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ABSTRACT

AN ANALYSIS OF THE PRESENCE AND ROLE OF HUMORALLY
MEDIATED, MALE-DERIVED OVIPOSITION-INDUCTION
FACTORS IN INSECT MATING SYSTEMS

By

Anthony J. Lentz

Male accessory gland factors that induce oviposition after mating (sex
peptides) are not a universal feature of insects. Aqueous extracts of male
reproductive tissues injected into conspecific virgin females stimulated oviposition
comparable to mated controls in Aedes aegypti (83 to 91 eggs/? vs. 54 to 102
eggs/? for mated group) and A. albopictus (28 eggs/? vs. 37 eggs/? for mated
group), but not in Musca domestica, Anastrepha suspensa, or Lymantria dispar.
Extracts of the female seminal fluid storage organ (vaginal pouch) from mated M.
domestica and the spermathecae from mated L. dispar also did not induce
oviposition when injected into conspecific virgin females.

Heterospecific injection of A. aegypti accessory gland extract into A.
albopictus virgin females did not cause appreciable oviposition (12 eggs/?) but
injection of A. albopictus accessory gland extract elicited oviposition in virgin 4.
aegypti (77 to 111 eggs/?) comparable to mated controls. These findings suggest
one physiological mechanism by which A. albopictus may competitively displace A.
aegypti through asymmetrical mating interference where populations are sympatric
or parapatric.

I propose three levels of intraspecific mating communication by insects
within the context of sex peptide signalling: (1) Chemically-mediated mating-
receptivity inhibition and oviposition induction; (2) only mating receptivity

inhibition; (3) neither. Sex peptides appear to be present in both monogamous and



polyandrous species as well as in female mate choice and male-regulated mating
systems.

Diverse fractionation techniques were used in extensive attempts to isolate the
active factor(s) from A. aegypti paragonial glands: polyethylene glycol precipitation,
gel filtration chromatography, DEAE ion exchange chromatography, reverse phase
(C18) high performance liquid chromatography, QAE (strong anion exchange)
HPLC, DEAE HPLC, capillary electrophoresis, electrodialysis, discontinuous
nondenaturing polyacrylamide gel electrophoresis and gradient nondenaturing PAGE.
Oviposition-induction activity, as measured by injecting females with fractionated
extracts and enumerating egg output, was partially to fully recovered following PEG
precipitation, capillary electrophoresis, discontinuous and gradient nondenaturing
PAGE, but significant fractionation was not achieved. Activity was not recovered
following the other methods. Analysis by SDS*PAGE of fractions from several
experiments showed a 32.5 kDa protein common to all active fractions that was not

present in nonactive fractions.
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General Introduction

Intersexual conflict. If genetic success is defined as transmitting genes from
one generation to another (Thornhill & Alcock 1983), a sexually reproducing insect
first has to be successful in mating. A female is genetically successful if, as a result
of mating, her ova are fertilized preferably with sperm from a higher rather than
lower quality male. A male attempting to transfer sperm is genetically successful if
the female recipient uses his sperm. The evolution of mating systems that facilitate
successful gene transfer can be examined in terms of sexual selection theory, which
suggests that natural selection will favor females that evolve mechanisms
maximizing mate choice (Parker 1984). In contrast, selection will favor males that
employ mechanisms minimizing sperm competition (Parker 1984). In other words,
males capable of inducing or forcing females to utilize their sperm when other sperm
are available will be genetically successful. Therefore, the paths leading to female
and male genetic success may involve conflicting reproductive strategies and the
conditions that have produced these sex-specific differences likely reflect the
difference in the size of parental investment by females and males.

Female insects produce relatively few ova in a lifetime, typically measured in
hundreds of eggs (Ridley 1988), and provide them with nearly all of their nutrients
through vitellogenesis (in sensu Thornhill & Alcock 1983). Because oogenesis and,
especially, egg provisioning generally require significantly greater expenditure than
spermatogenesis, females produce fewer gametes than males for propagating the next

generation. Consequently, each egg has a higher intrinsic value than each sperm and



2
the cost of wasting an egg through combination with inferior sperm also is higher.
Under these circumstances, selection favors females that mate with a male providing
"superior" sperm and mating systems that increase the probability that females will
mate with such males (Thornhill & Alcock 1983).

In contrast, male investment per gamete is small. Males produce thousands
of sperm in a lifetime and, unless spermatophores are formed, provide few nutrients
to the female that might even indirectly benefit the eggs. They rely on the female to
provision the eggs. Because their investment in each sperm is minuscule, males
have little to lose by mating several times and are, therefore, less selective about
their mates (Thornhill & Alcock 1983). Consequently, males typically have evolved
mating strategies that maximize the number of potential mates, increasing the
probability of transferring their genes to the next generation. As an example, males
may acquire several mates in areas where females or resources attractive to females
are clumped together (Table 8.1, Thornhill & Alcock 1983). Even where females or
resources are widely dispersed, males have evolved dominance-based mating systems
such as leks or scramble competition polygyny that reward superior males with more
than one mate.

Insect mating systems are classified by Thornhill and Alcock (1983)
according to the number of copulatory partners per individual female and male.
Polygynous mating systems refer to males that copulate with more than one female;
polyandrous mating systems refer to females that copulate with more than one male;
and monogamous systems are characterized by females or males that mate with only
one partner. According to Thornhill and Alcock, most insect mating systems are
characterized by monogamous females and polygynous males although dual
monogamy and polyandry/polygyny also occur. The prevalence of each type of

mating system as well as the mate acquisition and selection strategies that have



3
evolved within each mating system reflect gender-based differences in gametic

investment and population-based differences in mating opportunities.

Female control. For females, many species of insects possess an internal
sperm storage organ called the spermatheca in which sperm can be maintained for as
long as a year or more (Gordon & Gordon 1971) and released by the female during
oviposition (Davey 1985). Sperm are often stored such that the last sperm in are the
first ones out and the first ones to be used to inseminate eggs descending through
the oviduct (e.g., Leopold & Degrugillier 1973; Adler & Adler 1991). In fact,
Walker (1980) presents a hypothesis arguing that sperm precedence has evolved not
because of male intrasexual competition but because of female sperm-utilization
strategies. Females that store sperm generally have more control over the paternity
of their progeny (Thornhill & Alcock 1983). For polyandrous females, it is
advantageous to mate with successively "better" males because the last mate before
oviposition will supply most of the sperm for fertilization. Exceptions to this
include queen honey bees that mate four times each nuptial flight but sperm from
each are mixed evenly in the spermathecae and, presumably, disseminated equally
during fertilization (Page & Metcalf 1982). If a female is monogamous it is

generally to her advantage to choose the best mate available.

