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ABSTRACT

CHARACTERIZATION OF THE RIBOSOMAL DNA
OF THE GENUS RHAGOLETIS
(DIPTERA: TEPHRITIDAE)

By

Yue Ming

Although the Nearctic species of Rhagoletis have been well studied with respect to
morphology and allozymes, there are still unanswered questions regarding the
differentiation of sibling species, placement of certain species, and relationships among the
existing species groups. In order to gain new information on these subjects, I have
characterized the Rhagoletis ribosomal DNA, especially the non-coding spacers such as the
internal transcribed spacers (ITS).

I have presented the ITS sequences of four North American sibling species of the
R. cingulata species group. The inter-specific variation in this group is not significantly
higher than the intra-specific variation. Consequently, the ITS sequences are of limited
application for inferring phylogeny of the members in this group. However, several
molecular markers in the ITS sequences have been described which can be potentially
useful for differentiating some of the sibling species in this group. A few highly conserved
secondary structure elements in the ITS regions have also been described and compared
with those in Drosophila.

The ITS sequences have been obtained for eight additional Rhagoletis species,
including pomonella, cornivora, completa, juniperina, fausta, electromorpha, basiola, and

striatella, and a phylogenetic analysis was performed. This study indicated that R.



cornivora belongs to the pomonella group; R. juniperina was removed from the tabellaria
group and may be more closely related to the pomonella group; close relatives of the
cingulata group are more likely closely aligned with the suavis group rather than the
pomonella group; R. fausta may be related with the tabellaria group; R. basiola and R.
striatella ITS sequences are highly divergent from other species analyzed, indicating 'that
Rhagoletis may not be monophyletic.

A genomic library for R. pomonella was constructed and several rDNA clones
identified. Furthermore, the region containing the intergenic spacer and external
transcribed spacer of rDNA from two R. cingulata flies of different host plants was PCR
amplified and cloned. The regions were partially sequenced and found to be significantly
divergent between the two R. cingulata of different host plants. Whether this observed
divergence is related to the different fly host origins is an intriguing question worth further

investigation.
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CHAPTER 1
INTRODUCTION

The genus Rhagoletis Loew currently has more than 60 described species, and is
widely distributed over the Palearctic (Rohdendorf 1961; Kandybina 1972), Nearctic (Bush
1966; Berlocher and Bush 1982) and Neotropical regions (Foote 1981; Frias and Martines
1991). Because larvae of Rhagoletis feed in a wide variety of developing fruits, many
Rhagoletis species are serious pests of fruits such as apples, cherries, blueberries, walnuts
and tomatoes (Bush 1966). Many species in Rhagoletis have the ability to rapidly shift to
new hosts, including introduced cultivated plants (Boller and Prokopy 1976).
Morphologically, populations on the old and new hosts are often hard to distinguish. The
rapid shifting of host plants contributes to the difficulty of controlling these pests because
the wild hosts function as a reservoir for pest populations year after year. The presence of
newly established host-associated populations and sympatric sibling species in Rhagoletis
has also made the genus a model system for studying sympatric speciation (Bush 1969;
1974; 1975; 1992; 1994).

Over the last century, an extensive literature on the biology, ecology and control of
certain Rhagoletis species, especially those in North America, has accumulated. A brief
overview of a few outstanding features of the biology of Rhagoletis is presented in this
chapter as they not only play important roles on the evolution of the flies themselves, but
also offer clues that may be used to interpret the status of some taxa covered in my
dissertation. A second section stresses the issues concerning host shifts in Rhagoletis—
especially host race formation in two unique species groups, the pomonella and cingulata

species groups. A third section presents the current taxonomy of North American
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2
Rhagoletis and discusses existing problems regarding the status of certain taxa in this

genus. It is followed with an overview of the organization of the remaining parts of my

dissertation.

Biology of Rhagoletis

Eggs and larvae

Rhagoletis eggs hatch within about a week after being laid underneath fruit skins
(Frick et al. 1954). First instar larvae usually mine directly to the interior of the fruit within
24 hours after hatching (Frick et al. 1954), probably avoiding parasites as a result (Bush
1992 and references within). Larvae usually confine their feeding to the same fruit in
which the eggs are laid and complete their development in about 8 to 40 days, depending
on the Rhagoletis species and growth conditions (Ries 1935; Frick et al. 1954; Boller and
Prokopy 1976). Fruit quality, such as sugar content and acidity, can dramatically influence
larval growth rate and survival; larval mortality has been reported to be 100% in some
varieties and species of apple and haws (Dean and Chapman 1973; Bush et al. 1989). In
addition, temperature can also significantly affect larval development rate. In R.
indifferens, for example, larval development takes about 10 days at 85°F vs. 35 days at
6(0°F; larval development ceases at 55°F and death occurs when larvae are exposed to 28°F
for 4 hr (Frick et al. 1954). Mature larvae leave the fruit usually after fruit drops to the
ground and burrow into the soil under the host tree. They pupate within a few days 4 - 10
cm under the ground (Boller and Prokopy 1976).

Pupae and Diapause

Although some Neotropical Rhagoletis are facultatively multivoltine—R. tomatis
has at least five to six generations per year in Chile (Frias et al. 1991)—most temperate
Rhagoletis are univoltine and their pupae undergo a winter diapause. Fly development

continues when spring temperature and moisture increases. However, in some cases,
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3
small portion of pupae can remain in diapause in the soil for 2 to 5 winters before

completing development (Boller and Prokopy 1976). Such delay in diapause termination
provides a pupal reservoir and insures that the population will survive in case of
catastrophe, such as the failure of their host plants to fruit (Boller and Prokopy 1976).

Small fractions of R. pomonella (Lllingsworth 1912) and R. indifferens (Frick et al.
1954) populations, without undergoing pupa diapause, may complete development directly
after a few weeks of pupation, resulting in a new generation of adults. However, the
second adult generations are usually unable to oviposit before low temperatures arrive in
the Fall. Diapause induction, as in other insects, is regulated by photoperiod and
temperature (Prokopy 1968). Populations of R. pomonella adapted to apples and
hawthorns respond differently to those diapause regulating factors (Prokopy 1968; Feder et
al. 1993). Post-diapause regulation in Rhagoletis shows high correlation with thermal
units accumulated over a developmental threshold temperature (Reissig et al. 1979; Feder et
al. 1993). Post-diapause eclosion time of different host-associated populations in R.

pomonella is significantly different and genetically programmed (Smith 1988a).

Eclosion and Adult Feeding

After over-wintering below the ground, Rhagoletis adults emerge from their puparia
at specific times, in most cases, during the spring and summer. Adult emergence occurs
primarily in the morning, probably stimulated by the rising morning temperature (Balduf
1959). After bursting the puparium, adult flies propel through the soil by contraction and
elongation of the body and ptilinum in order to reach the ground surface (Christenson and
Foote 1960). On average, females emerge a few days earlier than males; however, at peak
emergence the sex ratio reaches equilibrium (Boller and Prokopy 1976). Synchronization
of adult emergence with the fruit maturation of host plants has been demonstrated in many
Rhagoletis species and has been proven an important trait in differentiating host races in R.

cerasi (Boller and Bush 1974). Within two hours of emergence, most flies are capable of
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4
flight and feeding, spending little time on the ground before taking off (Boller and Prokopy

1976).

