circumference pubegesnglabrouspn adaxial leaf surface, pubescent
(vs. glabrouspn abaxial leaf surface, depression light yellow to whitishlight red witha
darker dimple or yellowisigreen with a pink dimplejn adaxial leaf surfac@nd constricted at
base ¥s. not constricted at bagen abaxial leaf surfag@ergande 1904 his species differs
from P. foveolaby the following characters of the fundatfixith correspondindp. foveolastates

in parentheses): dusky markingesent (vs. absentj dorsum and abdomen gradually tapering
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(vs. pointed posteriorly with last several abdominal segments slefiREngande 1904 his
species differs fron®. foveoa by the following characters of the alateith correspondingp.
foveolastatedn parentheses): antennal segméntvith upper sensorial membranehree
fourthsthe length of segmentg. ~ onehalf the length of segmenintennal segment Il with

8 annulations\(s. ~ 15 annulationsiantennal segment Ill with sharp sensorium present at base
(vs.a sharp sensorium absembase)Pergande 1904Dn the phylogenyP. wiedenmanns

more closely related tBhylloxera reticulateDuncanwhich is a frediving species orQuercus
kelloggiiNewberryin California, USA.

Etymology. Specific epithetWiedenmanninamed in honor of Dr. Robert N.
Wiedenmann, Professor of Entomology, at University of Arkansas in Fayetteville, AR. | am
forever grateful for Dr. Wiedenmarmgiving me the opportunity to pursue my M.S. in
Entomology at the University of Arkansas and for serving as a mentor to me throughout graduate

school.

Phylloxera williamsiHamilton, sp. n.

Figures 33 34

Material examined. Holotype: adult female fundatris)ide-mounted. One gall collected on

Carya cordiformideaves at Yankauer Nature Presg8@.50127146-77.85210298 Berkeley

County, WV, USA, F.B. Hamilton, 20.V.18, Acc. qzl. Holotype deposited at NMNH.
Description. Fundatrix. Slidemounted adult fema 0.59 mm long and 0.42 mm wide

(Figure 33)Body outline globular. Cuticle with irregular to conical granulations from head to

about abdominal segment Il and seblke points arranged in rows on abdominal segments.

AntennaLength ~ 133 um; segment liger than long with one long seta on anterior margin, one
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short seta near middle, and rounded at apex; segment Il about as long as wide with one long seta
on anterior margin, one short seta near middle, and nearly straight at apex; segment Il longest
with annulated surface, slightly wider at base and apex, one thkerensory organ on

posterior margin and three sensory pits anterior to it, one long seta and two short setae at apex.
Mouthparts Setae absent on clypeus; rostrum extends past metatoabsegment | without

setae, segment Il with two pairs of marginal setae, segment IIl with two pairs of medial setae,
segment IV with two pairs of marginal setae, and segment V shortest with two pairs of setae at
apex.Spiracles Anterior and posterior sgicles with diameter of ~ 47 prhegs Coxa with 34

setae; trochanter and femur fusedepair of campaniform sensilla and2 setae on posterior
margin, 12 setae on anterior margin, aridlsetae on apical margin; tibia with2lsetae on

posterior margi, O' 1 $ta on anterior margin, and@lsetae on apical margin; tarsal segments |
and Il fused with B8 digitules (setae that appear broadly dilated or expanded at tips), one short
seta on anterior margin, and wdkveloped claws. Vulva indicated by dtioas in dermlong

scleross ~ 37 unmpresent oreach side of vulva.

Setae of similar size distributed across dorsum and venter with average length ~ 8 um.
Dorsal setaeSetae from head to about abdominal segment Il slightly elevated ctikeart
structues; head with three medial setae, two pleural setae, and two marginal setae; prothorax
with one medial seta, one pleural seta, and one marginal seta; mesothorax with one medial seta,
three pleural setae, and two marginal setae; metathorax with two setdialand two marginal
setae; abdominal segments witirying number of setae ranging froiiB0per segmen¥/entral
setae Setae absent on head; one seta at level of coxa on prothorax, mesothorax, and metathorax;
abdominal segmentslll fused,varying nunber of setae on abdominal segments ranging from

1i 4 per segment.
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Galls. Oval and convex, yellowisgreen, anavith long whitepubesceoeon both sides
of leaf; slightly more convex above than below (Figure 34). On adaxial leaf surface: horizontal
diameter~ 2.2 mm, vertical diameter ~ 2.4 mand height ~ 1.5 mm; on abaxial leaf surface:
horizontal diameter ~ 2.2 mm, vertical diameter ~ 2.2 mm, and height ~ 1.2 mm. Opening slit
like on abaxial leaf surface and densely covered in pubescence.