Male control. Male insects of many species have evolved their own means
of controlling paternity, the most visible being some form of mateguarding, which I
classify into three types: physical, behavioral and chemical. Each type incurs a set
of costs and benefits (Table 1) and, in general, males are expected to guard females
as long as the energetic and gametic costs of guarding are lower than the cost of
pursuing other mating opportunities (Miller et al. 1994). Examples of physical (or

barrier) mateguarding are spermatophores that seal the genital opening in female
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Table 1. Costs and benefits of various forms of male mateguarding

Type of
mateguarding Definition Characteristics
Physical Physical barrier left in @ Moderately effective
to block deposition by Relatively easy for females to overcome
other ds Moderate to high energetic expense
Moderate to high loss of opportunity
Behavioral Males remain with @ after Highly effective
mating and deter other s Hard for females to overcome
from copulating High energetic expense
High loss of opportunity
Chemical Factor delivered in semen  Highly effective
causes @ to refuse May be overcome by selection
additional matings Very low energetic expense

Very low loss of opportunity

Lepidoptera, Orthoptera, some Hymenoptera and other orders (Thornhill & Alcock
1983). An unusual type of barrier mateguarding is found in honey bees in which the
male detaches from his genitalia following copulation (Taber 1954). Even more
dramatic are ceratopogonid males that are consumed by the female during mating,
leaving their genitalia in place to block entry by other males (Downes 1978).
Although spermatophores and genitalia plugs may be removed by either males or
females in some cases (see Waage 1979 for description of active removal of sperm
by male rivals in damselflies; Gage 1992 for description of sperm removal in
Tenebrio molitor), they function to prevent entry of another individual’s sperm.

In behavioral mateguarding, males actively defend females until they are no
longer sexually receptive or have oviposited. The literature is replete with examples
throughout most of the insect orders and may take the form of either precopulatory
or postcopulatory mateguarding (Thornhill & Alcock 1983; Kipp et al. 1990; Alcock
1991; McMillan 1991; Sakaluk 1991). A common example of such mateguarding is
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dragonflies that fly in tandem prior to or following mating. The third type, chemical
mateguarding, provides the backdrop for my research on the role of humoral-based

factors in insect mating systems.

Background on sex peptides. In beginning this thesis, I tentatively defined a
mateguarding chemical as a factor produced by a male that when transferred to a
female during copulation either inhibits further mating, induces oviposition or both.
Whether such chemicals function to control paternity or simply act as a signal to the
female that mating has occurred is unknown. Following Thomhill and Alcock’s
(1983) terminology, receptivity inhibition and oviposition induction factors, also
collectively referred to as sex peptides (see below), would be classified as
postcopulatory mateguarding mechanisms. Substances with sex peptide-like activity
have been shown to occur in several orders of insects including Hemiptera,
Orthoptera, Lepidoptera, Coleoptera, and other Diptera (reviewed by Gillott 1988).
Most studies have demonstrated that this factor (or factors, if receptivity inhibition
and oviposition are controlled by separate mediators) is generally secreted by the
paragonial glands of the male.

In Diptera, evidence for such a substance has come primarily from
transplanting male paragonial glands (also known as sex accessory glands) or
ejaculatory ducts into virgin females and observing the effect on female mating
receptivity. Previous transplant studies have included the mosquitoes Aedes aegypti,
A. albopictus, Culex pipiens, several Anopheles species (Leahy & Craig 1965; Leahy
1967, Craig 1967), Drosophila melanogaster (Leahy 1967), Musca domestica
(Riemann et al. 1967; Riemann & Thorson 1969) and the stable fly, Stomoxys
calcitrans (Morrison et al. 1982). Other investigations have concentrated on
extracting the active substance from male accessory glands for injection into females

to examine receptivity inhibition in A. aegypti (Leahy 1967), C. tarsalis (Young &
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Downe 1987), D. melanogaster (Leahy 1967), and M. domestica (Adams & Nelson
1968; Nelson et al. 1969). In our laboratory, Spencer et al. (1992) have conducted
extensive investigations of oviposition and mating receptivity in the onion fly, Delia
antiqua. Extracts of male paragonial glands injected into virgin females induce
permanent monogamy and stimulate oviposition comparable to normally mated
females. Recent experiments have demonstrated a similar factor in a closely related
species, D. platura, the seedcorn fly (Spencer et al. 1994).

Comparatively little research has been done on neural control over female
receptivity and oviposition in response to a male-produced factor. Allatectomy of
M. domestica females less than 48 hours old inhibited mating (Adams & Hintz
1969). M. domestica females continued to be sexually receptive if ligated or
decapitated as virgins but remained permanently unreceptive if ligated following
mating, suggesting endocrine rather than neural control of mating inhibition
(Leopold et al. 1971a). Using ventral nerve cord transection and ganglionectomy,
Gwadz (1972) demonstrated that A. aegypti male paragonial factor induced mating
inhibition by acting on the terminal abdominal ganglion. Decapitation of gravid
crane flies induced immediate oviposition, suggesting that a neural inhibition center
was removed (Chiang & Kim 1962).

In a sense, research on the isolation and characterization of male accessory
gland factors began with chromatographic studies by Fox (1956), in which he
demonstrated sex differences in protein content of D. melanogaster. Using whole
fly squashes on two-dimensional paper chromatography Fox isolated a ninhydrin-
positive, male-specific amino acid-containing substance, labelling it "sex peptide"
(Fox 1956; Fox et al. 1959). Biological activity was not investigated and it remains
unknown whether the protein comprising the spot was an oviposition-inducing or
receptivity-inhibiting factor. Early fractionation studies of 4. aegypti accessory

gland extract (Fuchs et al. 1969; Fuchs & Hiss 1970; Hiss & Fuchs 1972) suggested
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two factors were needed to inhibit receptivity although their character and identities
were not at all clear (discussed in Chapter 4). Gel filtration chromatography of
Culex tarsalis male accessory gland extract yielded a protein fraction of
approximately 2 kDa that inhibited receptivity when injected into virgin females
(Young & Downe 1987). Further characterization of C. farsalis sex peptide has not
appeared in the literature.

Chen et al. (1988) have established the benchmark for more recent isolation
and purification studies of sex peptides. They, Chen and Balmer (1989), and
Schmidt et al. (1993) have identified the primary structure of sex peptides in D.
melanogaster, D. sechellia and D. suzukii. Peptides from the first two species
consist of 36 amino acids and differ at only three positions. Sex peptide from D.
suzukii is 41 amino acids long and has the same N-terminal and C-terminal
sequences as the peptides from the other two species. All are unusually high in
hydroxyproline. Purification of D. melanogaster sex peptide was carried out by
preparing methanolic extracts of paragonial glands, fractionating by HPLC reverse-
phase chromatography and testing for biological activity. A physiological dose of
the active fraction (equal to ‘4 paragonial gland) injected into virgin females
suppressed sexual receptivity and stimulated ovulation and oviposition for several
days. The HPLC fraction was purified on a Vydac C, column and the resulting
isolate was sequenced. Similar procedures were used for identifying sex peptides
from the other two species (Chen & Balmer 1989; Schmidt 1993). Using the D.
melanogaster sequence information, oligonucleotide probes were synthesized, two
cDNA libraries were constructed and screened, and analysis of overlapping regions
from the isolated clones provided the entire cDNA sequence of the polypeptide
mRNA. Chen et al. (1988) concluded that the peptide is synthesized in a form

aiding its transport across the membrane of the endoplasmic reticulum, then the
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signal sequence is cleaved. They postulate that target sites for the peptide may be
receptors in brain neurons and, possibly, ovarian cells.