Rhagoletis adults feed on many different kinds of food, such as insect honeydew,
yeast, bacteria and fungal spores. Nectar and plant liquid exuding from glandular
structure, wounds and oviposition stings are probably additional food sources (Boller and
Prokopy 1976). Bird droppings are also natural protein source for Rhagoletis (Prokopy et
al. 1993). Bird droppings treated with antibiotics were significantly less attractive than
untreated ones, indicating that bacteria may be involved in generating attractive volatile(s)
(Prokopy et al. 1993). Carbohydrate obtained in the form of leachate by extensively
'grazing' on surface of host foliage can sustain fly longevity (Hendrichs et al. 1993a).
Rhagoletis flies engorged with a great volume of dilute food, have been observed to
extrude orally droplets of liquid crop contents ("bubbling") followed by subsequent re-
ingestion (Hendrichs et al. 1992; 1993b). Through the bubbling behavior, flies eliminate
excess water by evaporation to concentrate nutrients suspended in dilute solution while
foraging for other resources (Hendrichs et al. 1992; 1993b). Both sexes of R. pomonella
require carbohydrates, certain vitamins and amino acids for gonadal maturation (Bush
1992), which in most Rhagoletis species occurs within two weeks of emergence (Boller
and Prokopy 1976). _

Search for food in Rhagoletis is not restricted to the larval host plant but, in some
instances, to various types of neighboring vegetation. Under normal crop conditions,
movement associated with feeding is nondispersive, rarely taking individuals far from their
host plants (Maxwell and Parsons 1968; Neilson 1971). Although R. cerasi is capable of
flying several kilometers, most dispersive flights observed in Rhagoletis were influenced
more by the availability of suitable fruit for oviposition than the search for food (Boller and
Prokopy 1976).
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Foraging for Mates and Oviposition Sites

During sexual maturation, both male and female Rhagoletis adults congregate on
their larval host plants, where courtship, mating and oviposition occur (Bush 1969;
Prokopy et al 1971). Flies search for host trees through visual cues such as foliage color,
tree shape and tree size (Moericke et al. 1975), as well as olfactory cues from susceptible
host fruit (Prokopy et al 1973). Flies appear to have difficulty locating trees at a distance of
more than 1.6 m (Roitberg et al. 1982). Although model size, shape and color have
profound effects on a fly's response to various models (Prokopy 1973a; 1973b; 1973c;
Green et al. 1994), these visual cues are not host plant specific. Olfactory and contact
chemical cues, however, play a more important role in the final detection of a correct host.
The odors emanating from ripening host fruits provide specific attractants used by the flies
to identify their correct host fruits (Prokopy et al. 1973). For example, a number of
straight-chain esters (e.g., butyl hexanoate) isolated from extracts of volatile produced by
host fruits of R. pomonella elicit highly selective behavioral responses by R. pomonella,
suggesting that this fly is narrowly adapted to respond to specific compounds emanating
from its hosts (Averill et al. 1988; Green et al. 1994).

Once on the host plant, flies detect the fruit on the basis of shape, contrast-color
against the background and size (Boller and Prokopy 1976). In R. pomonella, if fruit
visual stimulus is strong (e.g., red color), chemical stimuli such as synthetic apple volatile
blend, do not increase the probability of finding fruit or fruit models; however, as the
visual stimuli became progressively weaker (red to green to clear), fruit odor (irrespective
of concentration) appears to aid flies during the fruit-finding process (Aluja and Prokopy
1993). Female flies inspect the fruit for oviposition on the basis of its size, surface
structure, and stage of ripeness (Boller and Prokopy 1976) using chemical stimuli, such as
contact and volatile stimulation with various chemicals associated with host fruits, received
by ovipositor sensilla provide the fly with information about host suitability and/or quality

(Crnjar et al. 1989). Female flies oviposit more often and remain longer on trees harboring
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6
high vs low densities of fruit clusters (Roitberg et al. 1982), and will leave their host trees

within a short time if they discover no fruit (Roitberg et al. 1982). The intertree distance
also influences the foraging behavior of R. pomonelia in the field. Flies generally invest
less search time on a tree when neighboring trees are nearby than when farther away,

apparently reducing travel costs (Roitberg and Prokopy 1982).

Mating and Oviposition

Mating in Rhagoletis occurs almost exclusively near or on host fruit; the host plant
thus acts as an important site for courtship and mating (Bush 1969; Prokopy et al. 1971),
as well as for larval development. Visual cues such as body coloration and wing pattern
are important in courtship and species recognition, especially those from the R. suavis
group, whose members have strikingly different color patterns but infest mainly the same
plant genus Juglans (walnuts) (Bush 1966; Yokoyama and Miller 1994). These visual
cues, however, are effective only at close range and they can not be considered as
important reproductive isolating mechanisms in sibling species groups such as the
pomonella and cingulata groups. Sibling species in the R. pomonella group, for instance,
have almost always shifted to new hosts in the course of speciation. They therefore meet
and mate on different hosts (Bush 1969; 1974). Even though different species meet one
another occasionally visual cues seem not completely prevent them from attempting to
courtship as different species in copula have been observed in nature (Prokopy and Bush
1973a). Furthermore, wing patterns and body coloration of most pomonella and cingulata
group species are not distinguishable in almost all cases (Bush 1966). Males of several
Rhagoletis species (mendax, cingulata, tabellaria, pomonella and cornivora) also are
apparently unable to distinguish between the sexes and mount other males as often as
females (Prokopy and Bush 1973a; Smith and Prokopy 1982; Smith 1984; 1985a; 1985b).

Male Rhagoletis are highly territorial. For example, male walnut flies guard egg-

laying punctures on host walnut to increase access to females and defend these sites from
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7
conspecific and heterospecific males (Papaj 1994). The visual stimulus of a moving female

on the same or nearby fruit elicits attention and initiates courtship by waiting males
(Prokopy et al. 1971) which usually involves wing waving, posturing and ‘pawing’ with
the prothoracic legs (Biggs 1972; Prokopy and Bush 1973a). In walnut flies, mating
generally takes place as female initiates oviposition (Papaj 1994). Male Rhagoletis
approach the female either directly or obliquely from the rear (Smith and Prokopy 1982;
Smith 1984; 1985a; 1985b). If the female is receptive the male is allowed to mount onto
females' abdomen usually by a jump or short flight (Prokopy and Bush 1973a).

Male R. pomonella secrete a pheromone that is assumed to function primarily as an
aphrodisiac which he waffs to female as he waves his wings. This pheromone is active
only over short distances in nature (Prokopy 1975). So far, no long distance sex
attractants in Rhagoletis has been observed. Because attraction is short range, adults of
both sexes must first find the correct host plant and locate fruit before they can meet the
opposite sex. Therefore, host selection and mate recognition are directly correlated. The
restriction of mating to the fruit of a specific host plant thus serves as an important
precopulatory reproductive isolation in several species (Bush 1966; Prokopy and Bush
1973a; Feder et al. 1994) and has important implications in sympatric host race formation
of these flies which will be discussed later.

Female flies of most Rhagoletis species lay only one egg at a time, usually in nearly
ripe rather than immature fruit (Messina et al. 1991). However, walnut infesting flies, R.
suavis (Loew) and R. completa for example, lay eggs in batches (Boyce 1934; Ries 1935).
The walnut husk flies readily use sting holes made by conspecifics as oviposition sites
(Ries 1935; Lalonde and Mangel 1994) and this probably accounts for the fact that a
hundred or more eggs are not uncommon in a single puncture (Ries 1935).
Superparasitism is probably a viable strategy because husks have sufficient food for more
than one fly offspring and are difficult to parasitize initially due to the toughness of the
husks (Lalonde and Mangel 1994). Also, the walnut husk contains very high levels of
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8
juglone—a very toxic substance. By feeding gregariously, larvae may receive more

protective benefit in detoxifying this substance (Bush, personal communication).

After oviposition, females of several Rhagoletis species deposit oviposition
deterring pheromone (ODP) on the fruit surface to reduce intraspecific larval competition at
least initially (Crnjar and Prokopy 1982; Averill and Prokopy 1989; Aluja and Boller
1992). However, the benefit of host marking may be offset by increased risk of egg
parasitism by wasps (Roitberg and Lalonde 1991). Receptor cells sensitive to extracts of
the ODP have been identified in the tarsal D-sensilla of some Rhagoletis species (Crjar and
Prokopy 1982; Stadler et al. 1994), and isomers and derivatives of ODP for R. cerasi have
been synthesized and bioassayed (Aluja and Boller 1992; Stadler et al. 1994). Application
of such synthetic ODP in an experimental cherry orchard caused a tenfold reduction in fruit
infestation suggesting the pheromone may potentially be useful as a fruit fly management
tool (Aluja and Boller 1992; Stader et al. 1994).

