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Pachypsylla and the two other genera in Pachyps: ™ |, based on allozyme and
morphologic ' data. 1€ fourth chapter exar ~ 3s phylogeny ~ the subfamily
Spondyliaspidinae, test hypotheses of previous authors including White and
Hodkinson (1985), then uses the phylogeny estimate to examine the evolution of

galling and lerp formation.



Chapter L.
Species limits as related to gall form and host specificity

hackberry ps)"'ds, Pachvsylla
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without obvious central depression .......... celtidismamma Riley

(leaf hairy nipple gall maker)
Pterost na prominent; wings with a smoky band along the anal and
apical margins and extending along veins toward base; galls oblong-oval

in shape on one side of the twig, monothalamous

..................................... celtidisinteneris Mally

(twig gall maker)

Pterostigma not obvious; forewing homogeneous or ma. “ited not as

above; forming irregularly round gallsonbud ................. 9
Fo w~ir 1 ormly brov  gallg osroust¢ 1 ° "~ polythalamous
...................................... celtic” emma Riley

(glabrous bud gall maker)
Forewir with light brown in apical half extending to some basal regions;

gall densely pubescent on bud, usually polythalamous

........................................... pallida Patch

o) Al ‘er)
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Chapt« 11
The evolution of inquilinism in hackberry leaf galling psyllids:

Are multiple individuals within tt same gall conspecific?
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BACKGROUND
T lines

The term "inquiline" comes from the Latin word inquilinus meaning
temporary inhabitant or 1est (Brown, 1956, pp. 439 & 387) and has been broadly
u 1. For instance, a search of the Life Science Collection on CD-Rom
(Ci orid - Scic ific A” racts, T »thesda, MD) found 57 papers on "inquilines"
between 1982 and 1993. The "inquiline" in these research projects ranged from
various kinds of organisms in galls, to social parasites in Hymenoptera (e.g.
Bourke and Franks, 1991; Reed and Akre, 1983), to crickets (e.g. Henderson and
Akre, 1980; Bolton, 1986), 1 (e.g. How ":n and Gill, 1988) and worm lizards
(e.g. Riley et al, 1986) in ant nests, and to co-occurring fishes in coral reefs
(Spiegel, 1980). For the purposes of thic udy, the term will be restricted to gall
inquilines unless otherwise indicated.

While reports of inquilinism are rare in psyllids, inquilines are frequent in
other galling groups. Gall inquilines are gall inhabitants that feed on gall tissues,
without directly damaging the gall-inducer, but are unable to induce galls
themselves independently (Skuhrava et ¢~ 1! 10rtho and West, 19806;
Shorthouse, 1991; Wiebes-Rijks and Shorthouse, 1992). Although inquilines can
be viewed as parasites of gall tissue, their ecological relationship to the original
gall former is not clear, and should not be assumed to be parasitic. Meyer (1987,
p.177) defined inquilines as "insects living commensally in the gall cortex,"

implying that they do little harm to the original gall inducer. The inquiline
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side and center individuals besides the positic in " : 1l and st est that side

cell nymphs may be a different species tt  center cell nymphs.

QUESTIONS ADDRESSED

Two questic . were asked in this study:

1. What ~

Tpa’ e de cell individuals within a leaf gall?

The following hypotheses are contrasted:

A.

The null hypothesis is that the side and center cell individuals are
the same species.

Moser’s hypothesis p licts that in  ult | e cell le s, e
cells are "marginal galls" that contain individuals of the co-occurring
blister gall maker that have become incorporated into the nipple
galls.

Riemann’s hypothesis predicts that side cell individuals represent a

separate species, that does not have the ability to form its own gall.

2. Are side cell individuals from different types of leaf galls conspecific?

Riemann’s hypothesis is that there is only one side cell spec ; regardless

of the "host" species. There are two other possible hypotheses 1) that each

kind of leaf gall has a separate inquiline species or 2) that the inquiline is

the same species as the host.

Samples of side cell individuals from two types of nipple galls, glabrous and

48



hairy, were exa ~ ed morphologically and electrophoretically to test these
hypotheses. A rearing experiment was designed to test ** : ability of side cell
individuals to induce galling. Dependency of the side cell individuals on the
center individual was further investigated by destroying the center individual at

different stages of gall initiation.

characters to assess possible species differenc

Nym; ;were exan dfrom the hairy nipp gall and glabrous nipple gall
from three populations in Maryland in 1992, plus two other types of galls that
commonly co-occur with these nipple galls. These included hairy nipple galls and
blister galls from C “octin Mountain (CMt) in northern Maryland (population #1-
4 in Table 2-1), and glabrous nipple galls and star galls from both the National
Agricultural Library (NAL) population in Beltsville (population #5-8 in Table 2-1)
and the Branchville Road (BB) population in Berwyn (population #9-12 in 1 able
2-1). In both locations, the host is Celtis tenuifolia. The NAL population occupies
a tree about 12 meters high located beside a small graveyard in the middle of an

open lawn. Few see« ngs were found near it but there is another tree 3 m high,
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4