Only a few studies have examined whether oviposition-inducing and
receptivity-inhibiting factors are species specific or heterospecific. In studies of
ovipositional behavior, Leahy and Craig (1965) showed that 4. albopictus accessory
gland transplants stimulated 4. aegypti females to oviposit but the effect was not
reciprocal. Studies of accessory gland transplants involving 4. aegypti, D.
melanogaster, and C. pipiens (Leahy 1967) also showed some heterospecific
oviposition activity. Hiss and Fuchs (1972) demonstrated that injection of D.
melanogaster accessory gland extract stimulated oviposition in A. aegypti. Cross-
reactive mating inhibition studies by Nelson et al. (1969), demonstrated that
accessory gland extracts from the screw-worm fly, Cochliomyia hominivorax, the
black blow fly, Phormia regina, and A. aegypti prevented mating in M. domestica to
varying degrees. In contrast, S. calcitrans females receiving injections of accessory
gland extracts from Sarcophaga bullata (flesh fly), M. domestica, and P. regina
were not prevented from mating (Morrison et al. 1982). Sex peptides from both D.
melanogaster and D. sechellia were equally efficient in repressing sexual receptivity
in each other as well as in D. simulans and D. mauritiana, but not in a more distant
species, D. funebris (Chen & Balmer 1989). Similarly, D. melanogaster and D.
suzukii sex peptides were reciprocally active with respect to mating inhibition and
oviposition induction (Schmidt et al. 1993). It appears, therefore, that some species
possess a heterospecific oviposition factor while others do not.

Based on my review of the literature, most of the previous research was
concerned with the role of the male accessory gland material in inhibiting female
sexual receptivity rather than its role in stimulating oviposition. Further, much of

the work on receptivity inhibiting substances was done in only two species:



9
A. aegypti and D. melanogaster. Virtually nothing has been published on an

oviposition factor in 4. albopictus since 1965.

Objectives and hypotheses. 1 undertook a new set of investigations to begin
addressing the many unanswered questions about the nature and extent of
oviposition factors in Diptera. Important differences between most of the earlier
work and my studies are that my experiments utilized gland extracts rather than
gland transplants. Under the best circumstances, this approach should increase the
relative concentration of the active factor as well as reduce trauma to the female
resulting from surgery. Second, I focused on the role of this substance in
stimulating oviposition rather than in inhibiting receptivity. Third, the investigation
included the Caribbean fruit fly, Anastrepha suspensa, an economically important
species previously unstudied. Fourth, I examined the cross-specificity of extracts
shown to enhance oviposition activity. Finally, isolation and purification procedures
were conducted using modern protein separation methods and equipment.

I decided on this topic because of my interest in both evolutionary and
mechanistic questions about insect reproductive biology, especially insect mating
systems. Second, there is a phenomenon known as asymmetric mating interference
in which one species competitively displaces another because the males of one
species are able to reduce the reproductive output of another species (Ribeiro &
Spielman 1986; Ribeiro 1988). I wanted to investigate the possible involvement of
sex peptide. Third, since virgin females activated by sex peptide readily lay
unfertilized eggs, this suggests several novel forms of insect control whereby
synthetic sex peptide could be delivered (e.g., in microencapsulated food or an
engineered virus) to females before they become sexually active.

The majority of my research was conducted on A. aegypti using an

oviposition bioassay. Although I chose to work with this mosquito because of its
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medical importance, ease of rearing and availability, the best rationale for studying
any aspect of mosquito oviposition has been concisely stated by Bentley and Day
(1989):

"Since pathogen acquisition by vector mosquitoes usually requires the
taking of at least one blood meal, disease transmission usually requires
the completion of at least one oviposition cycle before pathogen
transfer can occur with a subsequent blood meal. Oviposition is thus
an important component of most mosquito-borne diseases."

Experiments were designed to incorporate the logical components of a
falsificationist test, so thoroughly described by Underwood (1990). I adhere to the
terminology defined in that paper and summarize it here. Observations are the
recognition of a pattern or departure from a pattern in space or time (aka puzzles,
problems). Models are attempts to provide a valid explanation for the observations
(aka theories or explanations). Hypotheses are predictions deduced from the model
and are based on the model being correct. Hypotheses state an expected outcome
for a defined (and as yet untested) set of circumstances consistent with the model
(aka predictions, deductions). Null hypotheses are the logical opposites of
hypotheses and are constructed "to include all possibilities except the proposition in
the hypothesis. Disproof of the null hypothesis leaves the hypothesis as the only
alternative, but obviates the need to attempt to prove the hypothesis." FExperiments
test the validity of a model by attempting to falsify its predictions. The results from
experiments are used either to reject or retain the null hypothesis and, if appropriate,
to modify the model.

In so doing, my working hypotheses for conducting this research were:

(1) Sex peptides are ubiquitous across Diptera. My specific hypothesis for
examining each species was that males secrete a substance in their accessory glands
(or homologous structures) that, when transferred to females during copulation,

induces oviposition and/or inhibits female receptivity to subsequent mating attempts.
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(2) Oviposition factors function as prezygotic, postmating reproductive isolation
mechanisms between closely related species. I postulated that extracts from A.
albopictus are bispecific for A. aegypti but not vice-versa.
(3) Oviposition and receptivity factor(s) from A. aegypti can be fractionated,
isolated, and identified using techniques similar to those successfully employed for
Drosophila.

The terms accessory gland, sex accessory gland and paragonial gland are
used synonymously throughout this dissertation but across all insects they do not
always refer to the same structure (Gillott 1988). Similarly, sex peptide refers to a
male-derived, humorally-mediated factor(s) that inhibits mating receptivity, induces

oviposition or both.



Chapter 1

Effect of male accessory gland extracts on induction of oviposition

in the gypsy moth, Lymantria dispar

Abstract

In gypsy moths, Lymantria dispar L. (Lepidoptera: Lymantriidae), injection
of saline extracts of male reproductive glands did not cause appreciable early
oviposition in virgin females. Freshly mated females ligated between the thorax and
abdomen to prevent transmission of humoral factors oviposited at the same time (37
to 53 minutes) as mated, nonligated, control females (59 minutes). Transplantation
of spermathecae from mated and senescent, actively ovipositing females into virgin
moths did not elicit early oviposition. Females stimulated by insertion of a probe or
injection of saline into the bursa copulatrix failed to oviposit. These data
corroborate previous findings suggesting that initiation of oviposition in gypsy moths

is mediated neurally.

Introduction

Mechanisms for induction of oviposition differ among the Lepidoptera. In
most cases, the presence of eupyrene sperm and/or testicular fluids in the female
reproductive tract is needed to initiate oviposition. For Hyalophora cecropia, the
bursa copulatrix appears to secrete a bursa factor after being filled with sperm;
oviposition is initiated by an undefined humoral mechanism (Riddiford &
Ashenhurst 1973; Sasaki et al. 1983). A bursa factor also has been postulated for
Manduca sexta (Sasaki & Riddiford 1984). However, in a follow-up study, Stringer

12
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et al. (1985) found that bursa transplants from mated females, which were expected
to be humorally active, did not induce oviposition in virgins. They suggested other
factors, such as juvenile hormone, also may be needed and that the expanded bursa
might transmit neural signals to the corpora allata to maintain the titer of JH. In the
leek moth, Acrolepiopsis assectella, spermatozoa must migrate to the spermatheca to
stimulate oviposition (Thibout 1979). Supposedly, expansion of the spermatheca
generates a neural ovipositional signal, however, the data also are consistent with
ovipositional stimulation by a combined neural and humoral signal. Eupyrene sperm
and/or testicular fluids must be present (tissue not specified) for oviposition by
spruce budworm moths, Zeiraphera diniana, and cabbage loopers, Trichoplusia ni
(Benz 1969, Karpenko & North 1973).

There is ample evidence for both neural and humoral control of reproductive
events in Lepidoptera as exemplified by studies of pheromone biosynthesis
regulation in Heliothis moths (Teal et al. 1990; Christensen et al. 1991). They
suggested that pheromone biosynthesis-activating neuropeptide is released by
efferent nerves acting on the terminal abdominal ganglion, which then signals the
pheromone gland to synthesize pheromone. They also discovered a bursa factor that
suppresses pheromone production through an undefined mechanism.