Since Rhagoletis females select host fruits for oviposition and larvae have no choice
in which host fruit they develop, successful foraging for oviposition sites may be more
closely related to genetic fitness than is the successful foraging for food by other animals
whose young may move between and select resources to which they are best adapted. This
is supported by evidence which suggests that phenotypic differences in host response
pattern between hawthorn and apple origin flies of R. pomonella have an underlying
genetic basis (Prokopy et al. 1988; Feder et al. 1994).

Longevity

Average adult longevity in nature, although not yet established accurately, ranges
from 2 to 6 weeks depending on the species (Boller and Prokopy 1976). Longevity is
usually greater in cool weather; with light, humidity and food availability also effecting
adult longevity (Boller and Prokopy 1976; Hendrichs et al. 1993;).
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Host Shifts in Rhagoletis

Extensive study of Rhagoletis biology over the past thirty years has led to the
discovery of abundant sympatric sibling species which have little or no morphological
differences. Speciation in species groups consisting mostly of sibling species in
Rhagoletis has always been accompanied or preceded by a shift to a new host plant (Bush
1969; 1992; 1994). The R. pomonella species group, for example, consists of four
described and at least two undescribed sibling species (Bush 1966; Berlocher and Bush
1982; Berlocher et al. 1993; Bush, personal comm.); these are the apple maggot or haw fly
on Rosaceae, R. pomonella (Walsh); the snowberry fly on Caprifoliaceae, R. zephyria
Snow; the blueberry fly on Ericaceae, R. mendex Curran; and the shrubby dogwood fly on
Comaceae, R. cornivora Bush. Recently two additional undescribed species have been
recognized, the flowering dogwood fly whose larvae feed in the fruit of Cornus florida L.
(Smith 1988b; Berlocher et al. 1993) and the sparkleberry fly on Vaccinium arboreum
Marshall (Ericaceae) (Payne and Berlocher 1995). There also appears to be other
undescribed species, such as those southern populations infesting wild plums (Bush 1966;
1992) and the spring population on mayhaw in eastern Texas (Berlocher and Enquist
1993). Speciation in the pomonella group has been accompanied by a shift to a radically
new host family in almost every case (Bush 1969). However, members of the pomonella
group are difficult to distinguish morphologically (Bush 1966; Westscott 1982), and many
taxa now recognized as distinct species were originally considered as host races or
sympatric subspecies by earlier authors (Bush 1966; Diehl and Prokopy 1986).
Hybridization, oviposition-choice, ecological, and comparative serology studies carried out
by earlier researchers (reviewed in Bush 1966; 1969) as well as more recent allozyme
studies (Berlocher and Bush 1982; Feder, et al. 1989; Berlocher et al. 1993),
electroantennogram studies on host odor recognition (Frey and Bush 1990), natural
hybridization studies (Feder and Bush 1989a; Smith et al. 1993) and host associated
behavioral differences (Bierbaum and Bush 1988) strongly support the view that the three
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10
sympatric eastern forms, R. pomonella, R. mendax, R. cornivora are reproductively

isolated from one another and represent distinct sibling species. Rhagoletis zephyria which
occurs primarily in the western United States and is sympatric only with R. pomonella in
Minnesota (Bush 1966; Westcott 1982; McPheron 1990a; 1990b) differs slightly from R.
pomonella in surstyli configuration, wing band ratio and ovipositor length (Bush 1966;
Westcott 1982). Although R. zephyria is the most divergent morphologically of the four
species (Bush 1969), it is the most closely related on the basis of allozyme data (Berlocher
and Bush 1982; Berlocher et al. 1993). It is not surprising that a low level of interspecific
hybridization between these two sibling species has been reported in areas where R.
pomonella has recently been introduced into western North America (McPheron 1990a;
1990b). Such interspecific hybridization has been also noted between sympatric
populations of Drosophila heteroneura and D. silvestris species in Hawaii (Carson and
Kaneshiro 1989). Although F; and F; progeny are produced, interspecific hybridization
does not appear to result in the loss of species identity. The role and outcome of
hybridization between closely related animal species is an intriguing problem. As
discussed by Bush (1992), interspecific hybridization may be more widespread in insects
than is now realized, and in parasite insects a low level of hybridization may give rise to
novel recombinant genotypes that facilitate the colonization of a new host.

Besides the above mentioned host plants, R. pomonella-like flies also infest other
plants such as native plums (Prunus spp.), sour cherries (P. cerasus L.), pears (Pyrus
communus L.), rose hips (Rosa rugosa Thumb.) and apricots (P. armeniaca L.) (Bush
1992). In addition, R. pomonella has also been reared from chokecherry (P. virginiana L.)
(although rarely), sweet cherry (P. avium L.), mahaleb cherry (P. maheleb L.), ornamental
hawthorn (Crataegus monogyna Jacquin and C. mollis Scheele), river hawthorn (C.
douglassi Lindley), crabapple (Malus spp.), pyracantha (Pyracantha coccinea Roemer), and
quince (Cydonia oblonga Miller) (Allred and Jorgensen 1993; and references within).

Some of these host associated Rhagoletis populations, such as those southern populations
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associated with wild plums, may represent undescribed species and others appear to be

recently established host races, for example, those infesting sour cherry and rose hips
(Bush 1966; 1992).

Of particular interest in the pomonella group is a new host race of R. pomonella
which was established on introduced apples approximately 150 years ago from the original
hawthorn (Crataegus sp.) infesting form (Bush 1966; 1969; 1974; 1975; Bush et al. 1989;
Feder and Bush 1989b; Bush 1992). Over the years, extensive study has been carried out
on the apple race of R. pomonella and it is found that the apple race is distinct from the
original hawthom race in several characteristics:

Host Preferences — Prokopy et al. (1988) have provided behavioral evidence
suggesting significant differences in host response pattern between apple and hawthorn
flies. With respect to choice of fruit for oviposition, female apple flies chose apples
significantly more often than did hawthom flies. Similarly, male apple flies tend to stay
substantially longer on apples than male hawthorn flies. Feder et al. (1993; 1994) have
observed, in the field mark-release-capture experiments, that R. pomonella tend to
reproduce on the same host species in which larvae of the flies developed. This host
fidelity, as a premating barrier between sympatric R. pomonella populations on apples and
hawthorns, restricts gene flow to about 6% per generation (Feder et al. 1993; 1994). Frey
and Bush (1990) also noticed a difference between the two host races in
electrophysiological response to host odors, further supporting the conclusion that host
preference is genetically-based although prior experience of adult R. pomonella effects their
ability to find host fruit (Prokopy et al. 1994) and on their host preference behavior (Bush
1992). The two races of R. pomonella also show different learning ability to reject novel
fruit species (Bush 1992; and references within).

Eclosion Time — It has been demonstrated that apple flies are genetically
programmed to develop faster and emerge sooner after diapause is terminated than
hawthorn flies (Smith 1988a; McPheron et al. 1988a; Feder et al. 1993). This difference in
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emergence times between the races corresponds to the difference in fruit maturation

between their apple and hawthorn hosts. This allochronic separation of the races accounts
for part of the isolation of these two host races (Feder et al. 1993). This divergence of R.
pomonella in eclosion time which is heritable (Smith 1988a) may substantially restrict gene
flow among different host-associated populations and thereby contribute significantly to the
initial divergence of new R. pomonelia host races.

Allozyme Frequency — Several studies have demonstrated allozyme frequency
differences between the apple and hawthorn populations (Feder et al. 1988; 1989; 1990a;
1990b; McPheron et al. 1988a). Allele frequency divergence is possibly linked to other
loci involved with adaptation to apple and hawthorn, such as eclosion time, host fidelity
and response to host odors (Bush 1992).

