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ABSTRACf 

Interspecific diversity of reproductive traits among cactophilic Drosophila is 

described at different levels. 

The insemination reaction concept is reexamined using ultrastructural techniques. 

Examination of the vaginal contents of five Drosophila species suggested three 

distinct, more precise terms: the sperm sac, the mating plug and the true 

insemination reaction. 

Behavioral and physiological factors associated with the expulsion of the sperm 

sac in D. mettleri are explored in detail. Timing of the expulsion of the sperm sac 

appears to be correlated with the nutritional state of the female; the aggressive post

mating courtship of the males also has an effect. 

D. nigrospiracula and D. mettleri are compared in diverse aspects of their 

reproductive biology. Chemically, the sperm sacs are different. D. mettleri females 

retain the sperm sac longer than D. nigrospiracula females. In D. mettleri the sperm 

takes longer to move into the ventral receptacle and females absorb materials from 

the male ejaculate; females mate before the eggs are fully mature. In D. 

nigrospiracula sperm moves rapidly into the ventral receptacle and females do not 

integrate materials from the male ejaculate. 

Field work reveals that the developmental stage of the eggs in D. meltleri is 

associated with the presence of suitable oviposition substrate. There is a differential .. 
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distribution of sexes and species with respect to the feeding areas and a temporal 

succession of the two species. Bias sex ratio in the field is discussed. 

The courtship song of the six species in the eremophila and anceps complexes 

is a phylogenetically conservative trait. This pattern is interpreted in terms of 

interspecific hybridization and distribution data for each of the complexes. A new 

technique for recording female sounds during courtship is proposed. 

The use of discriminant analysis helped to interpret differences among behavioral 

patterns, and allowed identification of courtship components which may be 

responsible of the mating asymmetry between two populations of D. mojavensis. 

The diversity described is interpreted from two perspectives: a proximal 

interpretation, integrating results from the different levels of organization, and a 

historical interpretation of the patterns of similarities and differences among species. 



I. The Question: 

Chapter 1 

Introduction 

12 

Reproduction, viewed as the means to pass genes to the next generation, is at the 

core of evolutionary theory. Many major concepts in evolution, such as natural 

selection, fitness, and species, are classically defined in terms of reproductive 

attributes. It is a captivating and instructive activity to explore the process of 

reproduction in a comprehensive manner, with its many stages and components. One 

particularly fascinating aspect of reproduction is the variability found among the 

different species. This great diversity of reproductive strategies among animals, and 

especially insects, has fascinated scholars for many years. At the beginning of the 18th 

century, J.P. Huber described the variation in mating behaviors (and behavior in 

general) as a means of characterizing species (Richard, 1973). Descriptions of sexual 

behavior became the subject of many studies during the second part of the 18th 

century. The work of J.H. Fabre (1879-1908), in particular, offered an enchanting 

look at the diversity of behavior and he insisted on its use in taxonomic classification 

(Richard, 1973). Charles Darwin, in his book of 1871 (liThe Descent of Man and 

Selection in Relation to Sex"), in order to illustrate the sexual selection theory, 

documented in great detail the diversity in mating strategies of many species; he 

dedicated two chapters of this book to insects. Reproductive diversity is still a topic 
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of active interest, especially for evolutionary biologists (Blum and Blum, 1979; 

Thornhill and Alcock, 1983). 

An aim of modern evolutionary theory is to understand this diversity. Sexual 

selection and ecological adaptations have been the most prevalent ultimate 

explanations provided. Sexual selection theory interprets the variability observed as 

the outcome of diverse male and female strategies to acquire a mate. Adaptations to 

different environments are thought to have an effect on mating strategies (Emlem 

and Oring, 1977), thus contributing to the diversity. 

Phylogeny, as the history of diversification, commonly overlooked in the past, is 

now considered a key to interpreting diversity. Using a phylogenetic framework, some 

evolutionary biologists try to explain diversity in reproduction as the ultimate 

consequence of mating competition and adaptations to different environments. 

However, a comprehensive study of reproduction also requires the analysis of more 

proximal explanations of behavioral variation. In order to expose the full nature of 

reproductive variation among species, analyses at the biochemical, physiological and 

neurological levels are also necessary. Regarding character evolution, examination of 

the different levels of organization contributes to the historical interpretation of 

similarity among species (Lauder, 1986). In other words, a multilevel approach may 

allow one to distinguish between homologous and analogous behaviors, a fundamental 

distinction in empirical studies of character evolution. 

According to Brooks and McLennan (1991) evolutionary ecologists have 
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addressed the "question of diversity" in two ways: by way of description and by way 

of explanation. Following this approach, the general purpose of this dissertation is to 

describe and explain interspecific variation at the reproductive level. Descriptions of 

several components of reproductive traits have been the main part of this work. 

Then, proximate as well as ultimate explanations of the diversity have been 

hypothesized on the basis of the descriptions provided. "Reproductive traits" include 

any kind of feature or attribute that takes part "directly·' in the reproductive process 

of males and/or females. Dispersal and feeding, for example, are probably performed 

with the ultimate purpose of reproduction. However, they are not directly involved 

in the reproductive process and would not be considered primary reproductive traits. 

Although, the analysis is restricted to reproductive traits, the discussions speculate on 

indirect factors to explain the patterns observed. 

II. The System: 

Species of the Drosophila repleta group have been chosen as the system with 

which to explore the diversity and evolution of reproductive traits. The repleta group 

is a large group of flies comprising mainly cactophilic species (Wasserman, 1982; 

Vilela, 1983). The group is subdivided into subgroups and complexes within the 

subgroups. The work presented here focuses mainly on the two saguaro-breeding 

species, D. mettleri and D. nigrospiracula, and their nearest relatives. 
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Relevant literature on species of the Drosophila repleta group. 

Extensive previous work on several aspects of cactophilic Drosophila has 

provided a framework for interpreting the results of this study. Diverse ecological and 

biogeographical aspects of cactophilic Drosophila have been documented by Heed 

and co-workers (Fellows and Heed, 1972; Heed, 1977, 1978, 1982, 1989; Heed and 

Mangan, 1986). This work, as an extension of the work initiated by Patterson and his 

students (see Heed, 1982), provides a vast amount of information on host plant 

associations, distribution of the cacti (and consequently the flies associated with each 

cactus), habitat conditions, and species-plant chemical and nutritional interactions. 

This uniquely detailed information about a model organism, usually considered just 

a genetic 'tool', provides a foundation that makes the cactophilic Drosophila an ideal 

research system for integrated studies of ecological genetics and evolutionary biology 

(Barker and Starmer, 1982). 

The systematic work on this group has been carried out mainly by Wasserman 

(1954, 1960, 1962, 1982, 1992). His cytological studies of the chromosome inversions 

have made it possible to elucidate relationships among species. Chromosome 

inversions could not resolve all the relationships, but have provided a framework in 

which to develop solid hypotheses on speciation patterns, character evolution and the 

origin of many of these species. 

Knowledge of phylogenetic relationships and ecological conditions provides a 

background in which the evolutionary forces that shape the reproductive biology (i.e. 
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mating systems) can be interpreted (Markow, 1982; Markow et al., 1983). The 

reproductive characteristics of a number of Drosophila repleta species have been 

recently studied. Markow (1982, 1985, 1988) has compared cactophilic Drosophila 

with other Drosophila species which utilize other types of resources. She has discussed 

how the differences in reproductive characteristics relate to the conditions in their 

natural habitats and how the cactophilic lifestyle might affect reproductive strategies. 

These studies have revealed that cactophilic Drosophila share some common 

characteristics, but also have a great deal of diversity among them. The variation 

found in reproductive characteristics contrasts strikingly with the morphOlogical 

similarity that characterizes the species in the repleta group. 

Many of the studies on cactophilic Drosophila in the rep leta group have focused 

on the species endemic to the Sonoran desert. The interest of W.B. Heed in the 

Sonoran desert has made its endemic species of Drosophila one of the best studied 

groups. Several features make this group especially interesting. First, there are only 

four species endemic to the Sonoran desert: D. mettleri, D. nigrospiracula, D. 

mojavensis and D. pachea. The first three belong to the rep leta group and D. pachea 

to the nannoptera group. This low number of endemic species reflects the harshness 

of the desert environment (Heed, 1982). Second, the specificity of the cactus

Drosophila association is remarkable in the Sonoran desert: there are only five 

columnar cacti with a maximum of two Drosophila species per host plant. This tight 

affiliation between host plant and Drosophila has been investigated extensively. 
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Studies have shown that this specificity can be explained by the chemical constitution 

of the host plants (Heed and Kircher, 1965; Kircher, 1982), species-interactions 

(Mangan, 1982; Mangan and Heed, 1986) and behavioral adaptations (Fogelman et 

al., 1981). This knowledge of species-plant interactions bears directly on questions 

about reproductive isolation and speciation. Third, these four species are believed to 

have evolved in the desert independently (Heed, 1982). Each species has its own 

immediate relatives outside the desert or overlapping with it. An independent origin 

of each of the endemic species reinforces the idea of the adversity of the desert 

environment. 

Saguaro-breeding species: D. meltleri and D. nigrospiracula 

Most of my research has focused on the two saguaro-breeding Drosophila:D. 

meltleri and D. nigrospiracula. Besides being two of only four cactophilic Drosoplzila 

endemic to the Sonoran Desert, both species breed in the same host plants: Saguaro 

(Camegiea gigantea) and Cardon (Pachycereus pringlei). The adult flies are almost 

identical morphologically. However, D. mettleri is now recognized as a member of the 

eremophila species complex along with two other species (D. eremophila and D. 

micromettleri). The three species in this complex are very similar in their morphology, 

behavior, and ecology. Although D. nigrospiracula shares striking similarities in adult 

morph,ology with the species in the eremophila species complex, there is complete 

reproductive isolation between the two saguaro breeding flies. Chromosome inversion 
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similarity indicates that D. nigrospiracula is a member of the anceps species complex 

along with two other species (D. anceps and D. leonis). These species show great 

differences in adult morphology but some interspecific courting also occurs (Heed, 

1989). Since all the endemic species in the Sonoran Desert are distantly related, this 

striking phenotypic similarity has been explained as a case of ecological convergence 

by Heed and Mangan (1986). The convergence hypothesis prompted my interest in 

comparing the reproductive biology of these two species. The saguaro-breeding 

Drosophila system seemed appropriate for a comprehensive study of reproductive 

similarities and differences and for exploring the evolutionary processes that could 

have shaped them. 

III. The Approach: 

In this study, both interdisciplinary and comparative approaches were used to 

provide a better understanding of the diversity and evolution of reproductive traits. 

The Interdisciplinary Approach 

The study of reproduction, especially from an evolutionary perspective, calls for 

an interdisciplinary approach. Brooks and McLennan (1991) state that in order to 

understand evolutionary processes that result in diversity, it is necessary to develop 

a research program that can integrate ecological, physiological, morphological, 

behavioral and phylogenetic information. Though the goals of evolutionary biologists 



19 

are to develop ultimate explanations of variation, a comprehensive understanding of 

reproductive diversity strives for synthesis with the proximate causes. Reproduction 

has morphological, physiological, neurological, chemical, ecological and behavioral 

components. All these components are linked in a complex synergistic fashion yielding 

highly variable traits among species. Daly and Wilson (1978) write, "A reproductive 

behavior usually. cannot be fully comprehended until we grasp its adaptive 

significance, its physiology and its evolutionary history and its external input and its 

ontogeny." 