Males of several insects transfer factors to females during copulation that
induce oviposition and inhibit receptivity to additional mating. Such substances
have been reported in Diptera, Orthoptera, Lepidoptera and Coleoptera (Leahy &
Craig 1965; Leahy 1967, Nelson et al. 1969; Yamaoka & Hirao 1977; Morrison et
al. 1982; reviewed by Gillott 1988). These factors are thought to be secreted by the
accessory reproductive glands of the male. In Diptera, they are referred to as sex
peptides based on the pioneering work by Fox (1956; 1959). Chen et al. (1988;
Chen & Balmer 1989) have conducted the most extensive research on dipteran sex

peptides and have been able to identify, characterize, and synthesize the sex peptides
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in three species of Drosophila. They probably are transmitted through the bursa to
the hemolymph and act on the brain to trigger oviposition (Chen 1991; Aigaki et al.
1991).

The physiological basis for induction of oviposition in gypsy moth,
Lymantria dispar, is not fully understood. Adults are sexually mature upon eclosion
and generally mate on the day of emergence (Leonard 1981). Females begin to lay
an egg mass within 4-6 h after mating and complete the process within 3 days. If
females have not mated within 5 days, they switch from virgin to mated behavior
and spew some of their mature eggs before dying (Giebultowicz et al. 1990a).
Although Giebultowicz et al. (1990b) suggest that sperm must be present in the
spermathecae to initiate oviposition in gypsy moths, no studies specifically have
examined whether humoral factors are involved.

Given prior research in Dr. J. Miller’s laboratory on oviposition-stimulating
substances (Spencer et al. 1992), the recent success in sex peptide characterization
achieved by Chen et al. (1988; Chen & Balmer 1989), and the lack of comparable
studies on gypsy moth, I addressed the possibility that induction of oviposition in
Lymantria dispar might be influenced by a humoral factor from the male accessory
glands. Discovery of substances promoting premature oviposition of unfertilized
eggs might provide clues towards control of this economically important pest

(Leonard 1981).

Methods and Materials
Rearing. Gypsy moth (Lymantria dispar) egg masses, obtained from the
USDA-APHIS facility at the Otis ANGB in Massachusetts, were surface-sterilized
by soaking in 10% formalin for 1 h followed by a cold water rinse for 1 h. Insects
were maintained at 24 + 2°C, 55 + 5% RH, and a L:D 16:8 h cycle. Groups of 10

newly emerged larvae were placed into 60 ml clear plastic cups and reared on a high
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wheat germ diet (Bell et al. 1981). During the second instar, individual larvae were
transferred into cups with sufficient food for growth to pupation. Pupae were sexed
according to size (females are approximately 50% larger than male pupae). Female
pupae were placed into a group cage and males were placed individually into 150 ml
plastic cups until adult eclosion. Since gypsy moths are sexually mature upon
eclosion and because virgin females begin senescent oviposition at about 5 days old,
experiments were conducted on males and females O to 2 days old, unless noted

otherwise.

Ligation. Newly eclosed female moths (less than 18 h old) were ligated 1,
15, 30, 60 and 180 min after the onset of mating to disrupt humoral communication
between the abdomen and head. A 5-0 nylon suture was looped around the thoracic-
abdominal junction of female moths, then tightened sufficiently to stop hemolymph
flow but not enough to sever the ventral nerve cord. In positive (normally mated)
and negative (virgin) control moths, ligatures were applied but not tightened.
Anesthesia was not used. The ligature was not tightened prior to copulation (at 0
min) because a preliminary experiment suggested that it reduced either a female’s
willingness to copulate or her attractiveness to the male. I judged it unlikely that
any humoral factors would be released into the hemolymph from the bursa and be
transported out of the abdomen during the first minute of copulation. All moths
were injected in the abdomen with 0.5-1 ml India ink (undiluted) at the end of the
experiment to identify moths with incomplete ligations, and some were injected
immediately after ligation to measure failure rate of ligation. Preliminary tests
showed that India ink readily circulated through all three body cavities of nonligated

females.
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Extract preparation and injection. Male whole reproductive tract, accessory
gland/ejaculatory duct complex, vas deferens/seminal vesicle complex, and testis
were dissected from freshly frozen moths and placed into a microcentrifuge vial
containing Ringer’s saline kept on ice. Extracts were prepared by homogenizing the
tissues with a sonicating probe for 20 to 30 seconds with an ultrasonic probe, setting
the tuner~3 and the power~35 (Blackstone Ultrasonics Inc., Sheffield, PA), then
centrifuging at 6000 g for 10 minutes. The concentration of the supernatant was
adjusted so that 7.0 pl of extract corresponded to 1 male equivalent of tissue.
Extracts were used immediately or removed and stored for up to 5 days at -20°C
before use. Female moths were anesthetized with CO, for 2 min, then injected with
a 30 gauge needle into the ventrolateral side of the pleuron between abdominal

segments A2 and A3.

Surgical procedures. Female moths were anesthetized with diethyl ether for
30 to 60 sec prior to surgery. To examine whether isolated abdomens would
oviposit, female moths were allowed to mate, then their abdomens were resected at
1, 3, 5, and 7 h after the onset of mating. For tagmatal isolation studies, either the
thoracic-abdominal junction or the head-thorax junction was tied off with a suture
and resected anteriorly. Since the spermatheca is the target organ of sperm
following dissociation of the sperm in the bursa copulatrix and oviposition is
markedly reduced in females without a spermatheca but not in females without a
bursa copulatrix (Giebultowicz et al. 1990b), I transplanted spermathecae to
determine whether they were active humorally. One-day-old virgin females received
a spermathecal transplant from one of three donor types: 1-day-old mated,
ovipositing females; senescent, ovipositing virgins; 1-day-old nonovipositing virgins.
For the transplantation study, spermathecae were removed from donor moths through

an incision on the ventral side above the bursa opening. These were transplanted
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immediately into virgins through a scalpel puncture anterior and lateral to the bursa.
The sham control surgery consisted of a scalpel puncture followed by forceps

insertion. All wounds were sealed with melted beeswax.

Quantification of oviposition. Since oviposition in normally mated females
generally begins between 3-5 h postmating, all treatments were administered
between 0 and 7 h after initiation of copulation to maximize the probability of
causing a behavioral response. In the ligation and isolation experiments,
ovipositional activity was monitored continuously on the first day and daily
thereafter. In other experiments, females were examined daily to record the onset of

oviposition. Egg masses were weighed to an accuracy of 0.1 mg.

Results

Effect of ligation on oviposition. To determine whether the presence of a
ligature would affect mating and oviposition adversely, the time ligated females
remained in copulo was compared to that of normally mated females. There were
no significant differences in copulating time among ligated females compared to
nonligated females, regardless of when females were ligated (Table 2). Although
females ligated at 30 min tended to disengage during the ligation procedure or soon
after, there was no apparent effect on other parameters measured. Overall, ligation
had little effect on duration of copulation.