This evidence of genetically based difference between the population of R.
pomonella associated with apple and haws is now sufficient to support the view that they
represent genetically distinct host races (for host race criteria see Bush 1992). Because the
two host races differ from each other in several biologically significant ways as the
divergence is due to adaptations to different host plants, Bush (1969, 1974, 1992) has
proposed that such adaptation might eventually lead to complete reproductive isolation
without geographical isolation. To account for the rapid host race formation of R.
pomonella and for the evolution of other sibling species in the pomonella group, Bush
(1969; 1974; 1975) developed a model of sympatric host race formation based on genetic
changes in host preference and host-based larval survival genes. The proposed host
preference speciation (HPS) model suggested that recombination between new alleles of a
host preference gene (also called habitat preference or host selection gene) and host-based
larval survival gene (also called habitat-based fitness gene) will produce new genotypes that
can colonize new host plants. Furthermore, gene flow reduction between the newly
established and parental populations could be enhanced by other factors such as allochronic

isolation on unrelated plants with different fruiting times (emergence patterns), conditioning
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(associative learning by induction), disruptive selection and semigeographic isolation

(Bush, 1969, 1974 and 1975). The HPS model has later been supported by computer
simulation (Diehl and Bush 1989), in which two unlinked loci influencing larval fitness and
a third, unlinked locus involving habitat preference. Progress toward speciation (i.e.,
development of reproductive isolation) is likely to occur under a broad range of biological
conditions when assortative mating is coupled with habitat preference (Diehl and Bush
1989). More recently, Johnson et al. (1995) have developed a multi-locus model for
sympatric speciation in which habitat preference, habitat-based fitness and non-habitat
based assortative mating genes are considered simultaneously. Using computer
simulations, they demonstrate how, in organisms that mate within a preferred habitat,
genetically based host preference initiates the process of sympatric speciation leading to
linkage disequilibrium between the assortative mating gene (asm) loci and host-based
fitmess (fir) loci in diploid populations. Completion of linkage disequilibrium of the asm
and fit loci yields no further interbreeding (gene flow), which implies the speciation
process is complete. This process can occur sympatrically under a wide variety of
conditions of selection pressure and gene penetrance, and may take less than 1000
generations.

In the case of R. pomonella, colonization on apples resulted in an escape from most
parasites. In Washington State, for example, the average level of parasitism of R.
pomonella on hawthorn (C. monogyna ) is up to 90%; while no parasitoids emerged from a
total of 4385 pupae reared from apple (Gut and Brunner 1994).

As Bush (1975) suggested, species groups having the potential for shifting to a
new host plant might have substantially higher level of genetic polymorphism, especially at
those loci involved with host adaptation. Indeed, R. pomonella has pronounced population
heterogeneity in allozyme frequency (McPheron et al. 1988b; Feder et al. 1990a; Feder et
al. 1990b; Feder and Bush 1989b; Berlocher and McPheron, unpublished data). Such a
great population differentiation in R. pomonella may be related to its extreme flexibility in
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diapause strategy and eclosion phenologies (Feder et al. 1993), resulting in its great

capacity to adapt to many different native hawthom species with a wide range of fruiting
times (late April to early November in Texas, Berlocher and Enquist 1993; Allred and
Jorgensen 1993).

The process of host shifts is the core of the model of sympatric speciation in
Rhagoletis proposed by Bush in 1969. Over the years, an effort has been made to obtain
information on various behavioral and ecological aspects of these flies and to examine the
genetic basis of host selection and genetic differences for allozyme frequencies. The resulits
have substantially clarified many points and placed the model on a firmer basis. There are
still, however, some details which need to be established. Berlocher (1989) discussed a
possible way in which a host race could arise in R. pomonella. If the apple race was
established from a single colonization event and spread gradually through the apple
distribution, a genetically homogeneous population should form, otherwise, independently
repeated establishment on apples would result in several genetically distinct subpopulations
(Berlocher 1989).

Relevance to speciation in the R. cingulata group

The pattern of sympatric speciation occurring in R. pomonella species group may
be typical of many host-specific insects. The model proposed for R. pomonella group
could, in principle, be applied to the members of R. cingulata group equally well. The R.
cingulata species group consists of four native North American species: R. cingulata, R.
indifferens, R. osmanthi and R. chionanthi (Bush, 1966) and one sub-tropical species, R.
turpiniae, described recently from Mexico, infesting two species of Turpinia
(Staphyleaceae) (Hernandez-Ortiz 1993).

Rhagoletis cingulata and R. indifference originally infested the fruits of different
native Prunus (Rosaceae) and now both have established themselves on introduced

cultivated cherries (P. avium and P. cerasus). The two species appear to be allopatrically
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isolated from one another in the eastern (R. cingulata) and western parts (R. indifferens) of

North America (Blanc and Keifer 1955; Bush 1969), although further investigation is
needed to verify the situation in the central plain states where cultivated cherries are grown.
Rhagoletis chionanthi and R. osmanthi have been reared from Species of Chionanthus and
Osmanthus (Oleaceae) respectively in southeastern USA, where the two olive-infesting
species are sympatric with the eastern cherry fly, R. cingulata (Bush 1966). The minimal
morphological differences among the four North American species make it extremely
difficult, if not impossible, to differentiate between them. They had been generally treated
even as host races or subspecies before Bush's 1966 revision.

Western cherry fruit fly, R. indifferens has been reported to infest several Prunus
species such as its principal host, P. emarginata (Dougl.) D. Dietr. (wild pin or bitter
cherry), P. virginiana L. var. demissa (Nutt.) Torr., P. subcordata Benth (Pacific plum)
and P. salicina Lindl. (introduced Japanese plum) (reviewed in Frick et al. 1954 and Bush
1966). In California, the native bitter cherry grows at higher altitudes (3,500 to 9,000 feet)
and fruits late in the Summer and Fall (Bush 1975). R. indifferens usually infests the
native host in August (Bush 1975). Cultivated cherries, P. avium and P. cerasus,
introduced to California 100-150 years ago, are grown mainly at relatively low altitudes (0
to 5,000 feet) and fruit much earlier than the native bitter cherry (Bush 1969; 1975).
Normally, the cultivated cherries in California are not infested by R. indifferens (Bush
1975), even when they are completely surrounded by the native bitter cherry (Bush 1969).
Occasionally, however, late maturing cultivated cherries, growing in the altitudinal overlap
zone with the wild bitter cherry, become infested (Bush 1969; 1975). These newly
formed, but highly localized, populations are often periodically eliminated by the California
Department of Agriculture (Bush 1969; 1975). Usually the same infested area is free from
attack of this fly the following year (Bush, 1975). This approach has effectively prevented
permanent establishment of R. indifferens on commercial cherries in California (Bush

1969; 1975).



alut
§pace
estab
popul
the ne
of fing
emerg

10 low

W pe

populat
1%09; 1

emargiy
other on
1975: Jo
Chermies
(Bush |9
§
hOst-asgo(
$eroting).
(sweer o
te agtery
ecies, he
bose o
lheref(,re‘ h



16
Since the majority of domestic cherries in California are allochronically and

altitudinally semi-isolated from the wild bitter cherry, there is only a narrow window in
space and time when a successful host shift can occur (Bush 1975). If permanent
establishment of the fly population on the cultivated cherries were to be allowed, the
population would probably become permanently established on California cherries. Within
the newly established population, individual flies emerging earlier would have an advantage
of finding a greater abundance of oviposition sites. Selection would favor individuals with
emergence time shifted to an earlier date and the newly established population would spread
to lower altitudes where cultivated cherries are more abundant (Bush 1975). Eventually
two populations with different emergence times and host preferences would evolve.

In Oregon and Washington, R. indifferens apparently established permanent
population on introduced domestic cherries (P. avium and P. cerasus L.) (Bush 1966;
1969; 1975). There appear to be two races coexisting in these areas, one on native P.
emarginata at high altitude whose fruits mature from late July to early September, and the
other on domestic cherries at low altitudes during late May and early July (Bush, 1969;
1975; Jones et al. 1991). The two indifferens populations from native host and cultivated
cherries are almost completely allochronically isolated from one another north of California
(Bush 1969; 1975).