Rearing expe~ """

Two experiments were conducted in the spring of 1993 to test the inquiline
hypotheses. The first experiment tests whether the side cell nymphs can form
galls, and also provides further data on color differences betwe 1 center and side
cell individuals. Fertilized females were collected from the NAL and BB
populations and confined in cages on hackberry seedlings in the lab. This
experiment was carried out at the same time and on the same plants as described
in Chapter L

There were three treatments: 1) cages containing a single brown abdomen
fe e, presumably cer lindivic 1 (these are the s fema :scrit

{ : rearing experiment in Chapter I); 2) ca_ containing a single ‘een
abdomen female, presumably a side cell individual; and 3) cages containing ¢
brown plus one green abdomen female. In treatment 3, both "large" (>3mm) and
"small" (<3mm) brown abdomen females were used (in separate replicates), to
e ~~ire inclusion of both star and nipple galls, as described in Chapter I. Control
bags contained no insects.

Each replicate was reared in a separate bag, but at least one replicate of
all treatments and one control were reared simultaneously on the same seedlings.
Thus, each seedling had at least six cages, each contain: a single large brown
abdomen female, a single small brown abdomen female, a single green abdomen
female, a pair consisting of one large brown abdomen plus one green abdomen

female, one small brown abdon 1 plus one gr¢ 1abdomen female, or no psyllid
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at all. The number and timing of the replicates set up, shown in Table 2-5,
corresponds to that previously described (Table 1-9). Most seedlings used were
C. tenuifolia, except that one batch of insects was reared -~ C. occidentalis

seedlings.

1

Fema  were removed from the cages after ten " /s d frozen at -80°C,
and the color of nymphs found was recorded. Gall formation or lack thereof was
recorded a month after infestation. Galls were dissected in September to examine
cell numbers within each gall.

Riemann’s hypotheses predicts that treatment 1 will have yellow nymphs
and mono cell galls only, trea : have white 'm ¢ v g 'ls, and
treatment 3 will have white and yellow nymphs, and both mono cell and .. 1ltiple

cell galls.

Destru¢ i exp~~— -1t

The second experiment tests the dependency of side cell on center cell
nymphs. Aggrega of >wly hatched nyrﬁphs were located in the field and the
center nymph experimentally destroyed. Destruction was conducted under a
dissecting microscope fixed on a plastic manipulation and recording platform,
which could be either fastened on a tripod or suspended from the shoulders on
straps, leaving hands free for dissection and recordit  Insect pins were used to

pick the center cell nymph out of the leaf.
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Y

To compare the phenology of center versus sic  cell females, females were
collected in the NAL population every five days in spring of 1993, from April 15
to May 15. Females found on the plant were randomly collected from different
branches. About 50 to 70 females were collected each time, and t| numbers of
brov abdc =n and green ab¢ 1 indivi--'-  orded, to determine the

change in proportion of the two morphs over time.

RESULTS
Tobet

Allozyme frequencies in center cell nymphs from multiple cell galls and
nymphs from mono-cell galls of the same gall type in the same population were
not significantly different (Table 2-2, contrast A1-A3), so these data were pooled.
I also pooled the two populations (NAL and BB) of combined mono and center
cell nymphs of glabrous nipple gall makers (Table 2-2, contrast Bl), two
populations (NAL and BB) mono cell nymphs of star gall makers (Table 2-2,
contrast B3), and two populations (NAL and BB) of side cell nymphs from
glabrous nipple galls (Table 2-2, contrast B2), for the same reason. There were
six populations in all after pooling (Table 2-3).

Within both the glabrous and the hairy nipple gall samples, there are strong
frequency differences between side cell nymphs and center cell plus mono cell

nymphs (Table 2-4, contrast C1-C2). st prono  ed differences are at the












DISCUSSION AND CONCLUSIONS

Taken tc ther, the results strongly support the hypothesis that, at least
within nipple galls, side cell individuals represent separate species from central
cell and mono cell nymphs. The allozyme frequency differences are dramatic,
though not absolute, 1d e it free interbr They are supported by fixed
differences in coloration in two life stages, and by life history differences in female
flight time and gall induction ability. Strong allozyme frequency and coloration
differences between side cell samples and sympatric blister or star gallers also
permit rejection of Moser’s (1965) hypothesis that side cells are "marginal” galls
overgrown by a nipple gall.

Grouping of the side cell inquiline populations from differc  nipple gall
types in the distance Wagner tree is consistent with the hypothesis that these
represent a single inquiline species. However, this finding is sensitive to choice
of clustering method and the question needs further study (see Chapter III).

The results of the rearing and destruction experiments fully support
Riemann’s hypot] s that the side cell individuals are true inquilines. Galls were
never formed independently by progeny of side cell females, and side cell nymphs
rarely survived in the field if the center cell nymph was removed before the gall
was well established. Conversely, galls with side cells were never formed by
progenies of center cell females alone; the nymphal habit of feeding next to a gall
inducer is presumably unique to the side cell form. As would be expected if the

inquiline nymphs need to feed close to already-initiated galls, the phenological
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However, it is not yet clear whether all gall inquilines have this origin.