The effect of ligation on oviposition activity in moths was investigated by
measuring elapsed time from initiation of mating to initiation of oviposition and the
weight of the egg mass at three days posttreatment. Mated moths in both the ligated
and nonligated groups (Table 2) had similar elapsed times to oviposition and similar
egg mass weights. Virgin moths placed in oviposition cages at the same time as

mated moths took significantly longer to begin ovipositing; only half of the females
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Table 2. Gypsy moth mating, oviposition and egg weight at 3 days following
ligation. Newly eclosed females were ligated at the times indicated after the onset
of mating. In positive and negative control moths, ligatures were applied but not

tightened.
Mean copulation Elapsed time to Egg mass
Treatment N time (min)' oviposition (h) weight (mg)
Time ligated®
1 min 7 51+ 14° 14 + 26° 522 £+ 275°
15 min 5 53 £21° 10 + 10° 579 + 88°
30 min 5 37 +£13° 4+2° 568 + 235°
60 min 4 46 £ 17° 5+3° 663 = 100°
180 min 3 53+17° 5+2° 548 + 40°
Control
Mated, not ligated 9 59 +21° 6+ 3° 712 £ 107°
Virgin, not ligated 5 —— 72+1° 15+13°
Virgin, ligated 7 — 57 + 26° 101 + 200°

' Results are presented as the mean + standard deviation. Within each column, treatment

means with the same letter are not significantly different (p < 0.05) using Student-

Newman-Keuls test (Ott, 1988) for multiple comparison of means following analysis by a
general linear model.
After initiation of copulation

2
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had laid any eggs at the end of three days, which is characteristic of senescent
virgins. Mean egg weights were significantly lower as expected (Table 2).

Several moths with incomplete ligations were not included in the above
analyses. However, in effect, they served as parallel controls revealing the effect of
applying the ligature at each time period without blocking hemolymph flow. Mean
latency to oviposition and mean egg weights were not different among mated moths

with complete versus incomplete ligations at all time periods (Table 3).

Injection of male reproductive gland extracts. Normally mated (positive
control) females oviposited sooner and with more complete formation of the egg
mass than any of the treated groups (Figure 1). Virgins injected with one male
tissue equivalent oviposited at approximately the same rate as virgins injected with
the same volume of saline only. Untreated virgins (negative control) began egg
deposition by day 4 as expected. The ovipositional response of moths receiving
injections fell between the positive and the negative controls but was not appreciably

different from the saline controls and was therefore judged inactive.

Transplantation of spermathecae from ovipositing females into
nonovipositing females. Transplanted virgins in all groups oviposited at
approximately the same rate as sham operated control virgins, which oviposited later
than normally mated females (Figure 2). Both mated and transplanted females
initiated oviposition sooner than untreated virgins, but this effect was due to the

surgery as evidenced by egg output from sham females.

Effect of abdomen isolation and decapitation on oviposition. None of the
isolated abdomens (n=3 for each time period) laid eggs during the three days

following resection although they appeared to be alive. In the 5 and 7-h groups,
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Table 3. Oviposition and egg weight of gypsy moths with complete and incomplete
ligations'. Moths with incomplete ligations are shown next to those with complete
ligations to illustrate the effect of ligation without blocking hemolymph exchange.

Hours to oviposit Egg weight (mg)
Treatment Complete Incomplete Complete Incomplete
ligation ligation ligation ligation
Time ligated®
1 min 14 7 523° 712°
15 min 10 6 579 667
30 min 4 7 568° 698°
60 min 5 2} 663° 698°
180 min 5 7 548° 595°
Virgin, ligated 57 49° 101° 24°

' Treatment means with the same letter are not significantly different at p < 0.05 by SNK.
2 After initiation of copulation
* n=1 for these ligations



21

Cumulative % females ovipositing

Dayt Day2
00

10
o o0 o o 0
EMW@W
& & & ¢ & ‘«\,b

I/ o A ,@‘*

Figure

extract.

1. Gypsy moth oviposition following injection with male reproductive tissue




22

Cumulative % females ovipositing

o Dayt Day2

;{a xf., @f@x, J’

FEEE S & o!‘,f»‘fs‘ & &
CXr Al T TS
J’ o

Figure 2. Oviposition by gypsy moths receiving spermathecae transplants.
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2 of 3 moths had begun oviposition prior to resection of the abdomen but did not
continue laying eggs after isolation. To further evaluate this phenomenon, moths
were decapitated 1 h (n=2) and 3 h (n=3) after initiation of copulation so that the
thorax and abdomen were intact. Although 1 moth in the 3 h group began laying

eggs prior to treatment, none of the moths oviposited following decapitation.

Effect of bursa stimulation. Females were stimulated artificially by
introducing a probe and injecting saline into the bursa. Glass rods (0.2 mm diam,
10 mm long) were inserted into the bursa and either gently manipulated for 2 min
and removed or left in place for the duration of the experiment. Oviposition by
moths at 5 days posttreatment was no greater than that by virgins handled the same
way but without rod insertion. In another experiment, injection of 60-70 ul of
Ringer’s saline into the bursa through fine-tipped, polyethylene tubing also did not
induce oviposition greater than that observed in negative controls. Oviposition was

graded qualitatively for both experiments.

Discussion

If oviposition in gypsy moths were induced by a male-derived humoral factor
acting on the brain, then early ligation should prevent transmission of the factor,
causing a delay in egg laying. Similarly, late ligation should have no effect and
treated females should behave as if they were normally mated. In these studies,
ligated females oviposited at the same time as nonligated females and both groups
produced comparable egg masses regardless of when a thoracic-abdominal ligature
was applied (Table 2).

Injections of gypsy moth male reproductive gland extracts, including the
highly secretory upper vas deferens (Riemann & Giebultowicz 1991), did not

stimulate oviposition in virgin females. Studies of male paragonial gland extracts
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have shown these methods to be successful for demonstrating humorally active,
male-produced oviposition factors in Diptera (Leahy & Craig 1965; Riemann &
Thorson 1969; Morrison et al. 1982; Chen et al. 1988). Moreover, in Bombyx mori
injection of a saline or water extract of whole reproductive tract stimulated
oviposition in virgin females (Yamaoka & Hirao 1977) whereas extract of abdomen
(minus reproductive tract, alimentary canal and malpighian tubules) produced only a
minor effect. In addition, whole reproductive extract added to in vitro preparations
containing the terminal abdominal ganglion increased the spontaneous firing of
associated motoneurons. Yamaoka and Hirao (1977) provided evidence in
Lepidoptera for a humorally transported, oviposition-stimulating component in male
reproductive tract that also appears to exert a neural effect.

My experiments involving transplantation of spermathecae from actively
ovipositing females into fecund virgins elicited the same ovipositional response as
transplants from nonovipositing virgins. Giebultowicz et al. (1990b) likewise
reported no effect different from sham operations when transplanting spermathecae
from females 1.5-3 h after mating into virgins.

The current tagmatal isolation studies suggest that oviposition is not solely
controlled by the abdominal or thoracic ganglia. The head appears to be important
in initiating oviposition since mated, decapitated moths did not oviposit but intact,
ligated moths did. Perhaps the command to begin egg laying originates in the brain.

Several investigators have postulated that in Lepidoptera the events resulting
in decreased pheromone production also may initiate oviposition (Thibout 1979;
Sasaki et al. 1983; Sasaki & Riddiford 1984, Stringer et al. 1985; Giebultowicz et al.
1990a). Giebultowicz et al. (1991) showed that a 2 min stimulation of the bursa
either by male genitalia or by a thin glass rod caused a temporary decline in gypsy
moth pheromone production; the spermathecae needed to be present for up to 5 h

after mating to result in permanent suppression of pheromone production and calling
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behavior. In my studies, mechanical stimulation of the bursa failed to elicit
premature oviposition by virgins.