Similar differences in emergence patterns have been observed between different
host-associated populations of R. cingulata. In addition to its native host, black cherry (P.
serotina), R. cingulata also now infests introduced cultivated cherries such as P. avium
(sweet cherry), P. cerasus (sour cherry) and occasionally P. mahaleb (Mahaleb cherry) in
the eastern United States. Since cultivated cherries mature earlier than native Prunus
species, the majority of fruit in commercial orchards is semi-allochronically isolated from
those on the wild host. The fly populations on cultivated cherries and wild black cherries,

therefore, have different emergence times and if following the pattern of divergence in R.
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pomonella possibly different host preferences, showing some evidence of isolation as host

races.

Allochronic isolation is even more pronounced between R. osmanthi and R.
chionanthi, both infest native olives (Oleaceae) in southeastern United States (Bush 1966).
R. chionanthi infests the fruit of Chionanthus virginicus (the fringe-tree or old man’s
beard) in the summer, while R. osmanthi attacks the fruit of Osmanthus americanus
(devilwood) during midwinter (Bush 1966; 1969; 1975). Bush (1969) proposed three
alternative explanations for the origin of the two olive infesting species. One explanation
suggests that the host plants Chionanthus and Osmanthus may have considerably
overlapped in fruiting time and both were infested by one Rhagoletis species. Later,
Osmanthus shifted its fruiting time to cooler winter months in response to climatic changes,
possibly occufring during the Pleistocene. During the process, the original olive infesting
species split into two distinct, allochronically isolated races that eventually evolved into two
species. Bush's second explanation suggests that a new host race may have established on
Osmanthus from original Chionanthus-infesting population after the two host plants
diverged in fruiting time. To me it seems also possible that a host race could become
established when the two host plants had fruiting times broadly overlapping, following the
same model for apple race formation in R. pomonella. Later, the fruiting time shift of
Osmanthus in response to climatic changes, resulting in fly emergence time shifting, would
have increased isolation of the host race from the parental population, eventually leading to
the formation of two distinct, allochronically isolated species through sympatric host race
formation. The third explanation proposed by Bush involves geographic isolation of the
two host plants. Originally, the two host plants may have fruited at the same time and were
infested by one olive-infesting species. Later, each host plant with its fly population
became geographically isolated. Meanwhile, fruiting time of one host plant may have
shifted. Once geographical contact was reestablished, the two fly populations, although
sympatric, may have become allochronically isolated from each other. A fourth possibility
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is that the Chionanthus population arose from a sympatric cingulata then a few adults of the

Chionanthus population emerged during late Fall or Winter and established the Osmanthus
species.

Therefore, the cingulata species group is similar in many ways to the pomonella
group. It consists of sibling species with minimal morphological difference but with a
broad range of host plants. The two olive-infesting species(R. osmanthi and R.
chionanthi) and the cherry-infesting species (R: cingulata) are sympatric in the southeastern
United States. Although slight differences in morphological characters do occur which
distinguish the three speéies these characters are not consistently clear-cut. Also R.
cingulata and R. indifferens are host specific on different but closely related native Prunus
species, and have independently established populations on introduced sweet and sour
cherries. These host associated populations show evidence of isolation as host races.

Speciation in the cingulata group, as in the pomonella group, has apparently been
accompanied by a shift to a new host plant. Before the kinds and numbers of genetic
changes that promote, accompany and follow the colonization of the members of cingulata
species group of a new host can be established, an accurate means of distinguishing
between host races or even closely related species is required. In the absence of
unequivocal distinguishing morphological traits alternative means of identification must be
devised. As a step towards resolving this problem, I have employed specific genomic
DNA regions as molecular markers to resolve species and racial boundaries within the R.
cingulata species group and explore the relationships of this group with other Rhagoletis
species (see Chapter II).

Current Taxonomy of North American Rhagoletis
The North American Rhagoletis species were most recently monographed by Bush
(1966), with 21 species segregated into seven species groups (pomonella, cingulata,
tabellaria, suavis, ribicola, striatella and alternata) and one species , R. fausta , unplaced.
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Bush classified the species groups mainly on the basis of structural similarities of the

genitalia, chaetotaxy, wing venation, and karyotype. Since then the only phylogenetic
analysis on North American Rhagoletis was the one conducted by Berlocher and Bush
(1982), based on electrophoretic data. The main areas of agreement between the
electrophoretic analysis and the conventional classification (Bush 1966) are the
conservation of the suavis and cingulata groups and, in 2 out of 3 cladistic trees, the
pomonella species groups. In addition, the species possessing the most ancestral
morphological characteristics, such as R. striatella, a pest of husk tomatoes (Physalis sp.,
Solanaceae), and R. basiola, infesting fruit of Rosa (Rosaceae), branch from the base of
the cladistic trees generated from electrophoretic data.

Despite the above congruence there are some areas of disagreement between the
above mentioned studies. For example, R. juniperina, which infests Juniperus
(Cupressaceae), is removed from the tabellaria group and placed with cingulata group in
Berlocher and Bush (1982). The tabellaria group conventionally consists of 4 early
described species: tabellaria, juniperina, persimilis, and ebbettsi (Bush 1966), plus a
recently described species, R. electromorpha Berlocher (Berlocher 1984). Members of the
tabellaria group share similarities in genitalia, wing pattern and body coloration (Bush
1966). Host plants of persimilis and ebbettsi are unknown. R. tabellaria is a wide ranging
species infesting two Cornus species (Cornaceae), C. stolonifera and C. amomum, in
eastern North America, and C. stolonifera in the north central and western North America
(Bush, personal comm.). In the west a race or undescribed species is known infesting
Vaccinium (Ericaceae) in western North America (Bush 1966; Bush, personal comm.). R.
electromorpha Berlocher, the most recently described tabellaria-like species, infests two
different Cornus species—C. drummondi and C. racemosa in Illinois (Berlocher 1980;
Berlocher 1984). Morphologically, R. electromorpha is almost identical to tabellaria. Also
the presence of gland-like tubular sac at the end of phallotheca, at the junction with
acdeagus, relates R. electromorpha most closely with R. tabellaria with considerable
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confidence. In contrast, the morphology of juniperina is sufficiently different from R.

tabellaria to suggest their relatively distant relationship. However, the great morphological
difference between juniperina and the four North American members of the cingulata group
put their close relationship in doubt. The status of R. juniperina, therefore, is debatable
and in need of careful consideration.

Also, allozyme studies (Berlocher and Bush 1982; Berlocher et al. 1993) indicate
that R. cornivora may not belong to the pomonella group. A recent mtDNA study (Smith
and Bush, in preparation) also places R. cornivora outside of the pomonella group.
However, the close morphological affinities between R. cornivora and the rest of the three
species in the pomonella group made earlier Rhagoletis researchers hardly doubt the
placement of R. cornivora in the pomonella group. Therefore, it would be interesting to
know whether any DNA data, such as ribosomal DNA (rDNA) sequence analysis, will
support the morphological implication regarding the relationship of R. cornivora to other
Rhagoletis species. In addition, R. striatella, the tomato husk fly, is placed with genera
Oedicarena and Zonosemata in Berlocher and Bush (1982) rather than within Rhagoletis.
However, the placement of striatella with Zonosemata is not surprising as Bush (1966)
pointed out, R. striatella shares similarity with Zonosemata in karyotype, number of lower
fronto-orbital bristles, certain characteristics of male genitalia and host plant relationship.
Another new insight gained from the electrophoretic analysis of Berlocher and Bush (1982)
is the placement of previously unplaced species, R. fausta, with the suavis group.
However, the recent mtDNA data (Smith and Bush, in preparation) does not support this
placement. Instead, R. fausta forms a clade with R. juniperina according to mtDNA data.
Therefore, the placement of R. fausta is currently still not completely resolved and subject
to further investigation.