The analysis by different approaches is a useful way to study the ontogeny and 

phylogeny of a behavioral trait. Phylogenetic information drawn from these analyses 

can vary depending on the level of organization. In other words, changes in behavior, 

morphology or physiology may not be congruent across levels, as some levels might 

be more conservative than others. For instance, conservative morphological traits 

might be associated with novel physiological patterns or/and highly labile chemical 

compositions across species. It is believed that in many cases the explanation of 

functional changes lies in the alteration in physiology which in turn is regulated by the 

chemical constitution. 

The Comparative Method. 

Evolutionary biologists must think comparatively "because comparisons establish 

the generality of evolutionary phenomena" (Harvey and Pagel, 1991). The 
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comparative method is considered an essential tool to study evolution and, especially, 

to understand organic diversity (Ridley, 1983; Clutton-Brock and Harvey, 1984; Bell, 

1989; Brooks and McLennan, 1991; Harvey and Pagel, 1991). This interest in the 

comparative approach has been prompted by the recent realization of the importance 

of phylogenetic relationships to infer evolutionary process. Accurate historical and 

adaptive interpretations of the origin of traits requires a solid phylogenetic 

framework. For instance, similarity among different taxa can be due to a common 

ancestor (plesiomorphy) or to a response to similar environmental conditions 

(homoplasy). A correlation between characters and environments is usually taken as 

evidence for adaptive evolution. This argument is not totally convincing since the trait 

could have originated in the ancestors and been maintained in the descendants 

without clear selective advantage. On the other hand, it is also possible that similarity 

by descent from a common ancestor is maintained by selection (Harvey and Pagel, 

1991). Thus, the historical and adaptive interpretations of character evolution are not 

mutually exclusive. In order to assess the relative roles of historical versus adaptive 

arguments it is necessary to know the relatedness among the taxa bearing the 

characters under study. 

In cases where the phylogenetic relationships might not be completely resolved, 

the comparative method should still be used. Although not as conclusive, 

"comparative tests can lead to others that will produce a better understanding of the 

reasons for diversity among traits" (Harvey and Pagel, 1991). 
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In this study comparisons a"mong species will not be used to reconstruct 

phylogenetic relationships. The aim here is to use an independently derived 

phylogenetic tree as a template to reconstruct and compare patterns of character 

diversification. These trees are made available based on cytological studies as 

mentioned previously. 

IV. Justification of the Dissertation Format 

This dissertation is a compilation of published papers and submitted manuscripts 

as well as manuscripts in preparation. Each manuscript deals with a different aspect 

of Drosophila reproduction. The major findings of each paper are summarized in the 

next chapter. This format was chosen in order to include papers already published 

as well as to communicate the ideas and results in a potentially publishable format. 

As the senior author of each paper, I have played the major role in developing 

and expressing the ideas as well as performing most of the empirical work. Most of 

the secondary authors have provided technical expertise in the different projects and 

all of them have been consulted for the expression of ideas. 
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The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important 

findings in these papers. 

The paper entitled "Ultrastructural examination of the insemination reaction in 

Drosophila" uses an ultrastructural analysis to present a new look at the insemination 

reaction, a concept first described by Patterson in 1946 as a swelling of the female 

vagina caused by the male ejaculate. This study is based an ultrastructural 

examination of the vaginal contents of five Drosophila species: D. meltlen, D. 

nigrospiracula, D. melanogaster, D. hexastigma and D. mojavensis, and proposes three 

distinct and more precise terms to described these vaginal structures: the sperm sac, 

the mating plug and the true insemination reaction. Each of these terms describes a 

distinctive structure associated with a specific female post-mating behavior. The 

variation in structure of the vaginal wall of each of the five species is also described 

to further document the interspecific diversity found in reproductive structures. The 

paper questions the concept of the insemination reaction as a single phenomenon and 

raises interesting questions regarding the costs and benefits that the various post

copulatory structures convey to each sex. 



23 

The paper entitled "Physiological and behavioral factors of sperm expulsion by 

females of Drosophila mettlen," explores in detail the behavioral and physiological 

factors that are associated with the expulsion of the sperm sac in D. mettlen. D. 

mettlen is unique in the sense that sometimes when it removes the sperm sac the 

whole ejaculate is discarded, yielding an empty female. Although the expulsion of 

sperm by Drosophila females was previously reported (Patterson, 1946, 1947; 

Wheeler, 1947), this is the first study to investigate in detail this behavior. This paper 

examines four hypothesis that have been suggested for sperm expulsion by female 

insects: remating, female choice, inbreeding avoidance and absorption of nutrients. 

The main conclusion is that the time of sperm sac expulsion by D. mettlen females 

is primarily associated with the physiological state of the females and their need for 

nutrients. Aggressive post-mating courting by the males has also a significant effect, 

suggesting a strategy of sperm competition by males. 

The paper entitled, II A comparative study of the reproductive biology of the two 

saguaro-breeding Drosophila, II combines the comparative and the interdisciplinary 

approach to contrast the reproductive biology of the two saguaro-breeding 

Drosophila: D. mettlen and D. nigrospiracula. This study extends some of the research 

performed on the physiology and behavior on D. mettlen to D. nigrospiracula, 

integrating new techniques. For instance, electrophoresis data reveal a significant 

difference in the chemical components of the sperm sacs between the two species. 

The behavioral studies show that D. mettlen females retain the sperm sac longer than 
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D. nigrospiracula females. These results are explained in terms of the physiological 

and radiolabel data. In D. mettleri the sperm takes longer to move into the ventral 

receptacle and the female can absorb materials from the ejaculate. This could be very 

advantageous to the female since D. mettleri females mate before the eggs are fully 

mature. In D. nigrospiracula sperm moves quite rapidly into the ventral receptacle and 

there is not significant integration of materials from the male ejaculate into the 

ovaries. This study illustrates how the use of different disciplines illuminate each 

other in a comparative study to help understand and interpret the diversity observed 

among species. 

The comparative and interdisciplinary exploration of the reproductive biology of 

the two saguaro-breeders is complemented by the field work presented in: 

"Reproductive behavior of the two saguaro-breeding Drosophila in the field." This 

study integrates ecological data as an essential component to understand the 

evolutionary forces that shape reproductive traits. Previous work had shown that the 

location of the oviposition substrate is the most remarkable difference between the 

two species; D. nigrospiracula females use the tissue fermenting on rotting cactus 

while D. mettleri females use the soil that is soaked from the liquid that drips to the 

base from the fermentation process. Taking this important difference into 

consideration, the most significant result was that the developmental stage of the eggs 

in D. mettleri is associated with the presence of suitable oviposition substrate. In 

cactus with dry soil there are virtually no females with eggs ready to oviposit. There 
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is a differential distribution of sexes and species with respect to the feeding areas on 

the cactus, which is in agreement with courtship patterns found in the laboratory. 

Most D. nigrospiracula males are found outside the feeding areas waiting for females 

to come to these territories to mate. D. mettleri males in contrast are found in the 

feeding areas courting females continuously. There is also a differential distribution 

in the vertical plane, which seems to be associated with the use of the soil by D. 

mettleri females. A temporal succession of the species over time was also observed; 

D. nigrospiracula is more frequent in young rotting cacti while D. mettleri becomes 

more predominant in 'old' rotting cacti. The bias in sex ratio found in the field 

collections is discussed taking into account our laboratory findings on male 

interactions. This work illustrates the importance of adding field observations to 

understand the reproductive diversity among species. 

The paper entitled, "Courtship sounds and courtship behaviour of the saguaro

breeding Drosophila and their relatives," compares other reproductive traits 

concerning courtship. This paper has two main objectives: one, to investigate whether 

courtship behaviour follows the same trend as morphological traits; two, to provide 

insight about the evolution of courtship behaviour among these species. The results 

show that the courtship song is clearly a phylogenetically conservative trait within the 

eremophila and the anceps complexes; it does not follow the morphological pattern. 

The pattern observed in the song parameters measured is interpreted in terms of 

interspecific hybridization and distribution data for each of the complexes. In 
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comparison with other flies the eremophila complex possesses common unique 

features and the anceps complex species share similar song characteristics with many 

of the repleta group species. This paper shows that among the species in the 

eremophila and anceps complexes behavioral traits such as the courtship song appear 

to be more phylogenetically conserved than morphological traits. 

"Female acoustic response in Drosophila meltleri (Diptera: Drosophilidae): a new 

recording technique to detect female sounds" is a short note that complements the 

work on the male courtship sounds. The female sounds are often hard to detect, 

mainly because they are usually superimposed upon the male sounds or they are not 

associated with an evident wing display. This note, using D. meltleri females, proposes 

a new recording technique that can help to overcome this difficulties without 

manipulation of the flies. 

The paper entitled, "Discriminant function analysis of the courtship behavior in 

Drosophila mojavensis (Diptera: Drosophilidae)," is also a technical note in which 

multivariate statistical analyses are proposed as a means of analyzing highly variable 

courtship behavior. This work examines in fine detail the mating behaviors of the 

populations of D. mojavensis of mainland Sonora and Baja California, in which 

asymmetrical mating isolation has been previously reported (Zouros and 

D'Entremont, 1980; and Wasserman and Koepfer, 1977). Discriminant analysis using 

the male courtship behaviors identified differences between the males according to 

the type of female present, indicating a strong female component influencing male 
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behaviors. Despite the mating asymmetry of Sonoran females favoring Sonora males, 

males of both strains were equally likely to initiate courtship with either female and 

no differences were detected in the latency to courtship, or duration of courtship. 

Transition probabilities between behaviors in the ethograms were found to have a 

high degree of variation in both strains. The use of discriminant function analysis 

helped to interpret differences among complex behavioral patterns, and also allowed 

the identification of courtship components which may be responsible for the mating 

asymmetry. Whereas most males were unsuccessful because they did not initiate 

courtship, some Baja males attempted courtship and copulation with Sonora females 

but nevertheless were unsuccessful. Differential female acceptance between males 

was only observed in some trials involving Baja males courting Sonora females, 

. supporting a female choice model where some but not all Sonora females exhibit a 

reluctance to mate with actively courting Baja males. 

The papers taken together provide a detailed picture of components of 

reproductive behavior in several related species of cactophilic Drosophila. The results 

have mainly documented significant variation in reproductive traits among species. 

Two issues need to be taken into consideration when explaining reproductive 

diversity. First, reproductive traits must be analyzed in context with other components 

of the reproductive process to help to understand their functional significance. 

Second, detailed descriptions of traits help to build hypothesis about the patterns of 

diversification. The conclusion is that descriptions of diversity are an essential part 
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to build evolutionary explanations of diversification. 