Remarks. The gdl of this species most resembles thaPbi/lloxera floridanaHamilton
sp. n., a species occurring Garya floridanain central Florida. Galls of the two species are
convex and yellowish with an opening beldwndatrices of both species have conicattalkes
on cuticle.This species differs from. floridanaby the following gall charactersvith
correspondingp. floridanastatesn parentheses): ovéls. round)on both surfaces of leaf,
pubescent with long white haifgs. glabrouspn adaxial leaf sfiace depression abse(\s.
present)n centeron adaxial leaf surfag@and opening densely covered in pubescevgeen(ith
some pubescencd)his species differs frorR. floridanaby the following characters of the
fundatrix (ith correspondingp. floridanastatesn parenthesesguticle densely covered in
irregular to conical tuberclesg. with some minute conical tubercles), rostrum extends past
metacoxa\(s. extends to mesocoxa), rostrum ~ 18t long (s.~ 112um long), antennal
segment Il with liree setae at apexs( with four setae at apex), a long sclerosis pre@emnt
absentiaround each side of vulvand grainlike scleroses absefits. presentdn caudal end of
venter

Etymology. Specific epithetwilliamsi) named in honor of Dr. Mike Wiams, Professor
Emeritus of Entomology, at Auburn Universfty his significant contributions to scale insect
researcland ingratitude for him helping m& reach my goals.

Discussion
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Collections occurring across the U.S. proved to be advantageoud4imee species of
Phylloxerawere collectecnd describedCollecting in different geographic regions was also
advantageous since new specieRloylloxerawere described from hickory species that were not
previously known as hosiscluding nutmeg hickorysand hickoryandscrub hickoryNutmeg
hickory is the rarest species of hickory found in disjunct populations throughout the southern
U.S., sand hickory is found throughout the Southeast and westéonellsssouri and Louisiana
and north to Delaware, and scrub hickory is found only in Central Florida (Nelson et al. 2014,
Kirkman et al. 2007)in addition, a novel gallorming Phylloxerasp. P. stoetzeldewas
described from a new host plant genlisgans hindsi). These results help to confirm
P e r g abeleefehatonly a fraction of thBhylloxeraspp. diversity in the U.S. ddeen treated

and there are likely many more new species awaiting to be discovered.

Key to galls ofhickory and walnut-feedng Phylloxeraspp. in the U.S.
1. Spines present on galdéé&.ur.féa.ceé & d é.é2
1@ Spines absent on gal |l.é &saé .fabkékéd &&.é8&E&é.6.63F
2(1). Spines short and stout; gall globular; crimson, white, white with crimson, or ysttowi

rrrrrrrrrrrrr

I50mm ééeeeéeéeéeééééeee. ... . . . PhylloxeeasmnéaloideRPergande

3( 1. Blpngate s@rotized ridge abovieafwith a protruding pubescent fold of tissue beleaf

on each side of el ongat e..é<l.Phylloxerp @anydevengdéiténé ¢ . . |,
34 Buttontlike, conical, globular, nut, pear, or thelike without an elongate slit opamg below

| eaéféee ééeééeeééeeéeecéeeéeeéeceeceéeecéeecéee. . . . 4
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4( 3. 8lix-like openingpresent é é é é e e eeeéeéeéééée. eee.eéeéé......5

""""""""

44 Round, conical, orééhodceagcopeacagepredent é.

,,,,,,,,,

54).Buttonl i ke and somewhatéétkbattéenédéééeeceed

56 Conical or gl obul ar é &g&€éeée. cée&&ccaecaeecaeee. . 7
6(5). Convex abovéeafand with or without an elevated centexd, light green, yellowish

green, or white; diameter 8.04.0 mm;belowleaflevel with leaf tissue or convex, light green,
andopening with whitish pube Phloxem caéygecécsRilcye . € € € é .
6G Slightly convex abovieafand with or without a depression in center, yellow; diametér 1.1

5.2 mm more convex beloweafwith a protruding opening fringed with whitish pubesce
eeéeé.eeéeéeéee........ ... ...... Phyloxeraflaridanasp.n.