In addition to the uncertainty of placement of some species in certain species
groups, such as R. juniperina, cornivora, striatella and fausta, the phylogenetic relationship

among different species groups are not completely resolved either. For example, closest
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relatives of the cingulata group in North America is the pomonella group according to

electrophoretic studies (Berlocher and Bush 1982; Berlocher et al. 1993), while based on
mtDNA data (Smith and Bush, in preparation) the cingulata group is more closely related to
the suavis group.

In summary, although the species of Rhagoletis, especially those from the Nearctic
region, have been well studied and segregated into a number of species groups, there are
still several unanswered questions regarding placement of certain species and relationships
among the existing species groups. Furthermore, monophyly of the genus has not been
demonstrated and its relationships to other Carpomyina are poorly understood (Norrbom
1989).

Dissertation Objectives

My research has two objectives 1) to estimate the phylogeny of North American
Rhagoletis species and 2) to explore the genetic variation among the sibling species of the
cingulata species group. The following ten species are analyzed in this study: R. cingulata
and indifferens are representing the cingulata group; R. pomonella and cornivora
representing the pomonella group with cornivora's placement in this group deeming further
verification using rDNA data; R. completa represents the well-defined suavis group; R.
electromorpha and juniperina are from the tabellaria group with juniperina’s relationship
with the rest of the tabellaria group questionable; R. fausta was unplaced anywhere (Bush,
1966) or its placement is in disagreement from two previous independent molecular studies
(Berlocher and Bush 1982; Smith and Bush, in preparation); and R. basiola which
possesses some of the most ancient morphological characters and is used as outgroup for
my rDNA phylogenetic analysis. The placement of R. striatella in the genus Rhagoletis has
been questionable and will be further tested in this study using rDNA spacers.

I use internal transcribed spacers to explore the following problems: 1) What

phylogeny do the tDNA spacer sequence data support? 2) Is the phylogenetic implication
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from the rDNA data congruent with any existing systematic of the genus based on

morphology and allozyme data? 3) Are there any molecular markers in the rDNA spacers
which can be used to differentiate sibling species of the morphologically indistinguishable
cingulata complex? and if so, what phylogenetic relationship can be inferred from those
molecular markers? 4) Are there any genetic polymorphism in the rDNA spacers among
the different host-populations of R. cingulata and if so, how high is the level of variation
compared to interspecific variation in R. cingulata group. In addition, I evaluate the
usefulness of the secondary structure of internal transcribed spacers (ITS) in inferring
phylogeny. Investigation on other rDNA spacer regions such as the external transcribed
spacer (ETS) has also been conducted (Chapters IV and V) and the preliminary results from
such investigation may form basis for future studies to gain insight into the phylogeny of

morphologically indistinguishable species complex.

Organization of the Dissertation

The next four chapters are presented in scientific format, with each Chapter
subdivided into an introduction, material and methods, results, discussion, and
bibliography sections. In some cases the result and discussion sections are combined into
one section. Chapter VI is a concluding summary.

Chapter II presents complete sequences and several constrained secondary structure
elements of the rDNA ITS regions of the four North American sibling species of the
cingulata group. In addition, molecular markers to differentiate those sibling species are
identified and phylogenetic implications from those molecular markers are discussed.
Chapter III makes use of the rDNA ITS regions to establish phylogenetic relationship
among the ten representative Rhagoletis species noted above. The phylogenetic
implications from the ITS regions are compared with those from earlier studies based on
morphology and other molecular data. Chapter IV describes the construction of a R.

pomonella genomic DNA library and identifies several clones which represent different
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segments of the complete rDNA repeat unit. The research described in Chapter IV was

performed at the beginning of my Ph. D program before the PCR technology was widely
applied in molecular biology. Chapter V represents a partial characterization of the DNA
ETS region of two R. cingulata flies, one from native black cherry and the other from

introduced sour cherry.
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CHAPTER 11
rDNA INTERNAL TRANSCRIBED SPACERS 1 AND 2 OF THE RHAGOLETIS
CINGULATA SPECIES GROUP: SEQUENCE, CONSTRAINED SECONDARY
STRUCTURES, AND PHYLOGENETIC IMPLICATIONS

Introduction

The genus Rhagoletis (Diptera: Tephritidae) is composed of several economically
and biologically important species groups. Speciation in some of these species groups
have been accompanied by colonizing new host plants. The R. pomonella species group,
for example, has emerged as a model system for studying host race formation and
sympatric speciation (Bush 1993). The apple and hawthom races of R. pomonella are
morphologically indistinguishable, but biologically they show several genetically-based
character differences (see chapter 1). Host shifts to introduced plants have also occurred in
other, less well studied, North American Rhagoletis species, but their biological status
deems further investigation. Of particular interest are members of the Rhagoletis cingulata
species group which have undergone rapid host shifts but are also difficult to distinguish
using morphological characters alone. |

The R. cingulata species group consists of four native North American species: R.
cingulata, R. indifferens, R. osmanthi and R. chionanthi (Bush, 1966) and one sub-
tropical species, R. turpiniae, described recently from Mexico, infesting two species of
Turpinia (Staphyleaceae) (Hermandez-Ortiz 1993). The four North American sibling
species show little or no morphological difference, but have a wide range of host plants.
R. cingulata and R. indifferens are serious cherry pests in the eastern and western United
States, respectively. These two species originally infest different native wild cherries
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(Prunus spp.), and now both have established themselves on introduced cultivated cherries

such as sweet cherries and sour cherries. For each of the two species, populations on the
old native host and introduced cherries appear to be semi-allochronically isolated due to
different emergence times which are synchronous with the maturation of their different
respective host fruit. The two host-associated populations of R. indifferens, on native pin
cherries and introduced commercial cherries are also semi-geographically isolated from
each other because cultivated cherries are usually grown at considerably lower altitude than
the wild cherry in the western United States. Therefore, two host races, with different
emergence patterns and different host associations, exist for each of the cherry fly species.
The other two sibling species in the cingulata group, R. osmanthi and R. chionanthi, infest
native olives (Oleaceae) in southeastern United States where they are sympatric with R
cingulata (Bush 1966). R. chionanthi infests the fruits of the fringe-tree, Chionanthus
virginicus, which fruits in the summer; while the larvae of R. osmanthi are found in
devilwood, Osmanthus americanus, which fruits during midwinter (Bush 1966; 1969;
1975). Bush (1969) proposed, as in the case of the formation of the apple race of R.
pomonella, host races adapted to the two olive species could have established themselves
when the two host plants had broadly overlapping fruiting times . When the fruiting time
of Osmanthus shifted, probably in response to climatic changes, the pattern of fly
emergence time also shifted. As a consequence, isolation of the host race from the parental
population would have been increased, eventually leading to the formation of two distinct,
allochronically isolated species through sympatric host race formation specialized on
different host plants.

The cingulata species group is, therefore, similar in many ways to the pomonella
group. It consists of sibling species infesting various plants but with minimal overlapping
morphological differences. The morphological characters that distinguish two olive-
infesting species (R. osmanthi and R. chionanthi) and the cherry-infesting species (R.

cingulata) which are sympatric in the southeastern United States are thus not clear-cut. The
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allopatric R. cingulata and R. indifferens which utilize as hosts different native Prunus

species, have also established populations on introduced sweet and sour cherries that show
some evidence of isolation as host races. Speciation in the cingulata group, as in the
pomonella group, has probably been accompanied by a shift to a new host plant. Before
the kinds and numbers of genetic changes that promote, accompany and follow the
colonization of host plants by the members of cingulata species group can be established,
an accurate means of distinguishing closely related species or even host races is required.
In the absence of unequivocal distinguishing morphological traits alternative means of
identification must be devised. As a step towards resolving this problem, I have employed
nuclear rDNA internal transcribed spacers (ITS) as molecular markers to investigate species
and racial boundaries within the R. cingulata species group and explore the relationships of
this group with other Rhagoletis species.