II. The Interpretation. 

After the diversity has been described, the descriptions provide the elements to 

construct hypotheses to explain it. "Explanation, or the search for processes 

underlying observed biological diversity, is in itself a complicated process" (Brooks 

and McLennan, 1991). In this section the different papers attached to this dissertation 

are discussed to speculate on hypotheses that attempt to interpret interspecific 

diversity. The focus here is an integration of the results as they pertain to patterns 

of diversity and evolution of behavioral traits of reproduction in cactophilic 

Drosophila. In order to avoid repetition of the discussions provided in each paper, this 

discussion will be supported with a set of new data (Table 1). Two distinct general 

issues will be discussed here: 

A. An interpretation of the interspecific behavioral diversity integrating results from 

the different levels of organization. 

B. A historical interpretation of the patterns of similarities and differences between 

the two saguaro-breeding Drosophila and their relatives. 

A. Interpretation of reproductive diversity: female remating 

The integrated nature of the reproductive process and the high degree of 

interspecific diversity of reproductive traits have been documented throughout a large 
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part of my work. The combination of different disciplines and technical methods in 

this work makes it possible to speculate about hypothetical links between the 

different levels. A flow chart of interactions among variables examined in this 

research is provided in Figure 1. The aim of this chart is to illustrate how the 

multiplicity of factors involved in reproduction can be linked together at different 

levels of organization. The main presumption of this hypothesis is that alterations at 

one level result in alterations at others, although the changes and the degrees of 

variability are not always congruent between levels. In other words, the degree of 

variability might not be coupled between levels. 

To illustrate this hypothesis I will center the discussion on the frequency of 

remating in Drosophila females. Among Drosophila species there is high variability in 

female remating frequency (Maynard-Smith, 1956; Markow, 1982; Gromko et aI., 

1984). Markow (1982) points out that cactophilic Drosophila seem to have a higher 

incidence of remating when compared to other groups, although within cactophilic 

flies there is considerable variability. Table 1 shows remating frequency of the two 

saguaro-breeding Drosophila and their relatives. This behavior was chosen for 

discussion for two reasons: first, female remating is currently a controversial issue in 

evolutionary biology (Halliday and Arnold, 1986; Gromko, 1992; Butiin, 1993; 

Stamenkovic-Radak et aI., 1993); second, it has not been the focus of the discussion 

in any of the manuscripts in the appendices. 

The interspecific variation of female remating as the central point of the flow 
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chart will be discussed in two sections: 

1) Diversity of chemical composition of the secretory glands 

2) Physiological and ecological basis of behavioral diversity 

1. Diversity of chemical composition of the secretmy glands. 

In the following paragraph I will discuss how the chemical interspecific diversity 

can be connected to behavioral diversity in two ways. The first is indirectly through 

the vaginal structures. The second is by direct effect of chemicals on behavioral 

functions. This hypothesis constitutes the main part of the flow chart in Fig. 1. 

The high degree of variability found in the biochemical composition of the 

accessory glands of the males constitutes the starting point of this hypothesis. Figure 

2 illustrates the variability found in the secretory glands and vaginal structures of 

eight cactophilic Drosophila. This high degree of variation in chemical composition 

of the secretory glands among Drosophila species has been report~d previously (Chen, 

1984). The secretory glands are the main contributor of the male ejaculate and many 

of their components are transferred to the female (Leopold, 1976). My re-

examination of the insemination reaction phenomenon has revealed also a high 

degree of interspecific variation in the structures formed in the female vagina after 

mating. At the present time only five species have been examined in detail; however, 

the descriptions of the vaginal contents by Patterson (1946,1947) and Wheeler (1947) 

indicate that a finer level of analysis would reveal a wide array of distinct structures. 



31 

Thus, differences in chemical composition of the male ejaculate might result in 

distinct intra-vaginal structures. 

Despite the variability observed at the chemical and ultrastructural level, there 

is an evident lack of similarity in the degrees of variability detected between these 

two levels. Chen (1984) points out that the variability at the chemical level in the 

secretory glands is not exhibited to the same degree at the morphological level; 

accessory glands are known to be quite similar ultrastructurally. The same pattern of 

incongruency between levels has been revealed in my work on the ultrastructural and 

chemical analysis of the sperm sacs in D. mettleri and D. nigrospiracula. The sperm 

sacs appear to be more conservative ultrastructurally than chemically. However, very 

distinct vaginal structures such as "sperm sacs" and "mating plugs" are associated with 

very different electrophoretic banding patterns (Fig. 2). Thus the high degree of 

species variability at the chemical level in the components of the ejaculate might 

generate the interspecific diversity of structures formed in the vaginas of females, 

although the degree of variation is not congruent. 

In turn the different vaginal structures are associated with distinctive female 

post-mating behaviors. The sperm sac in D. mettleri, D. nigrospiracula and D. 

melanogaster is extruded within a few hours, the mating plug of D. hexastigma is 

apparently retained much longer before extrusion, and the true insemination reaction 

in D. mojavensis is digested. There may be an association between the post-mating 

state of the female and her capabilities in remating. As pointed out earlier, remating 
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frequency in Drosophila females is highly variable across species (Markow, 1982; 

Gromko et al., 1984). 

A direct connection between chemical and behavioral variation can also be 

discussed. There are at least three male-mediated factors that affect female remating: 

1) secretio~s from the secretory glands; 2) amount of sperm stored; and 3) 

pheromones (Gromko et al., 1984). Clearly, the first factor and, more speculatively, 

the second one pertain to the chemical composition of the ejaculate. There are 

known substances from the secretory glands that have a direct neurophysiological 

effect on female receptivity. For example the 'sex-peptide' in D. melanogaster (Chen 

et al., 1988) and PS-1 in D. [unebris (Bauman, 1974a, 1974b) have been identified as 

compounds involved in regulating female remating. Therefore, species-specific 

variation of these compounds can relate to distinct neurophysiological regulations of 

female remating across species. 

According to Gromko et al. (1984) the amount of sperm stored in the ventral 

receptacle is the main factor regulating female receptivity. It has also been suggested 

that secretory proteins might assist sperm mobility inside the female reproductive 

tract (Fowler, 1973). Bariati (1966) has suggested that microtubules from the 

accessory glands might provide a mechanical support for sperm movement. 

Concerning this point, Perotti (1971) has documented the presence of different types 

of filamentous bodies in the male paragonia secretion. Her study shows variation in 

the proportion of each type of micro tubules across species. Furthermore, she also 
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suggests that paragonial microtubules might "have something to do with the factor 

affecting female receptivity". Additionally, interspecific variation in the time that the 

sperm take to move from the vagina to the ventral receptacle also has been 

documented. Wheeler (1947) claims that the time after copulation that the sperm 

take to show up in the ventral receptacle varies from a few minutes to over one hour. 

My work shows a marked difference in this respect between D. mettleri and D. 

nigrospiracula. I argue here that different chemical compositions of the ejaculate 

could relate to the interspecific variation of sperm movement and consequently the 

amount of sperm stored which in turn affects female receptivity. 

Vaginal structures could also playa mechanical role by exercising pressure so the 

sperm are pushed out of the vagina into the storage organs. This hypothetical 

mechanism would have a direct effect on sperm storage and perhaps remating 

frequency. Empirical evidence on the correlation between different vaginal structures 

and frequencies of female remating across species is, however, not very clear. Of the 

three species that discard sperm sacs D. melanogaster remates every five or six days 

(Gromko et aI., 1984) while D. nigrospiracula and D. mettleri rem ate several times in 

one morning (Table 2). Laboratory observations reveal that the sperm sac does not 

constitute a physical barrier to the introduction of the male genitalia, so it does not 

act like a mating plug to prevent remating. Preliminary tests in D. mettleri of the 

hypothesis that the sperm sac can be a mechanism to facilitate remating by females 

yielded negative results. On the other hand, some of the characteristics, such as the 
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density and compactness of the mating plug found in D. hexastigma indicate that this 

structure might act as a real obstacle to copulation. Therefore, one can infer that 

certain vaginal structures, perhaps depending on the chemical components, may have 

a direct effect on female remating (Patterson, 1947; Wheeler, 1947). More research 

is necessary to clarify the role of vaginal structures in regulating remating frequencies. 

Although there is no conclusive evidence of a cause-effect relationship in most 

of the connections just discussed, the correlations proposed seem reasonable. The 

hypothesis presented here is that species-specific differences in accessory glands 

proteins can partially account for the variation in female remating frequency across 

species. Thus, chemical variation might account for some differentiation in behavioral 

patterns. 

2. The physiological and ecological basis of behavioral diversity 

The importance of studying the underlying physiological basis of behaviors has 

been emphasized by many authors (Barlow, 1977; Greene and Burghartdt, 1978; 

Delcomyn, 1980). Mating behavior is affected by several physiological factors. For 

instance, in most Drosophila species the onset of sexual receptivity is associated with 

the process of vitellogenesis (Kambysellis and Cradock, 1992). In some species 

females only remate after most of the sperm has been depleted from fertilizing the 
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eggs. Fertilization of the eggs occurs when the female is ready to oviposit. 

Furthermore, the searching mode for a suitable .oviposition substrate is turned on 

when the ovaries are fully developed (R.F. Chapman, pers. com). This illustrates the 

complexity and integration of the physiological factors underlying reproductive 

behaviors. 

The physiological factors affecting female post-mating behaviors constitute a 

substantial part of my research. The comparative work between D. mettlen and D. 

nigrospiracula has shown that physiological differences can explain the differences in 

the timing of expulsion of the sperm sac, which in turn might affect the remating 

frequency. It should be pointed out that although both species, D. mettlen and D. 

nigrospiracula, have a similar maximum number of female copulations in a six-hour 

period (Table 1), all the D. nigrospiracula females remate at least twice while only 

around 50 % of D. mettlen females remate more than once. 

The physiological level appears to have a large number of components affecting 

each other in intricate fashion. Examined separately, the evolutionary significance of 

the interspecific variation in some reproductive traits is not clear. However, if the 

connections of the physiological variables affecting a behavioral function are 

identified we might be able to speculate on the significance of a trait's variability. In 

other words, the adaptive significance of one trait might be dependent on other traits. 

For example, in D. meltlen females the adaptive significance of high remating 

frequency and mating before the eggs are fully mature might be explained on the 
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basis of the transfer of materials by the male through the ejaculate. Furthermore, the 

transfer of material might be adaptive for the male because it causes the female to 

retain the sperm sac longer so his sperm has enough time to move into the ventral 

receptacle. These examples illustrate the point that an alteration at the physiological 

level can provoke a cascade of changes that results in alterations of male and female 

reproductive behaviors. Thus, interspecific differences in behavioral patterns might 

be explained on the basis of physiological differentiation. 

Markow (1982) has suggested that the high incidence of female remating found 

among cactophilic Drosophila can be associated with the oviposition patterns 

exhibited due to the ephemeral conditions of the substrates. The addition of 

ecological variables to explain the diversity of physiological and behavioral traits 

moves this discussion toward the ultimate explanations of reproductive diversity. 

Ecological variables were included in the flow chart in Fig. 1 to emphasize their 

importance in explaining interspecific diversity on behaviors. Although this connection 

deserves a lengthy discussion, my limited field research on D. mettleri and D. 

nigrospiracula did not provide sufficient data points to connect ecology with female 

remating. 