Giebultowicz et al. (1990b; 1991) suggested that stretch receptor nerves in
the spermathecae of L. dispar mediate an ovipositional response after the
spermathecae have filled with sperm. In their studies of females mated to males
kept in constant light as pharate adults, a spermatophore was formed in the bursa but
few or no sperm migrated to the spermathecae and females failed to lay eggs. This
is similar to the work of Klatt in 1920 (referenced in Benz 1969) who showed that
castrated L. dispar males, which produced spermatophores without sperm, did not
stimulate females to oviposit. Both of these studies concur with a 1952 study by
Behrenz (referenced in Giebultowicz et al. 1990b) who showed that oviposition was
reduced in L. dispar females in which the spermathecae had been removed or ligated
to prevent sperm migration.

Given these earlier findings and my lack of evidence for humoral mediation
involving the brain, I agree with Giebultowicz et al. (1990b; 1991) that only the
sperm-filled spermatheca mediates the induction of oviposition in this laboratory
strain of the gypsy moth. The time required for the sperm to dissociate in the bursa
copulatrix and migrate to the spermatheca, approximately 3 h, would account for at
least part of the elapsed time from onset of mating to initiation of oviposition. The
exact mechanism remains unknown. Giebultowicz et al. (1990b; 1991) suggested
that stretch receptors surrounding the spermatheca send a signal to initiate
oviposition, either through a neural or neurohumoral sequence. An equally plausible
explanation is that sperm receptors lining the spermathecae release a paracrine factor
that acts in concert with nervous stimuli. Neither of these hypotheses explains the

onset of oviposition by senescent virgins.



Chapter 2

Search for oviposition induction factor from Musca domestica male

reproductive tract

Abstract

M. domestica ejaculatory duct extract prepared from a laboratory strain of
house flies and injected into sexually mature, virgin females elicited very little
oviposition (7 eggs/?) as did male whole reproductive tract extract (7 eggs/?), saline
(10 eggs/?) and untreated controls (34 eggs/?). In contrast, normally mated females
oviposited 179 eggs/? over the 6-day experiment. Experiments conducted on recent
descendants of wild-caught flies yielded similar results, suggesting that use of a
laboratory strain did not affect the outcome of oviposition bioassays. Ovipositional
activity also was not found in SDS extracts of ejaculatory duct, saline extracts of
vaginal pouches from virgin and mated females, or D. antiqua male accessory gland
extracts injected into M. domestica females. These findings differ dramatically from

the conclusions of house fly oviposition studies conducted by other researchers.

Introduction
Riemann et al. (1967) reported that Musca domestica ejaculatory duct
transplants suppressed remating in 81% of recipient virgin females. Using both
transplantation and ablation experiments, Riemann and Thorson (1969) provided
evidence that the ejaculatory duct also was necessary for inducing female
oviposition. Females mated to castrated males with ejaculatory ducts laid twice as

many eggs (1153 mg) as those mated to castrated males without ducts (496 mg) but
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not as much as mated control females (1543 mg). They also showed that virgin
females implanted with two ejaculatory ducts oviposited five times as many eggs
(523 mg) as those implanted with four testes (103 mg), but Riemann and Thorson
reported no controls against which to measure the accuracy of their findings. Given
that egg deposition by females receiving ejaculatory duct implants in their study was
comparable to that by females mated to ductless, testesless males, the results are
inconclusive. No attempts were made in later work to substantiate or expand on
these findings or to isolate the active factor and conduct a detailed study of its effect
on oviposition.

The reproductive tract of male M. domestica consists of a long ejaculatory
duct that expands slightly in diameter distally, then bifurcates into the two branches
of the vas deferens, each leading to a testis. Accessory glands per se are lacking in
M. domestica but the expanded, secretory distal portion of the ejaculatory duct is
considered to be their functional equivalent (Leopold 1970; Riemann 1973). The
only other Dipteran investigated for male oviposition and receptivity factors that
exhibits this structure also is a muscoid, the stable fly, Stomoxys calcitrans
(Morrison et al. 1982). Other species, discussed in subsequent chapters of this
dissertation, possess distinct sex accessory glands (also see review by Gillott 1988).

My objective for this series of experiments was to determine whether male
accessory secretions from the ejaculatory duct stimulated oviposition in gravid
females as suggested by Riemann and Thorson’s experiments (1969). I intended to
use the house fly as a model species for isolating and identifying a sex peptide
factor, building on some of the receptivity inhibition factor studies by Adams and
Nelson (1968), Nelson et al. (1969), Leopold (1970) and, later, Bird et al. (1991).
Secondarily, I wanted to search for evidence of oviposition-inducing activity in other

tissues dissected from males and females as well as look for cross-reactivity with



28
another species in the muscoid superfamily, Muscoidea (Borror et al. 1989), shown

to express sex peptide.

Methods and Materials

Rearing. For the first series of experiments, M. domestica were obtained as
pupae from Carolina Biological Supply Company (Burlington, NC). Adult males
and females were sexed at less than 36 hours posteclosion by exposing them to -
20°C for ~2 minutes to immobilize them for gender identification. Adults were
reared on a diet of 6:6:1 by weight of sugar, dried milk, and dried egg yolk
(Riemann et al. 1967) and maintained at 24+2°C, 55+5% RH, and 16:8 L:D in
12x12x12 inch aluminum and screen cages (Cat. #1450B, BioQuip Products Inc.,
Gardena, CA) until testing. No more than 150 flies were placed in each cage.

A colony derived from wild-caught flies captured at the Michigan State
University dairy barns on College Road in East Lansing in August, 1992, was used
for follow-up experiments. Captured flies were held in 12x12x12 inch aluminum
and screen cages and given access to an oviposition resource as described below.
Eggs were collected, placed on Purina house fly diet (Ralston-Purina, St. Louis,
MO) and allowed to hatch. After 8 to 10 days, pupae were collected from the diet
and placed in 12x12x12 inch cages for emergence. The cycle was repeated until

flies were used for experiments, then adults were sexed as described above.

Extract preparation and injection. Reproductive tissues from 3 to 8 day-old
virgin male flies (killed by brief exposure to cold) were removed into a drop of
either cold, double-deionized water or onion fly saline (Spencer et al. 1992: 128 mM
NaCl, 4.6 mM KCIl, 1.9 mM CaCl,*2H,0, 1mM Na,HPO,*7H ,0, adjusted to pH 6.8)
in a dissecting dish. Each tissue was immediately transferred into a saline- or water-

filled microcentrifuge vial kept on ice. Tissues were processed into extracts by
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homogenizing the glands for 5 to 10 seconds with an ultrasonic probe, setting the
tuner~3 and the power~35 (Blackstone Ultrasonics Inc., Sheffield, PA). The
homogenate was centrifuged at 7000 g for 10 minutes, the supernatant (extract) was
removed and the concentration adjusted so that 0.5 pul was one male gland
equivalent. Extracts either were used immediately for injection or stored at -20°C
for up to one week.