O I IV

7( 5.6)Coni cal é.éé&cateee e ééé eEeéééééeeceeeceée. 8

(O

70 Globul arééééécééécéée. .. éééeéeéeéecéeéee. . .9
8(7). More convex abovkafthan below, yellow, diameter 1.3.0 mm;belowleaflight

yellowishgr een and openi ng .weiétéhé . Riylioxera flagoooniesp.cr.e n c e é
8a Often more convex belolgafthan above, conical or round and somewhat flattened above

leaf, yellow or ed, diameter 116.0 mm; beloweaflight green with a protruding claifike

opening with whit.eé@dé&deés.cedeBhglléxéracaryaefallaRiley

9( 7. &ong white pubescence present ableaéand a protruding opening beldeaf...€ é é é

€éeé. é.é.....6e6¢e6e6écécécéeééceééé. . Phylexérawiliamsisp. n.

94 Long white pubescence absent abl@afand opening flush with surfatee | o w .él. e a f1é0

10( 9. ®gcurs between lateral veins and often with several small openings near apeeabove

eé...eéeé. ... .. ... ... ....... PhyloxeracaryaeglobulWalsh
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104 Occurs along midvein of leaves, petioles, or stems and without several small openings near
apexabové eaf ée&&céeé. é6éé. . ééeééeééb .. ééeéeée...eé. 11
11( 106Pccurs only on petioles, somewhateéefl atte
€é. éeécécéecéecééééeéeéeé e é éPhylloxerasubellipticgShimer)

116 Occurs along midvein of leaves and petioles; not flattened; light green, yehatiish or

yellowishgr een and with or without a hint of cri ms
120 116 ppongy and wit he.éé&éeé Phylpxerh cayyacmaygshiener)

124 Hard and with or without pubescenceééeéeeeéeé
13( 1 2Giaprous, occursrgyly or in clusters, diameter 5.85.0 mm, does not split at maturity

into two equal hal ves éé &.éé &hyboreéacayaacaulif-itch)

134 Densely pubescent, occurs in clusters, diametef2.0 mm gall splits at maturity into two

equal 6BGaétvé&séé. . eé. ee. . . éécéé éRrhyléexéracaryaereriley

14 4.@gnicalorthord i ke openéngépreesdeacéeée. . €6éé. .  ééeelb

144 Round opening pr eerttééd . é.6666.6.6.666é6é éééeéee. 23

15(14). Occurs on petioles, stems, or along midvein of leawakwish-white; confluent on

petioles and stemseéeeéceéceécééé Phylbxed peeniésdergande . é

154 Occurs only on leaves; yellow, yellowigineen, crimson, crimson and green, pink and

green, green and purple; can be confluent or separate whenacecug i n gr oupséeéeéeeé
€é. .. ééeeééecéeecééecéeecééecéeecéée. éeeéee.,

16( 156Ppening present onéeé.a.c.hé &.i&déé dé d &eéad €167 é
164 Opening present only on one side of | eaf
17(16). Opening aboveeafj a g gee.d é € é é é ..é é .é€ Phylloxera intermedi@ergande

176 Openingabove e af séhééebeb.éecééeecééeééeecéeeééls
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18( 1 7Shightly convex on both sides of leaf with a short conical nipple opening on eaéh side

€e. .. ééééecceeceeeeééécececeeceeeéé dhylloxerapictaPergande

184 Convex withathorh i ke opening on one or both sides o
19 1 8Conical abovéeafand flat beneath, opens from above; belleaf a round opening
surrounded by sl ender pub e skhglloxeradayaéfdiasitcht s t h a
194 Conical or thordike on both sides of leaf; usually opens from ablead but can also open
frombelowl eaf é 6 éééééé. . . 6 ééééééééeéeéeée. éécée. e. . é.

20( 1 9Sdepder conical projections on both sides of leaf; green, crimson, oragr@enimson;

diameter 1.07.0 mm Fundatrix has an intermediate sensorium on antennal segimamd alate

with a stout antennal segmeht which lacks a basal sensorium and upper sensdfitee

fourthst he | engt h of sé&&gadnead . & &éééPaylloxea bispinaesp. n.