In general, then, different feeding or oviposition substrates might impose 

distinctive selective regimes on the females. In two of the manuscripts I have 

discussed how the use of soil versus cactus tissue as oviposition substrates can be 

associated with the differences in physiology of the two saguaro-breeding Drosophila. 
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Thus interspecific physiological variability which translates into differences in 

behavioral patterns across species might be the result of different adaptations to cope 

with distinct environments. 

The main argument of the preceding section is that the interspecific variation 

observed during mating and reproduction can be the result of a domino-effect due 

to the integrated nature of the reproductive process. This could generate the 

remarkable amount of interspecific diversity we see in reproductive characteristics. 

B. A phylogenetic interpretation of the problem. 

The phylogenetic method, one of the most rapidly developing topics in modern 

evolutionary biology, is becoming fundamental in any evolutionary study. This section 

attempts to explain diversity within a phylogenetic (historical) framework. This is 

done by presenting a brief discussion of character evolution among some cactophilic 

Drosophila. Reconstructing the patterns of character evolution provides estimates of 

the functional (adaptive) fit between the trait and the environment (Brooks and 

McLennan, 1991). Similar adaptations, convergence, might result from the action of 

natural selection to cope with common environmental pressures. Heed and Mangan 

(1986) suggest that the similarity in adult phenotype between the two saguaro 

breeders illustrates a case of ecological convergence. Therefore, this analysis can help 

to elucidate whether behavioral reproductive traits are under similar selective 

pressures as the morphological ones. 
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Several steps need to be taken to provide the elements necessary to examine 

character evolution. First, an independent (based on other data) phylogenetic 

relationship must be reconstructed to use it as a template to map the traits. Second, 

the traits under study must be coded and the character states defined. Third, the 

polarity (ancestral state) of the traits must be determined. Fourth, rules for mapping 

the traits onto the phylogenetic tree have to be considered. 

A phylogenetic tree relating the two saguaro-breeding Drosophila and their 

relatives has been constructed with the use of different sets of information such as 

ADH locus sequences (T. Starmer, pers. com), chromosome inversions (Wasserman, 

1982) and data from hybridization tests (Heed, 1989). 

Two behavioral traits, female remating and the courtship song, plus a 

morphological trait, the abdominal banding pattern are the traits under study. These 

traits were chosen because they are available for all the species included in the 

phylogenetic tree. Information on some of these traits for some species was obtained 

from previously published work (see Table 1). As a matter of simplicity only two 

character states of each trait have been determined (Table 1). The ancestral state has 

been decided taking D. mojavensis as the outgroup. A parsimonious (least number 

of changes) criterion was followed to map the traits onto the phylogenetic tree and 

gains and loses were weighted equally. 

Fig. 3A represents the evolution of banding pattern. Only two changes are 

necessary to explain the similarities between D. nigrospiracula and D. meltleri. This 
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result supports the concept of convergence as advanced by Heed and Mangan (1986). 

However, the adaptive significance of this trait is difficult to envision. The most 

reasonable hypothesis in this case is that similar adult phenotype might reduce the 

predation probabilities. 

It is evident that the origin of trait variation is difficult to assess. Moreover, the 

correlation of a trait with an environment does not always mean that the trait has 

evolved as an adaptation to that environment (Harvey and Pagel, 1991). Therefore, 

the pattern of convergence observed here is hard to interpret. 

Fig. 3B shows the pattern of evolution of the monocyclic versus polycyclic 

courtship songs. Only one change in the branch leading to the eremophila complex

hydei clade is necessary to explain the pattern observed. Thus, this trait appears to 

be conservative. Drosophila perform courtship behaviors when the male and the 

female are in close proximity. This is referred as near field communication (Ewing, 

1989). It seems logical to speculate that in near field interactions environmental 

conditions do not play a major role shaping the characteristics of the courtship 

elements. Thus, patterns of similarity or differences between of these traits should not 

be explained on the basis of habitat conditions. 

The evolution of the frequency of remating in this phylogenetic tree also has just 

one most parsimonious path which consists of independent gains by the three species 

with high remating frequencies (Fig. 4). This trait appears highly labile across the 

different complexes. It is difficult to imagine a common environmental adaptation 
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among D. mettieri, D. nigrospiracuia and D. hydei since the latter is a highly 

cosmopolitan species with a wide array of host plants. The diversity across species of 

female remating incidence has been discussed in the previous section. The large 

number of factors involved in remating suggest that a change in this behavior can be 

the response to a multiplicity of factors from different levels, i.e. chemical, 

physiological and/or ecological. 

This analysis shows that morphological traits do not follow the same pattern of 

evolution as behavioral traits. Neither of the two behavioral traits analyzed, remating 

and courtship song, follow similar patterns between themselves. It is difficult to make 

general rules about the pattern of evolution of behavioral versus morphological traits. 

De Queiroz and Wimberger, (1993) report that there is no evidence to support the 

common belief that behavioral traits are under stronger selection pressures, so that 

they show high degrees of convergence. On the other hand, Brooks and McLennan 

(1991) claim that "current data suggest that ecological and behavioral diversification 

within groups is generally more conservative than morphological diversification". 

This study suggests that each trait, independent of its nature, has to be 

interpreted taking into consideration regulating factors and functional significance. 

The more that is known about a trait, the easier it will be to speculate on the factors 

shaping its evolutionary change. However, these conclusions are based on a study 

with a very limited amount of data; thus it is unwise to draw solid general 

conclusions. 
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Focusing attention on reproductive traits, a useful approach will be' to compare 

reproductive t!aits at different levels in which an association is suspected. For 

example, mapping vaginal structures and remating into a phylogenetic tree can help 

to elucidate the relationship proposed between these two levels in the section before. 

This exemplifies the ideal integration of the interdisciplinary and comparative 

methods in order to explain the patterns of diversity and evolution of reproductive 

traits. 



Table 1. Frequency of female remating of the six species in the 
eremophila and anceps complex in a 6 hour-period 

maximun #: 
of matings 
in six hours N 

D.anceps 1 18 

D.leonis 1 18 

D .nigrospiracula s: 18 

D. mett1eri 4 60 

D. micromettteri 1 18 

D. eremophila 1 18 
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Table II. Data used to construct the character evolution trees presented in 
Figures 3 and 4. 

TRAIT 

abdominal 
bands 

courtship 
song 

female 
remating 

CHARACTER STATES 

solid = continous pattern 
interrupted = non-continous pattern 

monocycle pulses 
polycyclic pulses 

low. 1 mating per morning 
high. >2 matings per morning 

SOURCE 

laboratory 
observations 

manuscript 
Ewing and Miyan. 1986 

Table I 
Markow. 1985 

.t:
\.N 
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Diversity of male secretory 
chemicaJ composition 
(electrophoresis data) 

Diversity of female 
vaginal structures 
(ultrastructural data) 

V' 

Natural habitat 
van ability 
feeding and oviposition 
substrates 

,,. 

Female physiological 
characteristics 

Diversity of female ~ 
post-mating behaviors 
Frequency of remating 
(behavioral data) 

Fig. 1. Flow chart of some of the interactions of different levels of 
organization. 
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Secretory Glands Sperm Sacs 

S '1:r Mc Mt Ng An L~ I~r Mc Mt Ng An L~ He 

Kd _'============================~===--=====~======I 
Fig. 2. Proteins of the male secretory glands and discarded sperm saes 
separated by 1-dimensional SDS gel electrophoresis D. eremophila (Er), D. 
micromettleri (Me), D. meltleri (Mt), D. nigrospiracula (Ng), D. anceps (An) 
and D. leonis (Le) and the mating plug of D. hexasdgma (He), standards (S). 
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Abdominal 
banding pattern 

solid _ 

interr. I:t:::::::::'::::::::::::l 

• • 

Courtship 
song 

poly. _ 

mono. !::tttm::t:1 

Fig. 3. Pattern of character evolution following parsimony. A. The 
abdominal banding pattern coded as interrupted (interr.) or solid. B. 
The courtship song coded as having monocyclic (mono.) or polycyclic 
(poly.) pulses. 
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Fig. 4. Pattern of character evolution following parsimony of female 
remating frequency. High= more than one mating in the same morning 
(6 hour-period), Low= only one mating in a morning period. 
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APPENDIX A 

Ultrastructural examination of the insemination reaction in Drosophila 



ULTRASTRUCfURAL EXAMINATION OF 

THE INSEMINATION REACTION IN DROSOPHILA 

Henar Alonso-PimenteI1,2, Leslie P. Tolbert3,2* and William B. Heed1 

1 Department of Ecology and Evolutionary Biology 

University of Arizona, Tucson, Arizona 85721 

2 Center for Insect Science 

University of Arizona, Tucson, Arizona 85721 

3 Arizona Research Laboratories 

Division of Neurobiology 

University of Arizona, Tucson, Arizona 85721 

* To whom correspondence should be addressed at: 
ARL Division of Neurobiology 
Gould-Simpson Building 
University of Arizona 
Tucson, AZ 85721 

Phone (602) 621-6640 
Fax (602) 621-8282 

49 



50 

Summary 

The insemination reaction is a swelling of the female vagina caused by the male 

ejaculate. This post-mating phenomenon is common among species in the genus 

Drosophila. It could act like a plug securing male paternity. It is not clear, however, 

what benefits provides to the female. The structure formed in the female vagina is 

expelled in some species and disappears gradually in others suggesting the presence 

of different phenomena. Based on ultrastructural examination of the vaginal contents 

of five Drosophila species (D. mettleri, D. nigrospiracula, D. melanogaster, D. 

mojavensis and D. Izexastigma) we proposed three distinctive and more precise terms 

to described these vaginal structures: the sperm sac, the mating plug and the true 

insemination reaction. Each of these terms describes a distinctive structure associated 

with a specific female post-mating behavior. This study questions the concept of the 

insemination reaction as single phenomenon and discusses its possible functions from 

an evolutionary perspective. 

Key words: 

vagina, insemination reaction, post-mating behavior, evolution, sperm competition, 

sexual selection, paragonia, D. melanogaster, D. nigrospiracula, D. mettleri, D. 

mojavensis and D. Izexastigma. 
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Sexual selection is considered to be a major selective force acting on both sexes 

in the context of reproductive fitness (Thornhill 1979). The reproductive success of 

males depends on the sperm that accomplish fertilization of the eggs (Parker 1984). 

Females of many species, especially insects, store sperm and remate several times; 

therefore it is likely that ejaculates from several males will compete for the 

fertilization of the eggs (Parker 1970). Males have evolved behavioral, morphological 

and physiological adaptations in order to secure their paternity against other males. 

Male mechanisms to assure paternity can be beneficial or costly to females (Knowlton 

and Greenwell 1984). Cases where there is conflict between the interests of the sexes 

pose interesting evolutionary questions (Trivers 1972; Parker 1984). 