To administer the extract, 3 to 4-day-old virgin females (except as noted)
were anesthetized by exposure to -20°C or N, for 2 minutes, immobilized in shallow
grooves (4x3x6 mm) within a block of silicone elastomer (MDX4-4210, Dow
Comning Corp., Hemlock, MI), and injected into the ventrolateral region of
abdominal segment 1 by inserting the needle barely past the integument. Each fly
received 0.5 ul of extract (1 & equivalent, except as noted). Injection needles were
made from 3 mm glass tubing drawn into a very fine point (approximately 40 um at
the tip) with a pipet puller (Narishige Scientific Instrument Co., Tokyo). Treatment
groups not receiving injections also were anesthetized. Treated flies were placed
into 5 inch diameter x 5 inch high clear plastic cages (TriState Plastics, Dixon, KY)
covered with nylon stocking and an oviposition resource was added consisting of a 1
oz. plastic cup (#P1-1, Plastics Inc., St. Paul, MN) containing 2 cotton dental wicks

soaked with sucrose rich milk (condensed milk:water, 1:2).

Experimental design. All experiments were conducted as randomized block
designs. Flies were randomly removed from the holding cage one block at a time.
Treatments within blocks were assigned at random by drawing numbers from a
container and all flies within a block were treated in the random order specified
before proceeding to the next block. An experimental unit consisted of one cage

containing one to three flies and one oviposition resource.
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Females were allowed to oviposit for up to 10 days although results are
shown only through day 6 to facilitate comparisons among experiments. Oviposition
cups were replaced daily. Data collected included daily egg output per cage,
measured in numbers of eggs, and the number of live females in each cage every
day. Data were statistically analyzed with a SAS general linear models program and

Student-Newman-Kuel’s multiple range test (SAS Institute, Cary, NC).

Ovipositional activity of ejaculatory duct and whole reproductive tract
extracts. All flies were from the Carolina Biological strain. Gravid, sexually
mature, virgin females were injected with saline extracts of M. domestica ejaculatory
duct or male whole reproductive tract. The five treatment groups included: a virgin
control (no injection); saline injection; ejaculatory duct extract injection of 1 & eq;
whole reproductive tissue extract of 1 & eq; and a mated control in which 2 & were
placed with one ? for 48 hours, then the males were removed. An experimental
unit consisted of 1 ¢ per cage containing an oviposition resource; there were 7 to 11

experimental units per treatment.

Ovipositional activity of ejaculatory duct extract from wild-caught flies. A
study using third to fourth generation flies raised from wild-caught adults was
conducted to determine if laboratory selection affected expression of or sensitivity to
sex peptide. Virgin females were injected with a saline extract of M. domestica
ejaculatory duct and placed 3 ? per cage with one oviposition resource. The
experiment consisted of three treatments with 4 experimental units per treatment:
saline injection, ejaculatory duct extract injection of 1 & eq, and a mated female

control of 238/ for 48 hours, after which time the & were removed.
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Other potential sources of ovipositional activity. Following the same
experimental plan as above, I examined the effect on oviposition in virgin females of
M. domestica ejaculatory ducts extracted in 0.02% SDS, saline extract of vaginal
pouches, and Delia antiqua (Diptera: Anthomyiidae) male accessory glands extracted
in onion fly saline. The 0.02% SDS was used to extract some nonpolar and
lipophilic substances in addition to polar compounds. Extracts of vaginal pouches,
female organs that receive seminal fluid from males but not sperm (Leopold et al.
1971b), were prepared from virgin females and from females that had just completed
mating. Since Leopold et al. (1971b) showed that transfer of seminal fluid to the
pouches was completed by 40 minutes into the hour-long mating process, I reasoned
that sufficient secretory material would be available for assay if I freeze-killed
females immediately after decoupling, then removed the pouches into saline. The
specific hypothesis for this treatment group was that the oviposition-inducing
property of male seminal fluid is activated following transfer to and contact with the
intima of the female pouch. D. antiqua accessory gland extracts, shown to be active
in conspecific oviposition bioassays, were tested in case M. domestica females were
responsive to an oviposition factor but males were not producing sex peptide. There
were five females per cage containing one oviposition resource in these treatment
groups. This experimental series consisted of five treatments in addition to the
standard negative control (virgin ? or saline-injected ) and positive control
(normally mated ?); there were two experimental units per treatment. Treatments
included injection of 0.02% SDS negative control, 0.02% SDS extract of virgin
ejaculatory duct (1 & eq), saline extract of vaginal pouch from mated female (0.5 ¢
eq), saline extract of vaginal pouch from virgin female (0.5 ? eq), and saline extract

of D. antiqua accessory gland (0.5 J eq).
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Results
Ovipositional activity of ejaculatory duct and whole reproductive tract
extracts. Using the Carolina Biological strain of M. domestica, 1 was unable to
show any ovipositional stimulation from injections of aqueous extracts of dissected
male reproductive tissues (Figure 3). Normally mated females began laying eggs 2
days after initial exposure to males, a typical oviposition pattern (Riemann et al.
1967). They continued laying through day 6, depositing a cumulative average of
179 eggs/?. In contrast, females from all other treatment groups oviposited later
and laid significantly fewer eggs (p < 0.05, SNK) in a manner characteristic of
virgin flies (Riemann et al. 1967). Ejaculatory duct and whole reproductive tract
extract injections elicited only 7 eggs/?, a value comparable to females injected with

saline (10 eggs/?) and untreated virgins (34 eggs/?).

Ovipositional activity of ejaculatory duct extract from wild-caught flies.
Results of the follow-up study using early descendants from wild-caught flies
corroborated those of the first study (Figure 4). Ejaculatory duct extract and saline-
injected females laid a cumulative average of 7 and 10 eggs/?, respectively, whereas
mated females laid 41 eggs/?. The lower egg output by mated females from the
wild-caught colony compared to the Carolina Biological strain is not surprising
given that mating patterns and ovipositional cues selected in the wild likely would
be less suited to a laboratory environment, probably resulting in fewer successful

matings and ovipositions.

Other potential sources of ovipositional activity. Extracts of vaginal pouches
collected from both mated and virgin females did not stimulate appreciable
oviposition compared to negative controls when injected into sexually mature

females (Figure S). Similarly, neither SDS extracts of ejaculatory duct nor saline
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Figure 3. Virgin M. domestica oviposition following injection with
male reproductive tissue extract. Ejaculatory duct and whole
reproductive tracts were extracted in onion fly saline; females were
injected with 1 & equivalent. The negative controls were untreated
and saline-injected virgins. For the positive control, males were
placed with virgins at a density of 2 8/ for 48 h, then removed (n=7
to 11). Standard deviations on the last day ranged from 50% to 200%
of the mean. Egg deposition at 6 days by mated females was
significantly different than other treatments at p < 0.05 by SNK.
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Figure 4. Oviposition by descendants of wild-caught M. domestica
following injection with ejaculatory duct extract. Treated females
were injected with 1 & equivalent and the negative and positi
controls were as described in Figure 3 (n=4). Standard deviations on
the last day ranged from 75% to 200% of the mean. Egg deposition
at 6 days by mated females was significantly different than other
treatments at p < 0.05 by SNK.
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Figure 5. M. domestica ovipositional response to vaginal pouch
extract injection. Vaginal pouches were removed from both virgin and
mated females, extracted in saline and injected as 0.5 & equivalent.
Negative and positive controls were as described in Figure 3 (n=2).
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extracts of onion fly male accessory gland, previously shown to elicit oviposition in

conspecific females (Spencer et al. 1992), induced oviposition in female house flies

(Figure 6).