204 Elongate and slender or short and stout conical projections on both sides of leaf; light rose,
crimson, yellowiskgreen, or light green and crimson towards apex; elongate galls with a

diameter 2.04.0 mm short and stout galls withchiameter of 5.012.0 mm Fundatrix lack an

intermediate sensorium on antennal segriem@ind alate with a slender, long antennal segment

[Il with a basal sensoriupresentand upper sensoriutwo-fithst he | engt h é&.f s e g me
€Eeéééééééeeceeeéeée. . ... .eeé. . . &hykorera.caryaeseptghimer)

21( 1 6CGonvex above and beldeaf; a light green thonrtike projection beloweaf, which is

transparent and opening splits into several long ¥Fagts...é Phylloxera chippokesinsissp. n.

214 Slightly convex bove and beloveaf; a light green thortike projection absent beloleaf,

opaqueandl ong bracts absent aroundé @operRinge&22. ééé

22( 2 1Goncolorous to surrounding leaf tissue on both surfaces of leaf with a slight depression

//////
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,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,

23( 1 4Gimsonresidi i ke dr opl et s pr es e.Rhylloxerakilamaesthn.g al |

,,,,,,,

234 Crimson residike dropletsabsento bot h gal | éseektaééseéé2i

,,,,,,,,,

25(24). Globular and more convex abadeaf, pink, diaméer 1.3 1.8 mm belowleafslightly

convex, light green, and pubescent; opemialpwflat and surrounded by short yellowisthite
PUDESCENE.E.LEEL e Phylloxera echinssp. n.

254 Round and flat or slightly convex aboleaf with a shallow depression, light green,

diameter 3.06.0 mm;belowleaf more convex, green to almost white at apex, a nipple opening
densely covered in long yellowishh i t e p u B e & € e PhyloxXera pilsulaPergande

26( 2 4Shit)like opening in center aboveafwhi ch | eads down into a
€. . E6€6E6¢E¢6. . ceeeéééééeécéeceeééé.érhylloxerafalgstumsp. n.

264 Slit-like opening absentaboleafa nd a f al se chambeéré éd dXi de
27( 2 60péning aboveeafwith apex of gall splitting into several stout bracts; beleaf raised

///////////

276 Opening belovieafand not r ai seédé é é&..a épecéiéneteééecé é 2 8

28( 2 7Abréticulated pattern present above and bdkag............. Phylloxera russella&toetzel
284 A reticulated pattern absewot both sides of leafé € .é é. . . ééééeéééeeéé29
29 2 8Rugose aboveafa nd gl @®&kéléa&r.€. . é éPhylloxera conicgShimer)
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290 Smooth aboveeaf andbuttonl i ke, f |l att enetdé é éea ..€¢él.oeb. ul.a r3e0e é

30( 2 9Raiyedo a rounded point in centabove lead é é ....... Phylloxera auburnensisp. n.

31( 3 0Spipdleshaped beloveafand suspended from leaf by a slender filament; surfaceystick

,,,,,,,,,,,,,,,,,,,,,,,

eeéeéeéeééééececeeceeeéeééeécécee. . Phylloxeracaryaegummosley
314 Conical, flattened, globular, hazelnut, or pear shaped Hebf@nd not suspended from

,,,,,,,,,

|l eaf by a sl ender fil amenrtt, ceserctace édryé&drece

,,,,

33(32). Yellowishgreen cicumference with a pale red depression or completely yellegvisén

with a pink dimple; circumference and depression glabrous; depression may be shallow or deep;

""""""""

diameter3.05.0mmé é e e € € € € é é é é é e é é. é. Phgloxerafoveold®ergande

334 Light green circumfance with a whitish or yellow depression, a pink dimple absent;
circumference pubescent and depression glabrous; depression shallow; diafm@temang .
EEEEeéé . eeeéééééeeceeeeéééé. .Phyllaxerawiedenmanmsp. n.

34( 3 2Seedike aboveleafand ofen with a depression in center that extends to circumference;

diameter0.B2. 0 mmé . . . . . . . . . . . . . Phylloxera caryagseragfhinéeé é é é .