The insemination reaction, which occurs in many species of Drosophila, is an 

enlargement of the vagina produced by the male ejaculate (Patterson 1946). In 

intraspecific matings the reaction appears to prevent the female from remating 

temporarily (Patterson 1947). Therefore, the insemination reaction secures the male 

paternity of offspring. It is not clear, however, whether this postmating plug provides 

any selective benefit to the female in whom it evolved (Maynard Smith 1956). Parker 

(1970), discussing the insemination reaction in the context of sperm competition, 

suggested that the insemination reaction does not have to confer selective advantages 

to the female; it could have evolved through competition among the males. The 

insemination reaction could be a trait evolving in females due to the advantage 

conferred to her male offspring (Fisher 1958). 
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The insemination reaction influences the postmating behavior of the female. 

Patterson (1947) stated that most females will expel an excess of sperm together with 

the insemination reaction materials around six to eight hours after mating. This 

suggests that the female plays an active role in removing sperm from her vagina. 

However,· Lee (1950) and Asada and Watanabe (1987) reported that the 

insemination reaction disappears gradually from the vagina. A gradual clearance of 

the reaction suggests the possibility of an ongoing p~ysiological process rather than 

a female-controlled behavior. Because the two ways -of bringing the reaction to its end 

-- expulsion and gradual disappearance -- suggest major differences in female control 

of the outcome of a mating, we decided to compare the structures of the reaction 

masses formed in different species of Drosophila. 

In the present study, using ultrastructural and biochemical techniques, we 

compared the structures formed in the female vagina after mating in five Drosophila 

species: D. meltleri, D. nigrospiracula, D. mojavensis, D. izexastigma and D. 

melanogaster. The first four species belong to the repleta group, a large group of 

mainly cactophilic Drosophila, that show great variation in reproductive characters. 

D. melanogaster was chosen because it has a postmating behavior similar to some of 

the cactophilic flies although it is phylogenetically distant from the repleta group. 

These five species previously have been classified in the three different categories of 

the insemination reaction first proposed by Wheeler (1947). D. melanogaster was 

listed in class I, as there was no observable insemination reaction but the female was 
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observed to expel a droplet of sperm after mating (Wheeler 1947). D. mojavensis had 

a very striking enlargement, class III, of the vagina that decreased gradually until 

disappearance as first demonstrated by Patterson (1946). D. hexastigma was also listed 

in class III, since it had a major enlargement of the vagina, but Wheeler (1947) found 

that D. hexastigma females also extruded a solid structure after mating. More 

recently D. mettleri has been classified as class II, with a mild reaction, and D. 

nigrospiracula as class I, with no observable reaction, by Markow and Ankey (1988). 

However,· Heed (1990) found that both of these species discard a large mass of sperm 

after mating. 

Based on the ultrastructural and biochemical results reported here and our 

ongoing studies of the postmating behavior of females, we believe that among these 

five species there are three distinctive postmating phenomena: the "sperm sac" 

present in D. mettleri, D. nigrospiracula and D. melanogaster, the "true insemination 

reaction" present in D. mojavensis and the "mating plug" present in D. hexastigma. In 

order to understand the delineations of the sperm sac, mating plug and true 

insemination reaction inside the female vagina (see Lee 1950 for definition of this 

term) the structure of the vaginal wall of each species was also examined. Our new 

classification brings into question the role of the insemination reaction as a single 

entity and contributes to our understanding of the diversity of reproductive traits 

among Drosophila species. 
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The strains of cactophilic flies used in this study were: Drosophila mettleri A855 and 

D. nigrospiracula A855, both collected in Cerro Colorado, 24 Kms NE of Puerto de 

la Libertad (Mexico) in February, 1984; D. mojavensis A730 from Tonichi (Mexico), 

collected in March, 1978; D. hexastigma A842 from Zapotitlan Salinas (Mexico), 

collected in March, 1983. These cactophilic flies were reared in the laboratory in 8-

dram shell vials containing standard food (yeast-agar-banana-malt-syrup). Virgin 

males and females were immobilized and separated on ice within 24 hours after 

ec1osion About 25 flies/vial were stored at room temperature, until used in the 

experiment between 11 and 14 days post-eclosion. The D. melanogaster used were the 

Oregon R-C strain. In this species the males and females were also separated on ice 

within 8 hours after eclosion and used in the experiment between 4 and 6 days post

eclosion. 

On the day of the experiment approximately 30 virgin males and 20 virgin 

females were placed in petri dishes with pieces of food on the sides. After a period 

of eight hours the flies were removed and the expelled structures were collected. The 

structures expelled by D. hexastigma were collected after a 24 hours period. 

Electron microscopy 

The vaginal structures expelled by the females and the reproductive organs of 
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virgin and recently mated females were prepared for light and electron microscopic 

examination. D. meltleri, D. nigrospiracula, D. melanogaster and D. hexastigma 

females expel the structures formed in the vagina on the surface of the food media, 

where they can be found and collected. The expelled structures were collected from 

the petri dishes and placed in fixative overnight. Females were dissected in saline 

solution and their reproductive organs were also placed in fixative overnight. The 

fixative solution contained 2.5% glutaraldehyde, 0.5% paraformaldehyde, 0.18 mM 

CaClz , 0.58 mM sucrose, and 0.1 M sodium cacodylate buffer, pH 7.4. After fixation 

the tissues were osmicated en bloc in 0.05-1.0% OS04' and then dehydrated through 

a graded series of ethanols and embedded in Epon/Araldite. For light microscopy, 

sections were cut at I-urn thickness, stained with toluidine blue, and mounted in 

Permount. For electron microscopy, thin sections were cut on a diamond knife, 

placed on clean grids, stained with lead citrate and examined in a lEOL 1200EX 

electron microscope. 

For light microscopy, we examined the vaginas of eight D. meltleri females 

interrupted during the late stages of mating or immediately after mating and three 

discarded sperm-containing structures; eight D. nigrospiracula vaginas of recently 

mated females and two discarded sperm-containing structures; eleven D. mojavellsis 

vaginas 40 minutes after mating; three D. Jzexastigma vaginas between 1 to 4 hours 

after mating and five extruded structures; and two D. melanogaster vaginas of recently 

mated females and two extruded sperm-containing strucutures. 
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For electron microscopy we examined three extruded sperm-containing structures 

of D. mettleri and three female vaginas in the last stages of mating or right after 

mating; two D. nigrospiracula vaginas after mating and two discarded sperm

containing structures; two D. mojavensis vaginas 40 minutes after mating; two D. 

hexastigma vaginas from'l to 4 hours after mating two extruded strucutures; and two 

D. melanogaster vaginas after mating and two expelled sperm-containing structures. 

Electrophoresis 

We used one-dimensional electrophoresis to compare the chemical contents 

of the sperm sacs in D. mettleri, D. nigrospiracula and the mating plug in D. 

hexastigma. Fifteen virgin males and 15 virgin females, 11-15 days old, were placed 

in petri-dishes with small pieces of food in the sides. Twenty-four hours later, 10 

sperm sacs or matings plugs of each species were collected from the petri-dishes and 

placed in an ice-cold homogenizer with 200 ul of 5% trichloric acid. The homogenate 

was transferred to a plastic tube and the homogenizer was rinsed with 200 ul of 5 % 

trichloric acid that was also added to the plastic tube. Then, the homogenate was 

centrifuged for 5 minutes, at 12,00Oxg and the supernatant was carefully removed and 

either used immediately or stored at -900 C. 

The proteins in the supernatant were separated using a SDS-PAGE (Laemmli 

1970) on 10% acrylamide gels containing 0.1 % SDS. The gels were silver-stained as 

described by Merril et al. (1983). Sigma standards were used. 
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Results 

D. mettleri 

In previous studies D. mettleri has been classified as having a mild insemination 

reaction (Markow and Ankey 1988). After mating, D. mettleri females expel a whitish 

sperm sac of variable size and shape measuring approximately 66Ox230 J,Lm (Fig. lA). 

The extruded "sperm sacs" (Heed 1990) are compact packages composed of two 

clearly distinct materials: a light, flocculent material partially ringed by a denser 

amorphous material (Fig. lC). Light micrographs of sections of the vaginas of 

recently mated females show the same two materials as seen in the extruded sperm 

sac (Fig. 1B). 

The vaginal wall of D. mettleri females comprises two cellular layers: an outer 

layer of muscle and an inner epithelial layer with a thin chitinous lining. In the 

electron microscope (Fig. 2A), the muscle is seen to be one cell thick, with 

myofilaments oriented longitudinally, and the inner membrane of the epithelial-cell 

layer is found to be thrown into numerous and very compact infoldings varying little 

in thickness around the vagina. Both within the vagina immediately after mating and 

in the sperm sac after is extruded, most of the sperm are densely packed in a light, 

flocculent material which also contains numerous paragonial tubules (Bariati 1966; 

Perotti 1971) (Fig. 2C) and "presumed fat cells". These cells contain empty 

membranes sacs that probably contained lipids before dehydration (Fig. 2B). At the 

electron microscope level no membranes are seen to separate the light and dark 
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substances within the vagina (Fig. 2D) or surrounding the extruded sperm sac (Fig. 

IC). An example of a transverse section of a sperm tail, containing the mature 

axoneme and two dense mitochondrial derivatives of similar size, is shown in the inset 

in Fig. 2A. 

D. nigrospiracula 

We found that D. nigrospiracula also has sperm sacs, despite having been 

classified as having no insemination reaction at all (Markow and Ankey 1988). D. 

nigrospiracula sperm sacs are also of variable size and shape but smaller on average 

(44Ox160 p.m) than the sperm sacs of D. mettleri. The sperm sac in this species also 

comprises two materials which have the same appearance as in D. mettleri (Fig. 3C). 

The light material, where the sperm are embedded together with the paragonial 

tubules, is partially encapsulated by the denser amorphous material. In contrast to D. 

mettleri, however, the sperm are not accompanied by fat cells. (Fig. 2B). 

The vaginal wall in D. nigrospiracula consists of three layers: an external 

longitudinal muscle layer, a middle circular muscle layer, and an inner epithelial layer 

lined internally by cuticle (Fig. 3A). The epithelial layer in this species also shows 

areas of infoldings (Fig. 3B); however, the thickness of these infolded areas varies 

greatly along the length of the vagina and on average is thinner than in D. mettleri (or 

D. mojavensis, see below). 
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D. melanogaster 

D. melanogaster also has been classified as having no observable insemination 

reaction but females discard a substantial portion of the ejaculate in a 'droplet' 

according to Wheeler (1947). These discarded structures, measuring approximately 

42Ox140 J,£m, resemble the sperm sacs of D. mettleri and D. nigrospiracula when 

observed through the dissecting scope. Light and electron microscopy of sectioned 

material, however, reveal that the structure discarded by D. melanogaster females 

comprises at least three materials. There is a light material where the sperm is

embedded along with the paragonial tubules (Fig. 4C, E), a denser amorphous 

material and a denser material packed with filamentous structures (also seen by 

Perotti 1971) that differ from profiles of spe,rm in having a regular cross banding 

pattern (Fig. 4D). In this species there is a thin cellular process bounding some areas 

of the sperm sac (Fig. 4D). 