The side cell population represents one of tI  closest ecological
interactions with a congeneric gall-inhabiting species and may offer the
opportunity to study the early stages in the evolution of inquilinism. The
implication of this discovery for the attempt to d¢** it spec  in Pachypsylla is
that one cannot assume, without inspecting the nymphs, that ac 'ts emer g from
the same gall are conspecific. This may help explain part of the lasting confusion
about species recognition in this genus.

The fitness effects of the Pachypsylla inquiline have not yet been measured,
but anecdotal evidence suggests a d fect. Riemann (1961) reported
that the center cell nymph can be killed y expansion of the side cells.

How co:  1on is obligate inquilinism and under what circumstances is the

ift to this habit favored? In Homoptera, it appears to be rare, though if
homopteran inquilines are ty] :ally as similar to their hosts as in Pachypsylla, there
could be more undiscovered cases. Apart from ichypsylla, the only obligate
inquiline that I am awa  of is the Hh’’ Eriosoma yangi, although a number of
aphids seem to be facultatively inquiline, in that fundatrices will invade and take
over each others’ galls, particularly in cases where the gall forms at some distance
from the site of induction. Inquilinism may be substantially more common in
some other galling groups. In cynipids, for example, inquilinism seems to have
multiple origins and one tribe Aulacini is dominated by this habit, though the

monophyly of this tribe has been questioned (Askew, 1984). Recent studies by
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Ronquist (1994) supported the hypothesis of the monophyletic origin of cynipid
inquilines.

The adaptive origins of inquilinism are unclear. The scenario of the
evolution of inquilinism by host shift in Eriosoma (Akimoto, 1988) seems doubtful
for Pachypsylla, "ven that the inquiline seems to have a broader host plant range
than the individual gall forming species. An alternative explanation, not invoking
unique historical circumstances, is that inquilinism represents a strategy for
avoiding high mortality risk associated with gall initiation. Causes for this might

o~

incluc Tu 1€ to | cal  smatch with host development, and
predation or desiccation during a longer period of exposed feer g. This

hypothesis remains to be tested.
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Chapter 111

Phylogeny and the evolution of galling position in Pachypsylla
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INTRODUCTION

In this chapter, I :amine phylogenetic relationships witl *  Pachypsylla,
using electrophoretic and morphological characters. Representatives of the two
other genera in the tribe Pachypsyllini are used as outgroups.

A phylogeny is ne y tempt to understand the evolutionary
origins of galling diversity in Pachypsylla. Several questions from previous
chapters are examined here. The hypothesis that the various leaf gall types are
separate species (Chapter I), supported by significant frequency **“erences among
sympatric samples, would ~~: support if geographically separate populations of
the same morph were grouped tc _ :h. in a phylc . 7 :hypot s that side
cell individuals from different leaf gall types in different localities represent a
single origin of inquilinism, perhaps a single species (Chapter II), would likewise
be strengthened if these populations grouped together. A phylogeny can also help
answer such questions as whether the inquiline arose from a galling ancestor, and
whether its origin preceded, and could hence have helped bring about, the
differentiation of leaf gall m¢ ||

A fourth question which can be addressed by a phylogeny concerns the
evolution of the range of plant parts attacked by different Pachypsylla species, the
greatest found in any group of closely related psyllids. What was the ancestral
galling position, and did the others arise by stepwise shifts to physically adjacent
or similar niches? Within an analogous complex of gall forming sawflies in the

subfamily Nematinae (Tenthredinidae), it has been suggested that gall ft ners are
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derived from a stock of free-living sawflies with a probable phylogenetic trend
from free feeding, to leaf folding, to leaf galling to petiole and bud galling, to
shoot galling (Smith, 1970; Price, 1988, 1992). The hypothesis that gall position
in Pachypsylla follows a similar trend predicts that the leaf gallers should be
phylc :netically ba ', the petiole galler branches off next, and the bud and twig
gallers form the most recent pair of sister groups, as suggested by their

morphological and life history similarities.

F K" OUND
In addition to allozyme and mc 1ologic " ¢ racters, these stud

incorporat:  information on chromoson  amber reported by Riemann (1966)
for various s| :ies of Pachypsylla, including P. celtidisasterisca, P. celtidispubescens,
P. celtidismamma, P. celtidisvesicula and five undetermined species, and
Tetragonocephala flava. Riemann fc - d that most species of Pachypsylla (leaf gall
makers and twig galler) and T. flava have 2N chromosome numbers of 25 ¢ and
26 @, and suggested thatt] erepr 1ted tl ces il chromosome numbers in
these 2 related genera. The lower chromosome numbers in the petiole galler P.
venusta (2N= 23 o, 24 ¢) and the bud galler P. celtidisgemma (2N= 22 J, 22 ¢)
are derived, presumably by chromosome fusion. He further argued that the XY
sex mechanism of the latter species was derived from an XO system in an
ancestral Pachypsylla. The large size of the sex chromosomes suggests that this

occurred as the result of the X chromosome fusing with one of the large
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Morphologics™ — thods:

“Maracters were observed both under optical and sc:  "1g electronic
microscopy. The methods were described in Chapter I. Characters were coded
numerically. Terminology followed Brown and Hodkinson (1988) in adult
morp "W and Hodkinson (1982) for nymphal morphology.