Discussion

I was unable to demonstrate that house fly ejaculatory duct expresses a
humoral factor capable of inducing oviposition in virgin females. This finding is
surprising considering that Riemann and Thorson (1969) found that female house
flies mated to castrated males with ejaculatory ducts laid twice as many eggs
(measured by weight) as those mated to castrated males without ducts. However, it
appears their data are the only reference to the effects of M. domestica male
accessory gland secretion on oviposition. All of the other literature is devoted to
examining the effects of male secretion on female refractoriness to mating (Riemann
et al. 1967, Adams & Nelson 1968, Adams & Hintz 1969; Leopold et al. 1971a;
Nelson et al. 1969; Terranova & Leopold 1971; Bird et al. 1991).

I considered that my method of using sonication to homogenize the tissues
had destroyed the active factor. However, sonication of mosquito accessory glands
was used routinely and activity was never lost due to the extraction process (Chapter
4). I also tested the possibility that the mass rearing conditions for the Carolina
Biological strain of flies had relaxed selection for an oviposition factor. Yet, recent
descendants of wild-caught flies showed no evidence of an ejaculatory duct-based
oviposition factor either.

Two other species of Muscidae have been examined for oviposition factors,
Stomoxys calcitrans and Glossina morsitans. The stable fly, S. calcitrans, does not
have a separate accessory gland but, like the house fly, the bulbous tubular part of
the ejaculatory duct is considered secretory and is referred to as the accessory gland

(Morrison et al. 1982). Transplantation of S. calcitrans male accessory glands into
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Fxgure 6. M. d ica ovipositional resp to SDS extract of

latory duct and D. antig y gland extract. Ejaculatory
ducts were extracted in 002% SDS and injected as 1 & equivalent.
Accessory glands from onion flies were extracted in onion fly saline
and injected as 0.5 & equivalent. The injected negative control was
0.02% SDS; virgin and mated controls were as described in Figure 3
(n=2).




38
virgin females stimulated egg deposition of 65 to 98 eggs/female, significantly above
that observed for sham-operated virgins, 9 eggs/female (Morrison et al. 1982).
Accessory gland extracts were not tested for oviposition induction but were tested
for receptivity inhibition; injection of 0.25 male accessory gland equivalents from
blood-fed S. calcitrans males prevented insemination in conspecific females but had
no effect on M. domestica, Phormia regina, and Sarcophaga bullata females, all of
which are in the muscoid section Calyptratae (Borror et al. 1989). Apparently, both
oviposition and receptivity in stable fly females is regulated by a male chemical
factor(s).

Ovulation in the tsetse fly, G. morsitans, defined by Saunders and Dodd
(1972) as eggs descending into the oviduct, appears to be induced by the physical
stimulation of mating but not by the presence of a spermatophore in the uterus or by
chemical factors originating from the accessory gland or testes (Saunders & Dodd
1972; Gillott & Langley 1981). When tsetse fly females were mated to males with
ejaculatory ducts resected below the convergence of the accessory gland, ovulation
was intermediate between virgin and mated females (Gillott & Langley 1981).
Inhibition of receptivity in G. morsitans is regulated differently than oviposition
induction, being dependent on both chemical and physical stimuli (Gillott & Langley
1981).

Given this disparity in findings among moderately related species, perhaps
oviposition in M. domestica, like G. morsitans, is controlled more by some physical
aspect of mating rather than a chemical factor. I did not test this hypothesis. My
experiments using extracts of male ejaculatory duct did not corroborate Riemann and
Thorson’s (1969) data showing that accessory gland transplants stimulated
oviposition. However, as discussed in the introduction to this chapter, their
transplantation study lacked experimental controls, making it impossible to evaluate

the veracity of their findings; they also did not provide the sample size. Because of
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my results, I doubt Riemann and Thorson’s (1969) interpretation that accessory
gland secretions stimulate oviposition. But, of course, my inability to find a factor
does not disprove its existence for all M. domestica. Further study of the physical
effects of copulation combined with the humoral effects of accessory gland
secretions is necessary to elucidate the oviposition induction mechanism in M
domestica. House fly is not a good model system for isolating a sex peptide
influencing oviposition.

Certainly male-produced factors in addition to sperm are transferred to
females during copulation. Polyacrylamide gel electrophoresis studies of ejaculatory
ducts and of vaginal pouches harvested before and after mating showed > 7 distinct
proteins were transferred to females that did not end up in the spermathecae
(Terranova et al. 1972). Further evidence that M. domestica mating systems involve
male-derived, receptivity-inhibiting, humoral factors comes from studies examining
the effect of ligation and decapitation on female mating receptivity (Leopold et al.
1971a). Both decerebrated and ligated females mated more frequently than untreated
controls, suggesting that a neuroendocrine factor involving the head modulates
receptivity following mating. In the same study, the authors showed that females
tended to spend more time in copulo when mating with multiply-mated males that
had depleted their accessory secretions than with virgin males, suggesting the
involvement of a male chemical signal rather than a strictly physical stimulus in
turning off receptivity. M. domestica whole body extracts fractionated on Sephadex
G-10 and G-75 columns showed a mating receptivity factor in the range of 700 to
over 3000 molecular weight. But mating inhibition activity from these fractionated
extracts was relatively low, never exceeding 33% suppression. Follow-up
cytochemical and autoradiography studies by Leopold (1970) and coworkers
(Leopold et al. 1971b) indicated the factor was probably a basic protein rich in

arginine and lysine. Bird et al. (1991) fractionated ejaculatory duct extract prepared
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from a wild-strain of house fly using size exclusion HPLC, C18 and ion exchange
Sep-Pak cartridges. Females injected with extracts were as much as 89% refractory
to mating but since activity was found in all eluting fractions, not much fractionation
was achieved. In addition, the effect was transient; the majority of females began to
remate within 3 hours following treatment.

Perhaps M. domestica male accessory gland fluid has multiple functions, none
of which is to regulate oviposition. For example, Leopold (1980) and Leopold and
Degrugillier (1973) describe how sperm penetrance of the egg is mediated by
ejaculatory duct secretions. The studies discussed above suggest some role for
accessory secretions in suppressing female receptivity, but the partial response of
extract-injected females versus mated females indicates something other than or in
addition to accessory factors may be required to achieve full suppression. However,
my data clearly indicate that accessory gland proteins acting alone do not affect
oviposition patterns in M. domestica virgin females, leaving the mechanism for

induction of oviposition unexplained for this species.



Chapter 3

Anastrepha suspensa: Effect of male accessory gland extracts on

female oviposition and mating receptivity

Abstract

Anastrepha suspensa male accessory glands do not appear to possess sex
peptide. Injection of accessory gland extracts from laboratory-colony males into
virgin females stimulated deposition of only 4 eggs/?/day, comparable to injections
of whole reproductive tract extract (5 eggs/?/day) and negative controls (4 to 5
eggs/?/day). Mated females laid significantly more, 10 eggs/?/day. Studies of
wild-caught males and females yielded the same information: injection of an
accessory gland/testes extract or saline both elicited 8 eggs/®/day whereas normally
mated females laid 16 eggs/@/day. Female receptivity to mating following injection
of accessory gland or whole reproductive tract extracts was comparable to the
negative control group: 67% to 83% of treated females remated and 63% to 89% of
control females remated. In contrast, only 43% of once-mated (positive control)
females remated when placed with males. Once-mated females also took
significantly longer to remate after exposure to males (359 minutes) than females
from both treatment (61 to 169 minutes) and negative control groups (76 to 122
minutes). The duration of mating was similar among all groups (24 to 37 minutes).
These results suggest that oviposition and receptivity inhibition in A. suspensa are

not mediated by male-derived humoral factors.
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Introduction

The Caribbean fruit fly, Anastrepha suspensa (Tephritidae), is a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>