In D. melanogaster we have found significant variation in wall structure in 

different parts of the vagina. It varies from very thin areas, comprising only the 

epithelial layer and one muscle-cell layer (Fig. 4B), to areas where the muscle cells 

may be stacked five to six deep. The inner epithelial layer is lined internally by cuticle 

and also shows infoldings which vary in thickness along the length of the vagina (Fig. 

4A). Demerec (1965) described the structure, at the light microscopic level, of the 

vaginal wall in D. melanogaster, he, too, described several layers of circular muscle 

that do not extend over the entire perimeter of the vagina. 
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D. mojavensis 

D. mojavensis has a strong "true insemination reaction" (which cannot be 

examined outside the female like a sperm sac because it is not discarded). The "true 

insemination reaction" mass, in contrast with the sperm sacs, is not formed by two 

distinct substances. The vagina of mated D. mojavensis females is filled with a 

uniform amorphous matrix in which sperm are embedded along with paragonial 

tubules. At the electron microscopic level this matrix looks different from either of 

the two substances found in the sperm sacs (Fig. SB, C). A cross section of a sperm 

tail with the axoneme and one mitochondrial derivatives is shown in Fig. SB. 

The vaginal wall in D. mojavensis shows the same org'ariization as that in D. 

nigrospiracula. There are two muscular layers, an external longitudinal and a middle 

circular layer, and an epithelial layer lined with chitin (Fig. SA). In this species the 

epithelial layer is very heavily infolded compared with the two species that have the 

sperm sacs (Fig. SA, B). 

D. hexastigma 

D. hexastigma, like D. mojavensis, has been classified as having a very strong, class 

III, insemination reaction. However, the structure formed in the vagina after mating 

in this species is quite distinctive. In D. hexastigma the vagina always enlarges in a 

distinct elongate shape. The mating plug is a solid structure that can be extracted 

easily from the vagina intact; this cannot be done with the sperm sacs or the 
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insemination reaction. Females expel this plug usually within 24 hours after mating. 

The mating plugs are larger structures than the sperm sacs measuring 84Ox220 J..Lm 

and they have a consistent elongate shape. Electron micrographs of sections of the 

vaginas of recently mated females show irregularly shaped patches of a dense 

homogeneous material embedded in a lighter material (Fig. 6B). The entire plug is 

surrounded by a thin layer of a dense amorphous substance. Most of the sperm is 

located under this outer layer along with paragonial tubules (Fig. 6B). Smaller 

numbers of sperm and paragonial tubules are also present in the light material 

between the patches. A cross section of a sperm tail with the axoneme and two large 

mitochondrial derivatives is shown in Fig. 6D. 

The vaginal wall in D. hexastigma is very thin near the ovipositor, comprising only 

the epithelial layer and occasional isolated muscle cells (Fig. 6C). The wall widens 

abruptly deeper in the vaginal pouch, where the muscle cells may be stacked three 

to four deep (Fig. 6A). In no part of the wall is the epithelial membrane thrown into 

deep folds. The myofibrils are disorganized with no apparent preferred orientation 

(Fig.6A). 

Electrophoresis 

Preliminary biochemical examination of the sperm sacs and mating plugs from 

three of the species studied here extend our ultrastructural analysis. The results of 

the electrophoretic polyacrylamide gel are shown in Fig. 7. The gel reveals marked 
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variation in the chemical composition of the sperm sacs of D. nigrospiracula and D. 

mettleri and the mating plug of D. hexastigma. Within the sperm sacs, a few bands can 

be detected in the same position in both species. Thus, the sperm sacs, while not 

identical, show greater similarity with each other than with the mating plug. 

Discussion. 

The insemination reaction as defined by Patterson (1946) appears to playa 

significant role in the post-mating behavior of females and the fate of the ejaculate. 

The structures formed in the vagina after mating appear to create conflict between 

female and male evolutionary interests. Furthermore, there is a wide variety of post

copulatory behaviors among the species previously categorized as having an 

insemination reaction, suggesting diversity at the functional level. In the present study 

we examined the structure of post-copulatory vaginal contents and the vaginal wall 

as a first step in determining the role of these vaginal structures as well as to extend 

our understanding of the diversity of reproductive traits in Drosophila. 

Structure of the vaginal contents and the wall 

The main purpose of this study was to distinguish at the ultrastructural level 

structures that have been previously categorized as one phenomenon, the 

insemination reaction. Our results reveal three different post-copulatory phenomena 

found in Drosophila: the true insemination reaction, the sperm sac and the mating 
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plug. 

Our results (Table I) can be summarized as follows. The sperm sacs in D. meltlen 

and D. nigrospiracula females are discrete compact structures with large number of 

sperm (Heed 1990). They are formed by two substances that are easily distinguished 

at the light and electron microscopic levels. The electron microscope revealed only 

one difference between the species, that the sperm sacs of D. meltlen have fat cells 

embedded in the light substance. The vaginal wall of D. meltlen comprises a muscle 

layer, an epithelial layer with heavy infolding and a thin chitinous lining. D. 

nigrospiracula has two muscle layers, an epithelial layer with little infolding and a thin 

chitinous lining. D. melanogaster has a sperm sac comprising three distinctive 

substances arranged irregularly in a compact unit. One of the substances is packed 

with a type of paragonial tubule not observed in the other species. The vaginal wall 

is highly variable along its perimeter, very thin in some areas and extremely thick in 

others. 

D. mojavensis exhibits a true insemination reaction, an expansion of the vagina 

after copulation is completed (Lee 1952). The reaction produces an' amorphous 

matrix where the sperm is embedded. Electron microscopy shows that this matrix 

where the sperm is embedded looks significantly different from the matrix where the 

sperm is embedded in the sperm sacs or mating plug. The vaginal wall in this species 

is fonned by three layers as in D. nigrospiracula, but in D. mojavensis the epithelial 

layer has very heavy infolding more comparable to that of D. meltlen. 
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D. hexastigma has a mating plug, a solid structure comprising irregularly shaped 

dense material embedded in a lighter material. The vaginal wall in this species is very 

thin near the ovipositor widening abruptly in the vaginal pouch. 

The true insemination reaction 

Wheeler (1947) categorized D. mojavensis and D. hexastigma as having a strong 

insemination reaction. Our results lead us to conclude that only D. mojavensis has the 

"true" insemination reaction that we define as a mass of one amorphous material that 

greatly distends the vagina of recently mated females. This structure is soft inside the 

female and it clears gradually from the vagina (Lee 1952; Asada and Watanabe 

1987). Asada and Kitagawa (1988a) report that the insemination reaction in species 

in the nasuta group is soft in homogamic matings but it hardens in heterogamic 

matings and the females cannot discarded it; we have not examined heterogamic 

matings. 

There are other differences between the true insemination reaction, the sperm 

sac and the mating plug supporting the idea of a distinct classification. In most 

species the insemination mass appears after copulation has finished. In such cases 

there is a clear chemical reaction occurring when the ejaculate from the male reacts 

in the female vagina (Lee 1952; Asada and Watanabe 1987, 1988; Asada and 

Kitagawa 1988b). This reaction causes a significant change in the volume of the 

vagina characterized by a great distension of the vaginal pouch. The sperm sac, on 
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. the other hand, can be observed in the female vagina soon after copulation begins. 

There is only a slight increase in volume of the vagina. We cannot rule out the 

possibility of a chemical reaction occurring during the sperm sac formation in the 

female vagina; however, if sperm sac formation involves a chemical reaction in the 

female vagina it is clear that such reaction differs in timing and ultrastructural 

appearance from the true insemination reaction. 

The true insemination reaction, as found in D. mojavensis, is the only structure 

that is not expelled by the female and it cannot be extracted intact from the vagina. 

There are no separate distinctive substances as in the sperm sacs or the mating plug. 

Wheeler (1947), reporting on D. ananassae, speculated that one part of the ejaculate 

contains the free sperm and one part is sperm-free and forms a gel-like mass which 

forces retention of sperm for some time. This might suggest that it is necessary to 

have other materials besides the sperm-containing substance to form a compact 

disposable structure. 

The mating plug 

D. hexastigma, rather than having an insemination reaction, has what might better 

be described as a mating plug. A mating plug here is described as a structure, formed 

in the vagina after mating, that becomes a dense solid unit inside the female and is 

expelled sometime after mating. The mating plug in D. hexastigma always has the 

same elongate shape whether it is inside the female vagina or is outside, discarded 
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in the media. In comparison with the sperm sac or the true insemination reaction, this 

is a dense, very compact and elastic structure and contains few sperm when is 

extruded. Due to these characteristics, this structure inside the female vagina must 

act as a barrier to remating. We do not have any direct evidence, however, to prove 

that this stmcture seals the female genitalia. Drosophila males deliver the ejaculate 

into the female through a very thin-walled tube, the ejaculatory duct, which opens at 

the tip of the intromittent organ or aedeagus (Fowler, 1973). The ejaculatory duct is 

too narrow to transfer fully formed the structure seen in the females after mating. 

This indicates that a solidification of the male products must occur inside the female. 

It is very difficult to observe D. hexastigma matings, so the time of formation, 

hardening and discarding of the plug have not been observed. The distinctive 

appearance at the structural level is con-oborated by a distinct chemical composition· 

when compared to the sperm sacs of D. mettleri and D. nigrospiracula and suggests 

difference compositions also from the true insemination reaction ?? Further 

investigation in the remating behavior of this species is required to understand the 

function of this structure. 

Bairati and Perotti (1970) described a compact waxy plug formed in the D. 

melanogaster female vagina 5-7 minutes after the beginning of copulation (mating last 

approximately 20 minutes). The function of this plug is not known. They postulated 

that the plug acts as a barrier to prevent loss of sperm through the vagina. At this 

time the relationship between the waxy plug they describe and the mating plug of D. 
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hexastigma is not clear. 

Sperm sac 

D. mettleri was classified previously as having a mild insemination reaction 

(Markow and Ankey 1988), while D. nigrospiracula and D. melanogaster were 

classified as having no observable insemination reaction (Wheeler 1947; Markow and 

Ankey 1988). In this study, we found these species to be similar and classify all three 

of them as having the sperm sac (Heed 1990). We define sperm sacs as structures 

with distinctive materials that stay soft inside the female vagina and do not cause 

inordinate distention of the vaginal pouch. These structures, containing a great 

quantity of sperm, are discarded by the females and become cohesive units in contact 

with the air. 

The cohesion of the sperm sacs as compact units could be explained by the 

presence of a gelatin-like substance. Products from the male accessory glands 

contribute significantly to the male ejaculate in many insect species (Leopold 1976). 

These glands contain glycoproteins and mucoproteins that might well form a compact 

structure in the absence of enclosing membranes. There is great variation in the 

chemical composition of the male secretory glands among Drosophila species (Chen 

1974) which could explain the differences in the sperm sac structure and biochemical 

components among the species we studied. 

In a variety of other insects the substances transferred by the male form what is 
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called a spermatophore. Spermatophores are usually expelled by the females some 

time after mating. There is no precise definition for· this term. The term 

"spermatophore" has been applied to any kind of structure that contains sperm, and 

therefore is so vague that we have chosen not to use it. Without providing a 

definition for the term, Gromko et al. (1984) reported that there are no 

spermatophores in the genus Drosophila. 