34a Not seedike above leafind lacking a depression in center that extends to circumference;

///////////////////////////

35 346Pccurs along miédé&é&d aé odé d chbd/esEEE. 36

////////////

354 Does not occur al oéhgé éd dé&véed dé o.f. | hérée.sFE& é
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36(35). Globular or irregular; about equally convex above and bidafvoccus along midvein

of leaves, petioles, stems, leaf buds, and flower buds; opening flat and round surrounded by
pubescence or nipplike and found beloleafwh en pr esent on | e€a&f. é6ééééé
€..6e6e6€6€éééceceeceeeeeéééééé e e PhylloxeradevastatriPergande

364 Oval or round; more convex aboeafthan below; occurs only along midvein of leaves;

opening steniike, nipplel i ke, or surrounded by short bracts
37( 3 6Yellowish-green or slightly red, with or without a central depression, e, and

diameter 2.010.0 mm belowleaf somewhat conical, green or yellow, and pubescent; opening
belowleaf stenilike which splits into several long braét® € € Phylloxera notabilifPergande

374 Light green to brownislgreen, with a shallow or deep degsion in center, slightly

pubescent, and diameter 8406 mm) belowleafflattened and round, light green to brownish

green, and slightly pubescent; opening beleai round and surrounded by & short bracts with
pubescence at tipseéeeée. .. éé¢écécécéé Phylbxerpabudispéné

38( 3 5Gopular or irregularpccurs singly or in clusters on petioles or stems; opening with or
without a short nippl eé. . . .Phylloxerageorgian®ergande .

384 Buttor-like or flattened abovleaff occur s singly or im®écluster s
Eééeéééécécéeéeeeéeéeécécéecéece.

39( 3 8AdAQut equally convex above and beleafé .................. Phylloxera depress¢gshimel)

394 Galls more convex beloive af e é éee&@eée ééeééeeéeeééeeé. .. 40

40( 3 9Butjonlike aboveleafand of ten with a distinctéérim ar c

eéeéeeéeéé. .é. .. ... ... ... ..... Phylloxerarimoshs Pergande

404 Flat abovdeafa nd wi t hou't a distinect r e m..aéréo.u.néd. 4cli r

////////
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414 Belowleafwithout a brown nipple openiggé € ...........cccc....... ... .6 ee. . €é..42e
42( 4 1@Gaprous and shiny above and belowe a f..@¢é . ééé..Phylloxera stoetzelagp. n.

424 Glabrous and shiny or dull aboleaf, pubescent and dull belowafé é .é.¢ é é¢é . . . 43
43( 4 2QGopular beloweafand usually with adwelnut shape; light greemd apex splits into

several bracts at maturity; diameterif2.0.0 mme € € . . . Ehylloxera caryaeavellanRiley

434 Conical, globular, or peahaped beloweaf, crimson, light green, yellow, or white; opening

,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,

Eeéééééééceceeceeéeééééceceeeéeé. PhylloxerasymmetricRergande
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Figure 1. Phylloxera auburnensidamilton, sp. n., fundatrix;A) whole body(B) antenna.
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Figure 2. Phylloxera auburnensidamilton, sp. n., alat€A) whole body B) antenna.
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Figure 3. Gall of Phylloxera auburnensisn adaxial surface of legf), abaxial surface of leaf
(B), and distributed in a group along midvein of |62}.
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Figure 4. Phylloxera bispina¢damiton, sp. n., fundatrix(A) whole body(B) antenna.
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Figure 5. Phylloxera bispina¢damilton, sp. n., alat€A) whole body(B) antenna.
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Figure 6. Young galls ofPhylloxera bispina®n adaxial surface of leéf) abaxial surface of
leaf (B) mature gdlwith crimson coloration on adaxial surfa@) and with crimson and green
coloration on abaxial surfa¢p).
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Figure 7. Phylloxera chippokesnsisHamilton, sp. n., fundatrix;A) whole body(B) antenna.
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Figure 8. Phylloxera chippokeensisHamilton,sp. n., sexupargA) whole body(B) antenna.
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Figure 9. Gall of Phylloxera chippokesnsison adaxial surface of leéf) bracts open on
abaxial surface of legB) bractsclosed on abaxial surface of l¢&f) along midvein on adaxial
surface of lea{D) along midvein on abaxial surface of |¢&).
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Figure 10.Phylloxera cryptaHamilton, sp. n., fundatrix;A) whole body(B) antenna.
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Figure 11.Gall of Phylloxera crypteon adaxial surface of leéfh) and abaxial surface of leaf