Fourteen taxa were analyzed, including populations fre  all four gall
position groups and two outgroups (Table 3-1), and from a variety of geographic
localities (see Table 1-3). These included eight leaf gall populations, a petiole gall
population, two bud 7 popv tions (one each of the glabrous and hairy
morphs), ¢ la twig gall population. The leaf gall pc | 1lations 1two ty
of leaf hairy nipple gallers and their inquilines, = leaf star galler, the leaf disc
galler, and two leaf blister gallers.

Thirty-three morphological characters (Tal :3-1 and 3-2, characters 1-33)
were coded, from both adults and fifth instar nymphs. There are seven head
characters, six thorax characters, five and four male and female genitalic
characters, respectively. Eleven ch acte were coc 1 from last instar nym] s.
Among the thirty-three characters, four had multiple states, while the others were
binary.

Many possible characters were examined but rejected because of h ly
overlapping variation among taxa. For example, the presence of caudal spurs is
an apomorphic character in Pachypsylla, but there is considerable variation in their

number and arrangement (Figure 3-10), and in many instances there are
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differences in these structures between sides of tI san  specimen. Therefore

this and sit "ar characters were excluded from my analysis.

M

Male and female chromosome numbers from Riemann’s reports were
coded as separate characters (Table 3-1, char. 49-50; .able 3-2, char. 131-132).
Both characters were assigned three states, coded -~ the 2N number minus 20, eg.,

the condition 2N =25 is coded as state "S."

I.P‘ Lf‘to] 1 .

Three characters encode life history information (Table 3-1, char. 51-52;
Table 3-2, char. 133-135). These include number of generations per year (state
1 =1u "/0l" e,state = = bivoltine or multivoltine), overwintering stage (state 0
= egg, state 1 = nymph, state 2 = adult), and female oviposition time relative to
plant development in the spring (state 0 = in very early spring before bud
swelling, as in the petiole gall maker; state 1  betv >n bud swelling and full leaf
extension, as in the leaf gall makers; and state 2 = after the new year’s twigs are
formed - the twig and bud gall makers lay eggs on these twigs or their axillary

buds.)

Phylogenetic vses

(1) Electrophoretic data:
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and analytical method.

Perhz, i the best-supported conclusion within the leaf gall complex is the
grouping of the inquilines from two types of nipple galls, seen in all phylogenetic
(as opposed to phenetic) analyses of both allozymes and morphology. This finding
is at least consistent with there beir  only a single inquiline species. The position
of this inquiline with respect to the true gall formers is unsett |, but it is v¢
clearly inside the leaf galler complex, and undoubtedly evolved from an ancestor
that formed an enclosed gall like that of all other extant Pachypsylla species. A
similar conch  »n, of mc phy idcor’ "af  a galling ancestor, was reached in
a recent phylogenetic study of

a set of cynipid inquilines (Ronquist, 17 }).

Tolution © "_pc~on

The phylogenetic results are consistent with, though they do not
conclusively support, the hypothesis that evolution shifts in galling position have
proceeded between adjacent plant tissues,:; , n f to petiole to bud to twig.
In all analyses in which the positions of the twig and bud galler are resolved, these
species are sister groups as the hypothesis predicts (despite the contradictory
evidence from chromosome number noted by Riemann [1961]). petiole “ller
is ambiguously placed in some analyses, grouping with either the leaf galler or the
bud and twig gallers. However, the latter placement, predicted by the hypothesis,

is always favored in analyses yielding a single resolution. Finally, given the results
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of this analysis, plus the fact that all other members of tribe Pachypsylli~* (and

indeeq - st psyllids) a1 1 * feeders, the ancestral galling site in Pachypsylla is
almost Ceértainly the ] “blade. On any of the trees with full resolution among the

four galling positions, assignment of any other ancestral condition requires an

" ance of arallel rolution in £~ trait,
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Chapter IV.
Phylogenetic relationships of Pachypsyllini in Spondyliaspidinae

and of l.__ ¢ 1 gall formation in Spc—1yliaspidinae
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BACKGROUND
Systematics of Pachypsyllini

Pachypsylla and its relatives Celtisaspis and Tetragonocephala comprise the
tribe Pachypsyll” "~ of the Spondyliaspidinae. The monotypic genus Uhleria was
incluc 1in Pach, , syl"~* by Crawford (1914). However, the description of its type
species Uhleria mira was based on a single adult specimen for which both genitalia
and locality data were missing. Heslop-Harrison (1954) believed it to be
introduced from Australia but offered no opinion on its placement. Taylor (1960)
treate it as a sy« 'm of tt . st “ian ws Lasiopsylla, a »mber of
Spondyliaspidini in Spondyliaspidinae. This species was not included in my study.