Due to the small size of the male ejaculatory duct, the sperm sac, like the mating 

plug and the so-called spermatophores in other insect species, must be assembled in 

the female vagina from products of the male ejaculate. The sequence of transfer of 

the male ejaculate materials to the female to form the sperm sac is not known. 

Wheeler (1947) suggested that in D. ananassae the first portion of the ejaculate 

contains the sperm and at the end of copulation the male transfers a sperm-free 

substance. 

Sperm sacs are usually discarded within 24 hours after mating in the three 

species. Behavioral work with D. mettlen. shows that the time of expulsion of the 

sperm sac is correlated vlith the stage of maturation of the ovaries; females with 

immature oocytes retain the sperm sac longer (Alonso-Pimentel and Heed, unpub.). 

Correlations between the timing of discarding and physiological changes in the female 

are under study for the other two species, D. nigrospiracula and D. melanogaster. 
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The morphological variation of the vaginal wall 

The five species examined exhibit significant variation in the structure of the 

vaginal wall. The number of muscle layers, the orientations of the layers and the 

infoldings of the epithelial wall differ greatly among these species. The vagina plays 

an important role in many aspects of female reproduction. The variation observed 

here could be due to adaptation to different female reproductive behaviors. Markow 

and Ankey (1988) have presented evidence that females with strong insemination 

reactions (Class III) obtain a significant amount of material from the ejaculate. Our 

ultrastructural analysis shows that the infolding of the inner epithelial membrane of 

the vaginal wall varies among the species. The degree of infolding, high in D. 

mojavensis and low in D. nigrospiracula, correlates with the levels of absorption of 

amino acids from the male secretion found by Markow and Ankey (1988), suggesting 

that the infolding may provide the structural substrate for uptake of material. The 

variation encountered in the structure of the vaginal wall might also, however, be 

explained on basis of the distant phylogenetic relationships among these species. 

Future directions 

In light of the variation observed in vaginal structures and postmating behavior 

of the female, the concept of the insemination reaction as proposed by Patterson 

(1946) is too simple. New terminology is necessary to distinguish the different 

phenomena embraced under this concept. We propose the terms "sperm sac," "mating 
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plug" and "true insemination reaction" to categorize the different structures formed 

in the female vagina after copulation. 

Sexual selection and sperm competition theory might help us to understand the 

presence of such different post-mating phenomena. Behavioral studies currently are 

being pursued to explore female choice and male competition strategies that might 

relate to these post-mating phenomena in the different species. Our structural 

analysis raises many interesting questions: Can we predict analogous behaviors in 

species that share similarities at the structural level? Can knowledge of the structural 

composition help us to predict how the female manipulates the male ejaculate? Can 

we interpret male strategies based on the structure and composition of the ejaculate 

inside the female? 
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FIGURE LEGENDS 

Fig. 1. D. mettleri. A Light micrograph of extruded sperm sac. B Light micrograph 

of longitudinally sectioned vagina of a female interrupted in the middle stages of 

mating. The vagina is filled with two sperm-sac substances: a lighter flocculent 

material densely packed with darkly stained sperm (one asterisk) and a denser 

amorphous extracellular material (two asterisks) that predominates in the opening of 

the vagina (ov). C Electron micrograph of extruded sperm sac: sperm are densely 

packed in light material (one asterisk) which is partially ringed by a denser material 

(two asterisks). No cellular membranes separate the two substances or surround the 

entire sperm sac (see arrowhead). Scale bars for A=200J.Lm for B= 100 J.Lm and for 

C =2J.Lm. 

Fig. 2. Electron micrographs of D. mettleri. A Montage of cross section spanning 

entire vaginal wall in late stages of mating, demonstrating concentric layers of 

longitudinal muscle (2 cells thick, m), epithelium (~), and cuticle (f). In lumen of 

vagina, beneath cuticle, is sperm sac (sc) containing sperm and fat cells (D. Inset, 

cross section of sperm tail at higher magnification. B-D Components of sperm sac 

inside vagina. B "Presumed fat cells" (D and paragonial tubules (arrowhead) from 

light region. C Sperm and paragonial tubules (arrowhead) from light region. D 

Boundary between light and dense regions. Note absence of any intervening 
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membrane. Arrowheads, longitudinal sections of sperm tails. Scale for A, Band 

C=1.25J.£m and for D=lJ.£m. 

Fig. 3. Electron micrographs of D. nigrospiracula. A Montage of cross section 

spanning entire vaginal wall from female taken 5-15 minutes after mating; cm and 1m, 

circular and longitudinal muscular layers; ~, epithelial layer; £, cuticle; sc, sperm sac; 

!l, probable nerve; 1, trachea. Epithelial membranes are not infolded in this region. 

B Epithelial layer of vaginal wall in area of heavy infolding (1) of membranes. C 

Boundary between light and dense regions of sperm sac in vagina. All sperm 

(arrowhead, longitudinal section; double arrowhead, cross section) and paragonial 

tubules are in the light area. Scales for A-C= 1J.£m. 

Fig. 4. Electron micrographs of D. melanogaster. A Cross section of epithelial layer 

of vaginal wall of female taken 5-15 minutes after mating. i, infoldings of epithelial 

cells; £, cuticle. Inner epithelial membrane is most heavily infolded in this area. B 

Another area of same vaginal wall showing one circular muscle layer (cm), epithelial 

layer without infoldings (~), cuticle (£) and sperm sac (sc). C-E Components of 

extruded sperm sac. C Boundary between light region and moderately dense regions. 

Sperm and paragonial tubules in light region. Inset, cross section of sperm tail at 

higher magnification. D Densest material, packed with filamentous structures 

(arrowhead). E Outer edge of sperm sac, in area containing sperm. Note thin 
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cellular process (arrowhead) bounding the sperm sac. Scale for A, B, D, and E= Ij..£m 

and for C=2j..£m. 

Fig. 5. Electron micrographs of D. mojavensis. A Montage of cross section through 

vaginal wall of female taken 45 minutes after mating. cm and 1m, interspersed 

circular and longitudinal muscular cells; ~, heavily infolded epithelial layer; £, cuticle. 

In lumen of vagina, beneath cuticle, is insemination reaction (rr). B Higher 

magnification of membranous infoldings (D, cuticle (£), and insemination reaction 

(ir). Inset, cross section of sperm tail at higher magnification. C Sperm and 

paragonial tubules embedded in the insemination reaction secretion. Scale for A and 

C=lj..£m and for B=2j..£m. 

Fig. 6. Electron micrographs of D. hexastigma. A Montage of longitudinal section 

through vaginal wall of female about one or two hours after mating. Muscle cells 

have myofibrils oriented in many different directions (one, two and three asterisks 

indicate three different orientations). ~,epitheliallayer without infoldings; £, cuticle 

and; 1, trachea. B Mating plug in same vagina, showing irregularly shaped dense 

patches (n) embedded in a lighter material, with a thin layer of dense material (g) 

surrounding the plug. Sperm is located under this outer layer (not shown here) along 

with paragonial tubules (arrowheads). C Thin area of the same vaginal wall near the 

ovipositor. ~,epithelial layer; £, cuticle and two loose muscle cells m). D Cross 
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section of sperm tail at high magnification. Scales for A-C= l~m. 

Fig. 7. Electrophoretic patterns (on 10% SDS gels) of protein samples prepared from 

mating plugs of D. hexastigma (He) and sperms sacs of D. mettleri (Mt) and D. 

nigl'Ospiracula (Ng). 
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Table 1. Summary of analysis of post-mating phenomena. 

'IRAITS D. mezzJeri D. njgrospirocu1D D. mojavauis D. h=Ogma D. mdanogQSl/!T 

Ph~Qgenetic repleta group repleta group repIeta group repleta group mclanogaster grou p 
classification c:rcmophila complc:lt anceps complc:lt mullen complc:lt mullen complex 

mojavc:nsiscluster Iongicomis cluster 

Wheeler's class. 0asI II Oa.ss I aa.ss m Class III Class I 

Valli!!l!l contents: 
<XpWsion? Yes Yes No Yes Yes 

-il1nIc:ture 1Wo disaete 1Wo disaete Uniform matrix 1Wo materials with Three materials 
maLerials maLerials patchy distribution 
with tat celh without tat ceIJs 

Vaginal wall: 
-muscle layer One muscle laycr Two muscle layen 1Wo muscle layers Thin to thick; 0 to 4 } Iighly variable 

layen (thin and thick) 
-epithllial Iaycr Much infolding Some infolding Heavy infolding No infolding Some infolding 

Present Sperm sac Sperm sac True insemination Mating plug Sperm sac 
~tion reaction· 
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APPENDIXB 

Physiological and behavioral factors of sperm explusion by females of Drosophila 

mettleri 
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ABSTRACf 

Male and female reproductive strategies are sometimes in conflict. Swamping the 

female with sperm to block her genitalia has been interpreted as a male mechanism 

to secure paternity. To counteract this mechanism females in some insect species 

manipulate the ejaculate. This female strategy has been found to be associated with 

four functions: remating, female choice, inbreeding avoidance and obtention of 

nutrients. After mating Drosophila mettleri removes a sperm sac containing part or 

all of the ejaculate. The occasional expulsion of all the sperm instigated the research 

on the significance of this behavior. This is the first study to explore removal of 

sperm in Drosophila females. We tested whether the removal of the sperm sac in D. 

mettleri is associated with any or all of the four functions described above. 

We conclude that the time of sperm sac expulsion by D. mettleri females is 

primarily associated with the physiological stage of the females and their need for 

nutrients. Aggressive post-mating courting by the males has also a significant effect, 

suggesting a male sperm competition strategy. 
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INTRODUCTION 

Reproductive strategies sometimes create conflicts between male and female 

fitness interests (Parker, 1979; 1984). Males develop behavioral, morphological and 

physiological adaptations to assure their paternity (Parker, 1984). Some of these male 

adaptations are clearly detrimental to female reproductive fitness (Parker, 1984; 

Knowlton and Greenwell, 1984). Therefore, in some species females develop their 

own adaptations to counteract the male strategies. For example, Parker (1970) 

suggested that the transfer by males of many species of much more sperm that the 

female can use in fertilization is a' mechanism to swamp the female reproductive tract 

to block the introduction of other males' ejaculate. Females, on the other hand, have 

develop mechanisms to remove part or all of male ejaculate after mating. In some 

species this female post-mating manipulation of the ejaculate is not used just as a 

mechanism to remove an excess of sperm or remains of sperm-transfer structures 

such as spermatophores. Removal of sperm by females is known to be associated with 

other strategies of ejaculate manipulation. A review of the insect literature has 

suggested the following reproductive strategies associated with sperm removal by 

females. 1) Remating; in cases where the male ejaculate constitutes a plug that blocks 

the female genitalia, females remove it to rem ate or sometimes to oviposit. For 

example, female remating seems to be facilitated in the tsetse flies (Glossina austeni) 

by the removal of the spermatophore (Pollock, 1974). 2) Sexual selection; removal 
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of the ejaculate is a mechanism for exercising female choice in field crickets, Gryllus 

bimaculatus. In this species females remove the spermatophores of rejected males 

before sperm have transferred and retain the spermatophores of preferred males 

(Simmons, 1986). 3) Absorption of nutrients; the timing of the removal of the 

ejaculate is also associated with the nutrients provided by the male. In Gryllodes 

sup/icans the removal of the sperm ampulla does not occur until the spermatophilax 

is consumed (Sakaluk, 1984). 4) Inbreeding avoidance; the degree of relatness is 

known to affect the timing of removal of the ejaculate in Gryllus bimaculatus. 