Selecting the sequence to be analyzed is probably the most important decision to be
made in designing a DNA analysis in phylogenetic studies because the level of sequence
variation should be sufficient to display enough variation but not too much that there is
substantial homoplasy of nucleotide substitution. Nuclear rDNA is unique in the sense that
it has both highly variable and conserved regions, providing information across a broad
phylogenetic spectrum (Hillis and Davis 1986). In eukaryotes, rDNA is composed of
tandemly repeated transcriptional units separated from each other by intergenic spacers.
The entire unit is transcribed by RNA polymerase I as a single 45S precursor molecule,
which is then processed to yield mature 18S, 5.8S and 28S rRNAs (Hadjiolov 198S5;
Sollner-Webb and Tower 1986). The highly conserved coding regions (18S, 5.8S and
28S) and relatively fast-evolving spacers allow investigation of both distantly and closely
related taxa. In addition, the highly conserved coding regions flanking the spacers make
rDNA an excellent system for PCR amplification and analysis. For instance, the internal
transcribed spacers (ITS1 and ITS2) are located between the well-conserved coding regions

18S and 5.8S, and 5.8S and 288, respectively. Even though the sequence of Rhagoletis



fes

ph
Yo
1%

rel:

dis

adc

fon



34
rDNA is not known, PCR primers can be designed based on either highly conserved

sequences or known sequences of closely related taxa. Because of the above mentioned
features of rDNA, the rDNA spacers have recently become an attractive source of
phylogenetic characters for differentiating populations (Nazar et al. 1991; Bakker et al.
1992; Kooistra et al. 1992; O'Donnell 1992; Gardes and Bruns 1993; Fritz et al. 1994;
Volger and DeSalle 1994) and for phylogenetic analysis (Lee and Taylor 1991; Baldwin
1992; Pleyte et al. 1992; Wesson et al. 1992; Wingfield et al. 1994). Because of the
relatively rapid rate at which new mutants are fixed in rDNA spacers, these regions may
distinguish closely related species that otherwise show little genetic divergence (Brown et
al. 1972; Furlong and Maden 1983; Tautz et al. 1987; Porter and Collins 1991). In
addition, ITS1 and ITS2 RNAs in yeast Saccharomyces cerevisiae, have been shown to
function independently and are important for the processing of the pre-rRNA to the mature
forms (Musters et al. 1990; van der Sande et al. 1992).

A secondary-structure model for S. cerevisiae ITS2, based on chemical and
enzymatic probing, has been proposed (Yeh and Lee 1990). The ITS regions have a high
propensity of forming secondary structures in several other organisms as well
(Kupriianova et al. 1989). Some of these conserved potential secondary structures in ITS
are presumed to be functionally important. Therefore, within the ITS sequences several
regions may be relatively constrained and not free-evolving as in the case of Drosophila
(Schlotterer et al. 1994). Having those conserved secondary structures as partial alignment
guides will increase the accuracy of aligning homologous regions rather than only similar
regions which might be a consequence either of common ancestry or of chance (Olsen and
Woese 1993). Because it is very important to compare aligned homologous regions in
phylogenetic study, secondary structure analysis has become essential when we extract
phylogenetic information from rDNA sequences (Wesson et al. 1992; Schlotterer et al.
1994).
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My immediate goals in this study are to 1) obtain suitable primers and PCR reaction

conditions for amplifying, for the first time, the ITS regions of rDNA in the genus
Rhagoletis; 2) determine the sequences of ITS regions of the 4 North American sibling
species in the cingulata group and those of R. pomonella for comparison; 3) examine the
level of ITS sequence polymorphism among different individual flies of each species, as
well as among different host-associated populations of R. cingulata; 4) establish molecular
characters which can be used for distinguishing the sibling species in the cingulata group
and evaluate the usefulness of the ITS sequences in the phylogenetic analysis of those
closely related species and/or host-associated population in this group; and 5) identify
constrained potential secondary-structure elements in ITS of Rhagoletis using an analysis
based on the principle of positional covariance in addition to the computer-based minimum
free energy method. Some conserved secondary-structure elements will be compared with
those from Drosophila. 1 also infer a phylogenetic relationship and investigate the
systematic status of taxa in the cingulata group. The suitable PCR primers and reaction
conditions determined in this study will be employed in future phylogenetic analysis of an
expanded number of taxa in the genus Rhagoletis, especially those whose placement is
uncertain or in question as mentioned in Chapter I. The level of intra- and inter-specific
variation discovered here will help evaluate the usefulness of the ITS regions in future
phylogenetic analysis of other taxa in the genus Rhagoletis. Identification and further
characterization of nucleotide changes within specific secondary structural elements may
provide additional insight to the mode of evolutionary divergence of certain Rhagoletis

species and functional significance of the ITS during processing of precursor rRNA.

Materials and Methods
Biological Material
All species were collected during 1988-90 from various locations and host plants in

the United States of America (Table 1). Larvae emerged from field infested fruit and were
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Table 1. Collection Sites and Host Plants of Rhagoletis Species Used in This Study

Species Sample Sex Host Plant (Common Name) Location (USA)

R. cingulata RC1 M Prunus avium (sweet cherry) Traverse City, MI

R. cingulata RC2 F  Prunus avium (sweet cherry) Traverse City, MI

R. cingulata RC3 M  Prunus cerasus (sour cherry) Hart, MI

R. cingulata RC4 F  Prunus cerasus (sour cherry) Hart, MI

R. cingulata RC5-2 M  Prunus serotina (black cherry) Roselake, M1

R. cingulata RC5-11 F  Prunus serotina (black cherry) Roselake, M1

R. chionanthi RK1 M  Chionanthus virginicus (fringe-tree) Perry, GA

R. chionanthi RK2 F  Chionanthus virginicus (fringe-tree) Perry, GA

R. osmanthi RO1 M Osmanthus americanus (wild tea-olive)  Alligator Lake, FL
R. osmanthi RO2 F  Osmanthus americanus (wild tea-olive)  Alligator Lake, FL.
R. indifferens RIl M Prunus cerasus (sour cherry) Pullman, WA

R. indifferens RI2 M Prunus cerasus (sour cherry) Pullman, WA

R. indifferens RI3 F  Prunus cerasus (sour cherry) Pullman, WA

R. pomonella RP1 M  Crataegus spp. (hawthom) E. Lansing, MI

R. pomonella RP2 M  Crataegus spp. (hawthorn) E. Lansing, MI

R. pomonella RP3 ND Malus pumula (apple) Door Co., WI

R. cornivora RCol M  Comus amomum (dogwood berries) E. Lansing, MI

R. juniperina RJ1 M  Juniperus virginiana (E. red cedar) Dixon Springs, IL
R. fausta RF1 M  Prunus cerasus (sour cherry) Fish Creek, WI

Note.— ND = Not Determined
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allowed to pupate in fine, moist vermiculite. Pupae were sifted from the vermiculite and

stored at 4° C for at least 5 months. Pupae were then removed from the cold and held at
22° C under a 15 hr light and 9 hr dark cycle to terminate diapause. Within 2-7 days after
emergence most adult flies were frozen at -70° C for subsequent genomic DNA isolation.

Specimens from each collection were pinned for species identification.

DNA Isolation and Amplification

Total genomic DNA was isolated from individual flies as described by Procunier
and Smith (1993). The ITS1 region was amplified using primer
1406F 5’CCTTTGTACACACCGCCCGT (matching the 3' end of 18S) and primer
35R S'AGCTRGCTGCGTTCTTCATCGA (matching the 5' end of 5.8S). The ITS2
region alone was amplified using primer 108F SGAACATCGACHHKTYGAACGCA
(matching the 3' end of 5.8S) and primer 52R 5’GTTAGTTTCTTTTCCTCCSCT
(matching the 5' end of 28S). Amplification of the ITS1 and ITS2 regions as a combined
region on one DNA fragment was performed for R. indifferens, using the 1975F and 52R
primers. Amplification by the polymerase chain reaction (PCR) was carried out in 25 pl
(final volume) containing 10 mM Tris-HCl, pH 8.5, 50 mM KCl, 3 mM MgCl2, 375 uM
of each ANTP, 0.1-0.4 uM primer 1975F (or 108F) and 0.1-0.4 uM primer 35R (or 52R),
and 1.25-2.50 units of Ampli 7ag DNA polymerase (Perkin Elmer
Cetus) with 5-20 ng genomic DNA. Amplification parameters were 92° C for 3 min 10
sec; 30 cycles each at 92° C for 15 sec, 65° C for 15 sec and 72° C for 2 min; and 72° C for
6 min 10 sec. Amplified DNA was subjected to electrophoresis on a 1.0 % agarose gel and
visualized with ethidium bromide. Bands containing the DNA of interest were excised
from the gel and the DNA purified using the Prep-A-Gene DNA purification matrix (Bio-

Rad), according to the manufacturer’s instructions.