Analysis of the works of previous authors suggests that the following
characters define the Pachypsyllini: (1) vertex of adults quadrate, flat and large,
(2) adult head very strongly deflexed, (3) adult pronotum vertical, (4) dorsal
surface of abdomen lac” "1g distinct sclerites in the nymph, (5) circum-anal pore
ring of nymph absent (Crawford, 1914; Tuthill, 1943; White and Hodkinson, 1985).
However, some of these characters are also shared _ otl * taxa in the
Spondyliaspidinae. Therefore, it was not clear initially which characters are
synapomorphies for Pachypsyllini.

All three genera of Pachypsyllini feed on Celtis subgenus Euceltis, and all
are concealed feeders in the nymphal stages. Background information on the
classification of Pachypsylla was given in Chapter I. The systematic and biological

background on Tetragonocephala and Celtisaspis is given here.
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bearing two pits or indentations on each side. In Phyllolyma, three indentat;
’ ations

were seen. The number of obvious indentations, which varied from zerg to th
ree,

was treated as a stepwise transformation serjeg,

In psyllids, the genae are often swollen to form genal processes or cones

v p rdeus =~ aracters (Brown and Hodkinson 1988), Character 4, which,

encodes the length of the genal coneg compared to the ler- of the vertex is

treated as a linear transformation series,

Character 5 describes variation in the shape of the occipital foramen, g

previot yo' looked tu  The apparent shape varies with the viewing angle,

but is constant within genera when the 2ad is posit 1 "hc onta] to s+

Three shape categories were recognized

€X.

g-4-2). The apparent intermediacy of

type b between types a and ¢ was encoded in the transformation series a-b-c.
The antennae of psyllids show different degrees of modification. Character

6 encodes the length of the antennae standardized by the width of head including

eyes, and is treated as a four-state linear transformation series ranging from 0.7

to 2.0.

Most psyllid antennae have ten segments. The basal two segments are

usually the shortest and the third the longest. In Pachypsylla the tenth segment
is the shortest. Character 7 encodes the length of antennal segment X to
compared to that of segment 1, and is treated as a linear transformation series.

The phylogenetic significance of one character, the apical spines (saltatorial

spurs, character 14), might be questioned. Ther ber of these spines is variable
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(2)

(3)

(4)

(S)

(6)

feeding on hackberry Celtis subgenus Euceltis. The plant tissues attacked

include the Jeaf blade, petiole, bud, and tw*~ each by different species

(Osten Sacken, 1861; Riley, 1876-1890; Tuthill, 1943).
T etragonocephala is found in the southern United States and northern

M oicofo3 - C "is subgenus Euceltis. This monotypic genus forms

4 round white lerp on the leaves (Crawford, 1914; Riemann, 1958).

Celtisaspis is distributed in Asia (Japan, Korea and China) and also infests
Celtis subgenus Eucelris. Nymphs feed on the undersides of hackberry

leavi —  oduciy partial (pit or horn-shaped) galls or sometimes just

!conspicuous deformation of the leaf, and a vays conce  :d within

lerps (Boselli, 1929; Miyatake, 1968, 1980; Yang and Li, 1982; Kwon, 1983).
P/zel!opksylla, originally described as Thea, is an Australian Eucalyptus

feeder, Species of Phellopsylla are found under smooth barked eucalypts,

feeding on the bark and excreting long white waxy filaments at various
levels on the main trunk, usually under pieces of dried bark still loosely
(Taylor, 1990).

attached, up to the terminal ~ nchle

Plyllolyma is 4 Eucalyptus feeder in Australia, forming white round lerps
On the terminal branchlets or bivalve lerps inserted into the margins of the
leaves. The white round lerps are unwoven and fragile. In some cases,
Mo than one species may occupy the same site (Morgan, 1984; Taylor,

1990,
Creris forms oyster-shaped lerps on the leaves of Eucalyptus in Australia
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The evc™*"yn “ concealed feeding in psyllids

The analysis of concealment habits under coding method #1 supported
Hodkinson’s postulate that lerps tend to precede galls in spondyliaspidine
phylogeny. Within galls and lerps considered separately, however, there is no
support for tI idea that partial galls or lerps represent a phylogenetically
transitional stage from free living. These tests, it must be stressed, a N stic
only. No statistical test was applied, and the data are very incomplete. Outgroup
sampling and life history information is sparse, and even within
Spondyliaspi 1 us  leraand sj are unrepresented in the analysis.

Despite limited data, however, there is strong support for the more general
postulate that concealment forms characterize phylo; etic groups. Thus, we can
reject the alternative hypothesis that these features reflect only rapid and variable
adaptation to local environmental conditions, a] , :aring and disappea 1g with no
phylogenetic pattern. It will therefore be of interest to look further into possible
evolutionary trends in, and consequences of, those habits.