(B).
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Figure 12.Phylloxera echinsHamilton, sp. n., fundatriX;A) whole body(B) antenna.
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Figure 13.Gall of Phylloxera echinson adaxial surface of leéf) and abaxial surface of leaf

(B).
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Figure 14.Phylloxera falpstumHamilton, sp. n., fundatriA) whole body(B) antenna.
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Figure 15.Gall of Phylloxera fal@stiumon adaxial surface of leéf) abaxial surface of leaf
(B) false opening on adaxial surfa®) and false chamber inside gél).
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Figure 16. Phylloxera flavoconicadamilton, sp. n., fundatrix;A) whole body(B) antenngC)
cuticle.
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Figure 17.Phylloxera flavoconicaddamilton, sp. n., sexupar@) whole body(B) antenna.
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Figure 18.Gall of Phylloxera flavoconican adaxial surface of & (A) abaxial surface of leaf
(B) and distributed in a groyic).
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Figure 19.Phylloxera floridanaHamilton, sp. n., fundatrix(A) whole body(B) cuticle (C)
antenna.
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Figure 20.Gall of Phylloxera floridanaon adaxial surface of leéf) and abaxial surface of leaf

(B).
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Figure 21.Phylloxera killianaeHamilton, sp. n., fundatriX;A) whole body(B) antenna.
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Figure 22.Gall of Phylloxera killianaeon adaxial surface of leg¢f) and abaxial surface of leaf

(B).
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Figure 23.Phylloxera myristicaHamilton, sp. n., fundatrix}A) whole body(B) antenna.
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Figure 24.Phylloxera myristicaHamilton, sp. n., alat€A) whole body(B) antenna.
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Figure 25.Gall of Phylloxera myristicaon adaxial siace of leafA) and abaxial surface of leaf

(B).
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Figure 26.Phylloxera paludidHamilton, sp. n., fundatriXA) whole body(B) cuticle (C)
antenna.

134



Figure 27.Gall of Phylloxera paludi®n adaxial surface of leéf) and daxial surface of leaf

(B).
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Figure 28.Phylloxera stoetzeladamilton, sp. n., fundatrix;A) whole body(B) antenna.
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Figure 29.Gall of Phylloxera stoetzelaen adaxial surface of leaf @arya aquaticgA)

abaxial surfacef leaf with opening tightly closed dbarya aquaticgB) abaxial surface of leaf
with orifice slightly open exposing four white pubescent brécjsrosssection of gall
exposing the yellowisigold nutritive layer with phylloxerans attached t@}) adaxial surface
of leaf onJuglans hindsi(E) abaxial surface of leaf ajuglans hindsi{F).

137



Figure 30.Phylloxera wiedenmantiamilton, sp. n., fundatrix;A) whole body(B) antenna.
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Figure 31.Phylloxera wiedenmantiamilton, sp. n., alat€¢A) whole body(B) antenna.
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Figure 32.Gall of Phylloxera wiedenmanmin adaxial surface of leéf) and abaxial surface of
leaf (B).
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Figure 33.Phylloxera williamsiHamilton, sp. n., fundatrix;A) whole body(B) antenngC)
cuticle.
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Figure 34.Gall of Phylloxerawilliamsi on adaxial surface of leéf) abaxial surface of ledB)
and laterallyC).
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Conclusion

This dissertation addresses three objectives: 1) Perform the first estimate of the
phylogenetic relationships among phylloxeran speamestest the monophyly of tlaecepted
genera and hast2) Revise the species diversignd 3) Characterize their gall morphologies and
hoss.

Chapter Il presents the first phylogenyR¥fylloxeraspp. that were collected from across
the U.S. on all 11 species of hickory, three species of oak, two species of walnut, and two species
of chestnut (with one of the chestrfaeding species collected from China d&td/lloxera
coccineacollected from Canada). The phylogeny from the combinéakdais composed of
seventeen putative néhylloxeraspp., 25 describeldhylloxeraspp., and three undetermined
Phylloxeraspp.Phylloxera caryaemagnia now considered a separate species rather than a
variety of P. caryaecauliglue to its placement inseparate clade. Phylloxerans clustered into
three major cladesvhich correspond with their gall morphologies and include species that
produce galls with elongate openings, galls with round openings, and galls with slit openings or
galls with conical orhliorny openings. Therefore, species that are more closely related have more
similar gall morphologies?hylloxeraandPhylloxerinaweredetermined to be monophyletic
Hostuse groups in phylloxerans were determined to not be monophyletic.