Cloning 3
Tt
direct inse
transform:
the manuf
DNA punt!
randomly |
species. D
Sanger et z
I54ATP
1 determi ‘
addiuonal
iferent s
wsed for thy

JAAT)(A

DNA Seq
The
Wisconsin
dignmep
i the co
steg.
ar of laxg
{ 1%9) and
Oftigre ve
mearis(m

Yt perc



38
Cloning and Sequencing

The TA Cloning kit (Invitrogen) was used in a one-step cloning strategy for the
direct insertion of the purified PCR products into a plasmid vector, followed by
transformation into competent cells. Plasmid vector and competent cells were supplied by
the manufacturer. Plasmid DNA was purified from individual clones using the Magic-Prep
DNA purification kit (Promega), following the manufacturer’s instructions. One clone was
randomly picked from each fly and, in general, several flies were sequenced for each
species. DNA sequencing was performed according to the chain-termination method of
Sanger et al. (1977), and using the Sequenase Version 2.0 DNA sequencing kit (USB) and
35S-dATP (Amersham). The same primers used in the amplification reactions were used
to determine the DNA sequence in both directions. Once a stretch of DNA was sequenced
additional primers were employed to complete the sequencing of the ITS regions from the
different species: Primers 35R-GB27 SACC(CT) AAACATTTTCAAGT(CT)GCG was
used for the ITS1 regions; and primer 108F-GB25
5'A(AT)(AG)AG)AATC(AT)(CT)AGTATTCCC was used for the ITS2 regions.

DNA Sequence, Structure and Phylogenetic Analysis

The PILEUP and FOLDRNA programs in the GCG package of the University of
Wisconsin Genetics Computer Group (UWGCG package, version '8.0) were used for
alignment and secondary-structure calculations, respectively. Alignments were done first
with the computer (gap weight = 3.00 and gap length weight = 0.20) and then manually
adjusted. Estimates of the percent nucleotide substitutions per nucleotide site between each
pair of taxa and their standard errors were determined by the methods of Juke and Cantor
(1969) and Tamura (1992) using Molecular Evolutionary Genetics Analysis (MEGA)
software version 1.01. All gap sites were removed from the subset data during pairwise
comparisons. Because several flies from each species Were sequenced, which resulted in

several percent substitution estimates for pairs of the same species, a weighted average of
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the data points was calculated taking into account the standard error values for each pair of

taxa by the following equation:

_ Z(x/c})
" =(1/6?)

where x; is the Jukes-Cantor estimate for each pairwise comparison and o; its standard
error estimate with L the average number of substitutions per nucleotide site. The standard
error of the weighted average value was determined by taking the square root of the
reciprocal of the denominator in the above equation. Subsequently, the average percent
nucleotide substitution (number of nucleotide substitutions per 100 nucleotide sites) was
obtained by multiplying p and its standard en-br value by 100. 'Phylogenetic analysis was
accomplished by the maximum parsimony method in which all uninformative characters
were ignored using the programs in PAUP version 3.1 by D. L. qufford (University of
Nllinois, Champaign, IL). Uninformative characters were ignored and gaps were
considered as missing data. Taxas RC2 with its ITS1 sequence and RI3 with its ITS2
sequence were excluded in the PAUP anaiysis because their corresponding ITS2 and ITS1
sequences, respectively, were not determined in this study (see Table 2) and equivalent
taxas are required when combining informative characters from both ITS sequences in a
PAUP analysis. The exhaustive search option was employed to find the most
parsimonious tree(s). The three R. pomonella flies were taken as outgroup and made a

monophyletic sister group to ingroup (i.e., rooted).

Results
DNA Amplification ,
The PCR amplification of the ITS1 and ITS2 or a combined region containing the

two spacers was successful. Most of the amplification products were visualized as a single
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sharp band on agarose gels as in Figure 1. Some of them do not even need further

purification and can be directly used for cloning.

Sequence Analysis

The complete ITS1 and ITS2 sequences of the 4 sibling species in the cingulata
group and of R. pomonella are presented in Figures 2 and 3, respectively. In addition to
the ITS sequences presented in Figures 2 and 3, I also sequenced approximately 50 to 200
bp of rDNA coding regions. The boundaries between the ITS and the coding regions were
defined by comparing the Rhagoletis sequences with published Drosophila melanogaster
sequences (Tautz et al. 1988). For ITS1, of the 182 nt sequenced within the 3’ of the 18S
(using 1406F), I found 2 insertion/deletions and one substitution; of the 54 nt sequenced
within the 5’ end of 5.8S (using 35R) no yariation was found. Similarly, for ITS2, of the
99 nt sequenced within the 3’ end of 5.8S (using 108F) only 2 substitutions were
observed; of the 80 nt sequenced within the 5’ end of 28S (using 52R) no variation was
observed.

The sequences of the different members in the cingulata species group are highly
conserved with very few nucleotide changes. However, there are considerable
insertion/deletion differences in both ITS1 and ITS2 between the R. cingulata species
group and R. pomonella. Furthermore, the region between nucleotide positions 206-300 in
ITS1 appears to be quite variable between the three individual flies of R. pomonella, two of
which are from hawthorns and the third from apples.

The average percent nucleotide substitutions (nucleotide substitutions per 100
nucleotide sites) for the ITS sequences were calculated based on alignments in Figures 2
and 3, and are presented in Table 3. The results from the pairwise comparisons were, in
most cases, identical between two different statistical approaches; Jukes and Cantor (1969)
and Tamura (1992). The Tamura (1992) approach compensates for biases in

transition/transversion rates and G+C content in addition to compensating for multiple hits
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Table 2. A-T Content and Length of the Analyzed Rhagoletis ITS Sequences

ITS1 ITS2

Species Sample AT Length AT Length

Content (nt) Content (nt)

(%) (%)

R. cingulata RCl1 79.8 660 82.7 555
R. cingulata RC2 79.8 657 ND ND
R. cingulata RC3 79.9 662 82.7 555
R. cingulata RC4 79.7 661 82.7 554
R. cingulata RC5-11&2 80.1 652 82.9 556
R. chionanthi  RK1 80.1 658 82.6 553
R. chionanthi  RK2 80.1 659 82.8 554
R. osmanthi RO1 80.0 657 824 553
R. osmanthi RO2 80.0 657 82.7 554
R. indifferens  RI1 79.7 659 82.7 555
R. indifferens RI2 79.7 660 82.8 557
R. indifferens  RI3 ND ND 82.8 557
R. pomonella  RP1 80.4 684 82.0 471
R. pomonella  RP2 79.2 653 81.7 471
R. pomonella  RP3 80.1 674 81.7 475
R. cornivora RCol 80.7 652 81.2 482
R. juniperina RJ1 81.0 683 82.7 557
R. fausta RF1 80.0 624 81.7 527

Note.— ND = Not Determined
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Figure 1. PCR amplification products from Rhagoletis ITS2 using primers 108F and 52R.

PCR products were analyzed on a 0.8% agarose gel by electrophoresis. The 123
bp DNA ladder (lanes M), Ps¢ (lane M') and HindIII (lane M") digests of A

DNA were used as molecular size markers. Lanes 1-9 correspond to pomonella,
completa, electromorpha, cornivora, striatella, fausta, basiola, indifferens and

cingulata. The genomic DNA used in this analysis were prepared from male flies
except for R. cingulata.

Figure
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