In a survey of ga inducing f : hropods, Roskam (1992)
distinguished two patterns in the taxonomic distribution and host associations of
gallers. In major groups (families) of gall inducers, e.g. Cecidomyiidae, most
members are gall makers and their host plants include diverse a1 “osperms.
These are likely to have evolved from an ancestor that already possessed the gall-
inducing ability in an early period of angiosperm radiation. In contrast, minor

galling groups, such as Curculionidae, .vnt dinidae, Cephidae, Gelechiidae,
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Tephritidae, and Agromyiidae, have only a few exceptional members making galls.
These represent late radiations confined to particular plant genera. In Roskam’s
view, homopteran and thrips gall inducers are intermediate between these two
groups. The numerous galling members are scattered among non-galling ones and
across many plant groups. His interpretation is that sap-feeding offers
homopterans considerable opportunities for manipulating host plant; as a
consequence, gall inducers evolved independently many times from sap feeders,
over a long geological time span.

Rosk: s planation s 1 lausible. Galli~~ psyllids occur in various
clades. The phylogenetic pattern may not be demonstrated at higher s but
is evident in closely related groups. Bur 1ardt (1991) suggested that
diversification of Spondyliaspidini may have occurred, together with that of their
myrtacecous hosts, during the mid-Eocene. The earliest fossil Psylloidea come
from the middle (Handlirsch, 1925; Klimaszewski, 1993a) and upper Jurassic
periods (Becker-Migdisova, 1949, 1985). If this is true, Spondyliaspidini is
relatively young compared to other major galling it ¢t Hups and other psyllid
clades. By the Oligocene the eucalypts and acacias became important elements
in the vegetation of Australia, which became increasingly arid. Fire resistance
probably played an important role in the high diversity of present-day Australian
Myrtaceae. In conjunction with host-plant speciation, development of lerp and
gall concealment might have furthered spondyliaspidine diversification by

protecting them from environmental extremes.
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Tabje 1-3. (cont. )

e T
L z

[y

cre

PETIOLE GALL (p)  MD: BB™, SI**  (C. tenuifolia);
HUS? (S

TX: AUS*™ (C. 1aevigaia,.
AZ: TUC* (o "

BB, HUS*, NAL* pG®

GLABROUS BUD GaLL (Bg)  MD:
(C. tenuifolia).
VA: GFV#* (C. occidentalis).

LA:' ALX* (C. laevigata).

BSP** (C. laevigata?).
oy

HAIRY BUD GALL Br) ok

TWIG GALL ..,  OK: jp*

1

ACron

Mp. }’msé(g €ach population ysed:
- Branchviﬂe, Berwyn; CMt- Catoctin Mountain Park, Thurmont; DEAL,'
hurchon; HUS- Hughes Rd, Seneca; NAL- National Agricultural

foadwater Ry, ¢
! Tary, By vill 3~ Schoolhouse pond, Uppcr Marlhoro; PRP- Patuxent River
0; SI- Smithsonian Environmental ..2search Center, Edgewatcr.

Va,  Park Uppe pp, :
t Falls, McLean; WBP- George Washington’s Birthplace, Washington

GFy. g
OH. ?ir?hplacc_
Y- Soutk ~ g Is., Put-in-Bay; OARDC- Ohio Agricultural Research and
AR; E €lopment Center, Wooster.
Ip. - Fayetteville,

ND. PCT. p ocatello.

LA:' /1: G- Fargo_
LX- Cole Street, Alexandria.

Ok

X E\;P‘. Boiling Spring State Park, Woodward. . N
o S- Austin city; BFL- Brackenridge Field Lab of Univ. of Texas at Austin; ZKR-

Az, ! k“ir Park, Austin; PMT- Palmetto Park, Gonzales.

Tuc. Santa Rjta Mits, Tucson.

Py
Pulyy;
Ons Sampled for morphological study.

b [?nly adl!l{ sa
¢ O aggyy a Mples used for electrophoretic study.
On] "d nym, - | samples used for electrophoretic study.

Qym
Phal Samples used for electrophoretic study.
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1 2 3 4
Gall type LNh LNh LNh LB
Locality (CMt) (CMt) (CMt) (CMt)
Cell pos.* momo cen si mono
oy T
) 12 1 18 10
A .000 .000 .000 .000 .000
B 7.000 1.000 1.000 1.000 1.000
IDH-1
(N 16 14 18 18

A .000  .000  .000 .000  .000
8 .000  .000  .000  .000  .000
c .000 .000  .000  .000  .000
g .250 .214 .389 972 .125

750 786 611 .028  .850
; .000 nng .000 pnn )

.000
1DH-2 0 .000 WA .
W 16 13 21 15
8 -000 .000 .00  .000  .000
.000 .nan ang 000 000
g .000 0 .000
E 1000 1.uuu  1.000  1.000
MDH- 1 0 .000 .000  .000  .050
W 15 13 21 13
8 <000 ¢ 000  .000  .059
c 2067 eeo gp4 346 206
D -067 . o4  .000  .000
E .867  .885  .405  .654 .
F .000 000  .119  .000 .00
G .000  .038 .38  .000 .
woi-p (000 .000 024 .000
N
W 12 14 18 14
B .000  .o00  .000  .000  .000
¢ .00 .00 .opo .000 000
epcoy T°00  1.000 1. 1.000 1.000
(N
A) 15 13 21 16
8 000 000 .02,  .000
c 033 000  .024  -000
D 033 000 .000  .000
E 867 8o  .952  .813
F .000 000,000 .03
G 067 o77 000  .156
LOK -000 115 000  .000
)
A 16 14 21 17
8 -000  _goo  .o00  .000
c 000 _goo  .000  -000
D 031 03¢ .g95  .118 000
E 875 786  .sg1  .824
F 096 179 024  .000

* Cell .o
Position within an individual gatl.