Chapter Ill describes 14 new hickory and walfegdingPhylloxeraspp. Three

previously described specid®. foveataP. globosaandP. minimg lacked type specimens and
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were designatkasnonina dubia. The new total of described hickory and walfegding
Phylloxeraspp. in the U.S. is raised to 44 which increases their diversity by 50%. Several new
host records were recorded includidgrya texandblack hickory),Carya myriticiformis

(nutmeg hickory), an@€arya pallida(sand hickorygas wellasJuglans hindsi{Northern
Califoniawalnut) andJuglans nigra(black walnut) which represesta new host genus. Lastly, a
dichotomousey to galls ohickory and walnufeedingPhylloxeraspp.wascomposed.

This research has laid the groundwork for fu@hglloxerastudies in the U.S. First, new
Phylloxeraspp. were described from only two of the three major cladeish form galls with
openings that are round, slit, or conical or thorny. thivel cladethatforms galls with elongate
openings along leaf veins requires further taxonomic work since five putative new species from
this group have been identified and are awaiting description.

SecondPhylloxeragalls exhibit manydifferent colors shapes, and sizes. This variation
in gall morphology is not well understood and is thought to be driven by natural enemy
interactions (Stone and Schonrogge 2003, Bailey et al. 2009). For each gall dissected,
approximately 3 different measurements wesken and these could be used to study gall
architecture. In addition, natural enemies wakectedfrom dissected galls and could be used
to examine the correlation between certain gall morphological traits such as opening type and
natural enemies assated with them.

Third, walnuts need to be the focus d?laylloxerastudy. A new gall forming species,
fiPhylloxera stoetzelaed wa s ¢ & hindsinear Salanwah, GA. Two other species
(Phylloxera foveoland an undetermindehylloxerasp.) were ollected onJ. nigrain
Oklahoma and Arkansas. Two walnut species have overlapping ranges with hickory species

including: Juglans cineredbutternut)occurs throughout the Midtlantic, Midwest, Northeast,
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and parts of the southern U.$. nigrahasa more widespread distribution occurring throughout
the Mid-Atlantic, Midwest, Northeast, Southeast, and the S@eathtral U.S (Kirkman et al.

2007, Fryer 2018). Since walnuts are chemically and morphologically similar to hickories
(Rietveld 1983, Nelsoat al. 2014), it seems likely that there are other undesddbgibxera

spp. inhabiting them.

Lastly, future collectionsnaybe madein the Northeast and Midwest since not much is
known about the diversity of phylloxerans in these areas. In additioti¢cshould also be
sampled since several hickory specigarfa illinoensis Carya myristiciformisandCarya
ovatg are distributed there (Maisenhelder and Francis 1990, Fryer 2018) and no phylloxerans

have been recorded or described from there.
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Appendix 1. List of sites wher@hylloxeraspp. were collected from 20(8018. Additional
samples that were sent to me have coll ectords

Archbold Biological Station, FL
Davis Arboretum, AL

Lake Wilmore Park, AL

Hickory Dickory Park, AL
Bankhead National Forest, AL
Talladega National Forest, AL (CollectioDr. Charles Ray)
Florida Caverns State Park, FL
A.J. Henry Park, FL

Dauset Trails, GA

10.J.F. Gregory City Park, GA
11.Tom Triplett Park, GA

12.Edisto Nature Trail, SC
13.Francis Marion National ForesSC

© © N o o » w D P

14.Sumter National Forest, SC
15.Nantahala National Forest, NC (site 1)
16.Warriors' Path State Park, TN

17.Mills Park, TN

18.Nantahala National Forest, NC (site 2)
19.Chattahoochee National Forest, GA
20.ALFA building AU, AL

21.Mobile, AL (Collectori John Olive)
22.Bienville National Forest, MS
23.Delta National Forest, MS

24 . Kisatchie National Forest, LA
25.Louisiana State Arboretum, LA
26.Mercy Regional Medical Center, LA
27.Martin Dies, Jr. State Park, TX
28.Davy Crockett National Forest, TX
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29.Fort Boggy State Park, TX