11 12
LNg LS
(8B) (B8)
de  mono

6 11
000 .000
1.000 1.000
6 11
.000 000
000 000
000 227
.000 .182
917 .500
000 .091
.083 000
6 11
.000 000
.000 000
.000 000
1,000 1.000
.000 000
6 8
000 .125
.250 188
.000 .000
.583 .688
000 .000
.083 .000
.083 .000
6 1
.000 000
.000 nnn
1.000 1 )
6 1"
.000 000
000 000
.000 .000
1.000 864
000 000
000 136
.000 000
6 11
000 .000
000 .000
083 .000
917 .864
000 045
000 091






Table 2-3.

Positio Seh i
ns, wWithin various gall types co
between side cell 2

ling) of nymphs

Allele frequencies (after poo°
Llected in 199

all
ele frequency differen

underlined,

Acronyms for gall types &

nd populations

from different cell
5 and 1993. Major
ter cell nymphs are

follow Table 1-3.

~a
OMMO QLm0 MG
2]

~

GPDH

.000

...... Population
2 3 4 5 6
LNh LB LNg LS
(CMt) (CMt) (NAL+BB) (NAL+BB) (NAL+BB)
s 5
21 18 33 19 22
.000 .000 .000 .000 .000
.024 222 152 .000 .091
.000 028 .061 .000 .023
.786 639 .697 .895 864
.000 .028 .015 .000 .023
.19 .083 .076 105 .000
.071 .000 .000 .000 .000
21 18 33 19
.000 972 864 1-000 LoV
.000 .000 .045 .000 .000
.000 ,000 .091 .000 042
.000 .000 .000 01
.000 wou .000 .000 2
18 17 33 19 24
.000 X .000 .000 .083
.000 .029 121 .000 042
.000 .97 .879 974 .875
.000 .000 .000 026 .000
21 18 39 22 27
.000 .056 .051 .000 .000
=286 917 .S .568 .889
119 000 b ,023 ,037
T .028 .038 ,409 L074
21 17 33 19 Eﬁn
.000 .000 015 .000
.905 .912 ,970 1,000
.095 .088 .015 .000 065
12 14 18 12 22
.000 .000 .000 .000 .002
.250 .000 ,083 .083 .116
.625 1.000 .806 917 88
042 .000 .000 .000 .000
.083 .000 .083 .000 .000
.000 .000 .028 000 .000
18 8 27 16 20
.000 .000 000 .000 Ogg
‘o001 .000 1 000 1 ‘o0 10
18 12 27 16 16
.000 .000 .000 .000 .gz;
.000 1.000 1,000 .969 ot
.000 .000 ,000 o3 07













































Pairs of ventral ‘ates on abdomen anterior to caudal plate:

0. no plates,
1. only one pair near the caudal plate,

2. three pairs, each on a different segment.

26.

27. »dominal median dorsal plate near caudal plate:
0. absent,
all ar plate, e.g. twig galler,

1. present, one .
2. paired small semi-circular plates, e.g. most  .f galle

Dorsal margin of caudal plate in conjunction with abdomen:

0. a straight line without median indentation,
1. a straight line with median indentation, i.e. a small middle area on the

28.

margin not chitinized.

29.  Cau¢ " plate 1 ral view:
a median plate flanke by pair of ventral plates,

0.
1. entire, except for segmentation, without separate ventral plate.

30.  Pointed chitinized caudal spurs:

0. absent,
1. present.
31.  Central apical spur on pointed chitin’ »d ._adal urs (if present):
0. sharp pointed,
1. blunt and/or notched.
32.  Apical caudal spurs on strongly chitinized caudal plates:
' s only,

0. p 1t c
1. present in all three s _

33. Abdominal caudal spurs:

0. absent,
1. present.
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8. Antennal segment width, distal to proximal:
0. homogeneous,

peci .Vito
1. Widen at distal end within each segment, pecially on seg

VIIIL.
9. Rhinaria:
0. absent from seg. V,
1. _cesenton: V.

i eye 1
10. Anteoccipital lobes, a usually narrow sclerite betwe €Y
genae /vertex:
0. present, obvious,
1. highly reduced or absent.

THORAX

1. Edge of forewi apex:
0. rounded,
1. pointed.

12. Forewing: .
0. not elongate with curvy veins e
1. very elongate with veins straig

ot arallel,
o Pr)ld almost parallel

0. present, obvious,
1. absent or very reduced.