30.Lake Bob Sandlin Stateark, TX

31.Ouachita National Forest, OK

32.Lake Wister State Park, OK

33.Ouachita National Forest, AR

34.Lake Wilson City Park, AR

35.Natural Falls State Park, OK

36. Stillwater, OK (Collectoii Dr. Mike Palmer)
37.Mehan, OK (Collectoi Dr. Mike Palmer)
38.Lake Wedington, AR

39.Devil's Den State Park, AR

40.0zark National Forest, AR

41. St. Francis National Forest, AR

42.Holly Springs National Forest, MS

43. Tombigbee National Forest, MS

44.George Washington National Forest, VA (site 1)
45. George Washington National Forest, VA (site 2)
46.Chippokes Plamtion State Park, VA

47.Eastern Shore of VA National Wildlife Refuge, VA
48.Trap Pond State Park, DE

49.White Clay Creek State Park, DE

50. Cunningham Falls State Park, MD
51.Yankauer Nature Preserve, WV
52.Monongahela National Forest, WV

53.Hawks Nest State Park, WV
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Apperdix 2. Alternative key to gall forming’hylloxeraspp.in the U.S.In species descriptions,
above means adaxial leaf surface and below means abaxial leaf surface. Pictures for described
species (if available) are below each description with left picturglwé the gall above and the

right picture being of the gall below. If species epithet is followed by sp. n. please refer to
Figures section for gall pictures.

Group |
Elongate gall occurring along leaf vein with an elongate slit opening beneath

1. Elongatesclerotized ridge above that is green, yellow, or pink with a protruding
pubescent fold of tissue below on each side of elongate slit opening which is light green

or pink; length 6.014.0mmé é é é . é é € . . . . &hyllokeéa.caryaevendeitch

Group Il

Galls that are button-like, conical, or globular with a slit-like opening beneath. Some

species may also occur on petioles or stems.
Galls that are buttotlike

2. Round and convex abowvead, light green, yellowislgreen, or white in color; diameter

8.0/ 14.0 mm;bdow level with leaf tissue or convex, light green, and opening a

pubescent transverse sl i Phglloxeracayaestisddileyé é ¢ ¢ é é
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3. Round and slightly convex above, yellow, and with or without a depression in center;
diameter 1.15.2 mm below mae convex with a protruding sliikke opening fringed

with whitish pubescence. é Phylox&a#oédanasp..n.
Galls that are conical

4. Conical and yellow above, more convex above than below, diamet&:a rhm;light
yellowishgreen and with a pubescent$lit ke openi ng bel owéeééeéeeéée:

,,,,,,,,,,,,,,,,

eéeé. éeéeéeéeée. . eéeéeé e &pyboxeraflavoconicap. n.

5. Conical or round and somewhat flattened above, convex, yellow or red, diamefe® 1.0
mm; below light green, often more cawbelow than above, and a protruding clidda

,,,,,,,,

opening with white pub e skhglloxera@adgaefalaRiléyé ¢ € é é é

Galls that are somewhat globular

6. Globular and smooth, hard, pale yellowgteen with a hint of crimson, diameter 5.0
25.0 mm occurs on petioles with an irregular opening or alongveid of leaves with a

slit-l i ke opening bel owé é é éPRhylléxéracaryaécaudiEitehd
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7. Globular above, much more convex above than belgit green or yellowisigreen
sometimes with a hint of red, often with several small openings near apex of gall, and
occurs between leaf veins; below almost white and opening a pubescent transverse slit

€€ E . . . . e——— Phylloxera caryaeglobulVvalsh

8. Globular and light green or yellowiskhite, some with a hint of crimsogpongywith
short pubescence, diameteri20.0 mm occurs along midvein of leaf with gall tissue
appearing to protrudiarough leaf tissue above and below much more convex with a slit

|l i ke opening when mat uPlglloxeratasygemagoghmers on p

9. Kidney-shaped and hard, light green, and densely pubescent; diaméfids.Q.0hm
occurs on petioles, stanand along underside of midvein of leaves; usually occurs in
clusters; opening a transverse slit that spreads apart as the gall matures dividing the gall
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into two equal hal vesééé. PhglloxéracaryaeréiRileyé é ¢ ¢ é é
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