: ex of metatibia:
14. Number of spines, thick black saltatorial SPUTS at ap
0. <,
1. 26.
13. Metatibial basal (genual) spine:
0. present,
1. absent.
16. Apical spines on metatarsal segment I
0. present,
1. absent.
17 Meracal’lthus:
0. promi
1. absent.
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26. Shape of female circumanal ring
0. elliptical/circular,
1. convoluted.

IL NYMpy
HEAD
7. Number of ny >Hhal antennal segments:
0. 10,
L. 9

°8. Base of nymphal antenna placement: asal segment COVer by

t ial] first b
very close to head margin, only partid

h
1 cad, T cnt covered by B
' 1S

nd sec(

ead,

ve 1Dy head.

THORAX .
29. Apical angle of nymphal forGWIEg-fri‘a‘ig 0 of the hindwing-pad,
0. adjacent or ex for to t€ _

. o,
1. interior to the hindwing-pad marg!

30, Trochanter:

0. absent,
1. present.
31 Arolium:

0. triangular,
1. broad, semi-circular,

2. highly reduced or absent: rolium:

ithin a
.»ed r0d withint
2 Nymphal unguitractor, a central sclerotize
0. present, obvious,
1. absent or very reduced.

BDomEN
. Nympha] abdominal sclerites Ot

0. present, obvious,
1. highly reduced 0

dorsal surface:

r lacking distinct

3 3
% Nymphal abdominal apex:
0. smoothly truncate,

1. pointed.
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3S.

36.

37.

38.

39,

40.

41.

42,

43,

Shape of nymphal abdominal apex, if pointed:

0. no special : " icture,
1. serrate, ,
2. with large medial 'teeth’.

as rounded or tooth’ like

1t
Nym; il abdominal segments produced latera®y

Projections:
0. at
1. present.

ment:
ncident with each apparent €8

Lateral bulges 1 the abdomen, col
0. absent,
1. present.

Position of anal opening:
0. -~
1. most posterior po-

Circum Jporeri ( mp
0. resent,
L. ab at
. B} rin k
Anal pore field (other than circum anal
0. absent,

1. present. if present:

1 circum-anal T ing,

o tha
Arrangement of anal pores 111 field other

0. entire or broken1 B85
1. )| !

Setal type on nymphal head:
0. simple setae only,
L. clavate setae,
2. capitate setae. ¢ pymphal abdoment:
0
Setal type, beside simple setae, on dorsal ared
0. simple setae only,
L. clavate setae,
2. capitate setae.
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44. Seta] type, beside simple setae, on ventral area of nymphal abdomen:
simple setae only,
L7 1ceolate setae,
rod setae,

capitate setae.

Bose type, beside s sleset: ontl r 0 of nymphal abdomen:

simple setae only,
lanceolate setae,
secta setae,
capitate setae.

1.
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PLI

Distance

1.00 .90 .80 .70 .60 .50 .40 .30 .20 .10 .00
B R e N i e e e e e Al A R O et e Y e T T PR EE ST
= **x%% Hairy Nipple Galler mono+center (CMt)
iMA tree ool
xogers' distance * kwxak Disc Galler mono (C
CPCC=0.986 *okk
T rwkwwkkn G labrousNippleGat lermono+center +BB)
* "

* x  xkawxuk Glabrous Nipple Galler mono (GFV)

* *
*hW kkkkkkkkkd Srar Galler mono (MD)
L

*ow owawswkaxkxk Hajry Nipple Galler side (CMt)

* wkk

*  kwxkkkwkkk® Glabrous Nipple Galler side (NAL+BB)

* * % %k ek
* * *wxkkkkx Blister Galler mono (CMt)
* * ko
* * * w swxwx glister Galler mono CL (TX)
* * * b
LA * kw **wx Blister Galler mono Cr (TX)
LLl otk ke
b *exwnuknhxs Bl ister Galler mono (GFY
ek *
o *kkkukkxnks gfjster Galler mono (OH+
ok
WA AN “wx* Tetragonocephals ava (AZ)
ke ddrdr ek
- * wwwxw Glabrous Bud Galler (LA)
- * ok
* " *% wxwwx Glabrous Bud Galler (NAL+BB)
- * i
- * Tt ek Hairy Bud Galler (OK)
ok de e A sk ek Wk ek - * *
* " Wokhh Rk *wwkniwd Glabrous Bud Galler (VA)
* * *
. - Wkk ARk - oo w Twig Galler (OK)
« *
« * *hkawkkkk patigle Galler (BFL)
* * e e v e e ok ok i
* Vet de e dede dek ek deok ke ok ek ek * Petiole Galler (BB)
. -
* FRkxkkkkkkkkAx* petiole Galler (AZ)
t 3
" P » an * AERRRA K RRK KK Sk Rk kA h Ak Celtisaspis be agana ( )
R N S R T e e R S R ek S SR L bt Tt J
1.00 .90 .80 .60 .50 .40 . .20 .10 .00
Figure 3-3 (a) { Atr “Pachy, 'a with outgroups Tetr  nocept  flava and Celtisaspis beijinga  based on

ogers’ genetic ceu allozyme data (15 ci).

































F-
18. 4-2. Shapes of oc: "pital foramen.
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