Simmons (1991) showed that the duration of spermatophore attachment to the 

Gryllus bimaculatus female increases with decreasing degree of relatedness between 

the male and the female. 

Several Drosophila females have been reported to expel part of the ejaculate 

(Patterson, 1947. Wheeler, 1947). This behavior in Drosophila has been explained as 

just an expulsion. of excess of sperm (Wheeler, 1947). D. meuleri, a cactophilic 

species endemic to the Sonoran desert, is known to discard a sperm sac after mating 

(Heed, 1990; Alonso-Pimentel et al., submitted). Two features associated with this 

behavior suggest that it could be a female reproductive strategy. First, the sperm sac 

discarded contains large quantities of sperm and occasionally the whole male 

ejaculate is discarded by the female (34 out of 262 dissected females were empty). 

Second, removal of the sperm sac appears to be a female controlled behavior; the 

sperm sac does not drops out of the vagina by itself, females use their rear legs and 
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extrusion of the ovipositor movements to remove it. The research presented here is 

the first attempt to investigate factors associated with sperm expulsion by females in 

D. mettleri. Based on the removal of the ejaculate in other insect species, we tested 

whether the removal of the sperm sac in D. mettleri females is associated with the 

following four reproductive strategies: remating, sexual selection, absorption of 

nutrients and inbreeding avoidance. 

MATERIAlS AND METHODS 

Animals 

The strain used was D. mettleri (A855) from Cerro Colorado, 24 Kms NE of 

Puerto de la Libertad, Sonora, Mexico, in February, 1984. The flies were reared in 

the laboratory in 8-dram shell vials containing standard food (yeast-agar-banana-malt

syrup-tegosept). Virgin males and females were immobilized and separated on ice 

within 24 hours after eclosion. About 20 flies/vial were stored at room temperature 

until used in the experiment. In most experiments both males and females were used 

at 11 days post-eclosion; if otherwise the age is specified in the experiment. The 

experiments were conduct~d at room temperature. 
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Expulsion time 

To quantify the time of expulsion of the sperm sacs, females and males were 

paired in the morning in small 5 dram vials. After mating, females (alone or with 

males according to the design) were transferred to polyethylene spot plates (21 mm 

in diameter at the top, and 6 mm deep (Wards 18-2009)) covered with 25x25 mm 

glass cover slip. The plates were checked for the presence of sperm sacs at specific 

intervals without disturbing the flies. All the experiments were set between 8 and 9 

AM and the plates were checked 1:30, 3:30, 5:30, 7:30 and 24 hours after mating. All 

the experiments were done in two or three replicates in different days. Treatments 

within each experiment were run simultaneously. 

Sperm movement into the ventral receptacle. 

To examine the association between the removal of the sperm sac and the 

presence of sperm in the ventral receptacle females were checked to determine the 

time needed to move sperm from the vagina to the ventral receptacle. Virgin females 

were mated to virgin males. Immediately after copulation ended, mating females were 

isolated and dissected one hour, two hours or three hours after mating (N =30 

females for each time interval). Dissections were performed in Ringer solution under 

a binocular microscope, and the ventral receptacle was examined very carefully for 

the presence of sperm. This species, like other species in the repleta group, does not 

use the spermatheca as a storage organ (Patterson and Stone, 1952). 
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Female remating . .,. 

To test if the discarding of the sperm sac is directly correlated with remating we 

performed the following experiment. Virgin females were paired in small 5-dram vials 

with virgin males. Mated females were transferred alone to individual spot plates. 

Males were kept in the vials. After five hours the spot plates were checked for the 

presence of sperm sacs. In one group the males were introduced in the spot plates 

with the same female they mated with (N = 100). It has been proposed that female 

remating is a mechanism to increase variability among the offspring (Walker, 1980). 

Therefore, in the other group the males were introduced in the spot plates but with 

a different female (N =40). After the re-introduction of the males all the spot plates 

were observed for one hour to record rematings. 

Sexual selection experiments. 

Two experiments were conducted to obtain a rough estimate of the involvement 

of female choice and male competition in association with the expulsion of the sperm 

sac. The female choice experiment is based on the design of Partridge (1980) in 

which females are presented with a choice of males or just one male before mating. 

One group of virgin females (N =45) were set in small 5 drams vials with four virgin 

males; the other group of virgin females (N =40) were set up with just one male. 

After mating only the females were transferred to spot plates and checked at regular 

intervals. 
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Observations suggested that the presence of males in the mating chambers after 

copulation had an effect on the discarding of the sperm sac. To relate this 

observation with male competition we tested the effect of the post-mating courtship. 

In order to do this one group of females (N=41) was transferred to the spot plates 

with the male with which they had mated, while another group of females (N =42) 

was transferred with the male with which they had mated and another virgin male of 

the same age. Another group of females were transferred alone into the spot plates 

as a control. The expulsion time was recorded as described above. 

Female absor.ption of nutrients. 

Markow and Ankey (1988) have shown that D. mettlen females integrate 

materials from the male ejaculate into the ovaries. This suggested that the retention 

of the sperm sacs in the vaginas could be related to the need for nutrients by the 

females. This idea was tested using two different designs. In one design females were 

stored in 'sugar' food the day of emergence, and at 11 days of age they were mated 

with males of the same age stored in regular food (N =31). After copulation females 

were transferred alone to the spot plates to check the expulsion time as described 

above. 

In the other design, three-day-old females (N =28) were mated to ll-day-old 

males and transferred alone to the plates. At this age D. mettlen females are sexually 

receptive; however their eggs are not fully developed (stage 8-9, King 1970). The 
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same protocol was used with females five days old (N =38) and with females 11 days 

old (N=30). 

The quality and quantity of larval nutrition is known to be correlated with adult 

body size and number of eggs. Thus, we measured the thorax size and counted the 

number of eggs of the females used in the experiments. Measurements of the thorax 

of 124 females (used in different designs) were taken using a camera lucida attached 

to an Olympus dissecting microscope. All the females were dissected in Ringer 

solution in order to count the number of fully mature eggs they contained. 

Inbreeding avoidance mechanism. 

Three highly inbred lines were created in the following way: several bottles were 

set with one female and one male. Virgins were collected from each bottle (one line) 

and the following generation was set again with only one virgin male and virgin 

female per bottle. The same protocol was followed for four generations. In 

generation number four, females were mated, as in the experiments above, to males 

from the same line or males from the other lines. Females alone were set on the 

plates to check the discarding times. The expulsion times were recorded as previously 

described, however, in these experiments the spot plates were checked every hour 

after the first one and half hour after mating. 
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Statistical analysis. 

All the experiments were done in two or three replicates in different days. The 

replicates were tested for homogeneity. The timing of discard of the sperm sacs is 

always shown as cumulative frequency of the females that have removed the sperm 

sac (Y axis) vs. the time intervals at which the spot plates were checked (X axis). The 

cumulative percentage distributions were compared using the Kolmogorov-Smirnov 

2-sample test in the SAS proc NP ARl WAY. Other distributions were compared with 

the chi-square contingency table in the SAS proc FREQ. Pearson correlation 

coefficients were calculated with the data on thorax size, number of eggs, and timing 

of discard.AlI the data was analyzed using the SAS statistical package in a VAX 

computer. 

RESULTS AND DISCUSSION 

Movement of sperm into the ventral receptacle. 

Figure 1 shows that females dissected at one hour after mating did not have any 

sperm in the ventral receptacle (0 out of 30). Seventy-seven percent of the females 

dissected two hours after mating have sperm in the ventral receptacle and 97% of the 

females dissected three hours after mating had sperm into the ventral receptacle. All 

these females had the sperm sac in the vagina when dissected. These data indicate 

that sperm take over one hour to move from the vagina to the ventral receptacle in 
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D. mettleri females. 

In most Drosophila species sperm is found in the storage organs within few 

minutes after the end of copulation (Gromko et aI., 1984). Some species, however, 

such as D. pseudosbscura, D. unispina and D. brachynephros have been reported to 

take over one hour to move sperm from the vagina into the storage organs 

(Patterson, 1954; Shima et aI., 1967). The factors and physiological mechanisms 

involved in t~e process of sperm storage in Drosophila are not well understood 

(Gromko et aI., 1984). In D. mettleri data on the movement of sperm into the ventral 

receptacle (Fig. 1) provides an explanation of the females that do not have any sperm 

in the reproductive tract after expelling the sperm sac. As a result of the long time 

required to store sperm, expulsion of the sperm sac within the first hour after mating 

results in 'empty' females. Comparing the results of the different experiments it can 

be noticed that the only cases in which females discard the sperm sac within the first 

hour is when one or two males are left in the mating chamber after copulation 

(Sexual selection experiments. Fig. 2B). 

Sexual selection experiments. 

The results of the 'premating' female choice experiments are presented in Figure 

2A. The sperm sacs are discarded at the same time by females set in a 'choice' 

situation with four males as by the females just with one male. These two cumulative 

distributions are not statistical different according to the Kolmogorov-Smirnov (K-S) 

2-sample test ( p < 0.5886). 
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Male vigour is a significant factor confounding the determination of female 

choice. Females may copulate with the most vigorous male without exercising any 

active discrimination. D. mettleri males are 'very aggressive at courting females 

(Alonso-Pimentel and Heed, 1992). Under laboratory conditions it appears that D. 

mettleri males force copulation. Females are frequently mounted before they extend 

their wings which is thought to be the acceptance positive response (Spieth, 1952); 

these females are also observed to kick the males vigorously in what seems to be an 

attempt to dislodge the males. Thus expulsion of the sperm sac could be a 

mechanism to expel the sperm from 'unwanted' matings. Our data suggest that 

females do not use this behavior to avoid being fertilized by an 'unwanted' male. 

However, the results of Fig. 2A have to be analyzed with caution. Females confined 

with just one male cannot exercise a choice but it does not necessarily mean that 

females mated with an 'unwanted' male; females confined with four males may be 

mated by the most vigorous male which outcompetes the other males, not allowing 

the female to exercise a choice. 

Female choice in D. meltleri may be exercised through differential storage of 

sperm from different matings. To explore this hypothesis the sperm stored in the 

ventral receptacle must be counted. There are only few references that report counts 

of sperm from the storage organs in Drosophila (for review see Gromko et al., 1984), 

perhaps indicating the difficulty of the technique. We felt that our counts of the 

sperm were too variable and unreliable to yield meaningful data to test this 
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hypothesis. 

Post-mating presence of males does not alter significantly the overall distribution 

of females discarding the sperm sacs (the three cumulative distributions compared 

pair-wise with the K-S 2 sample test are not significantly different. Fig. 2B). However, 

it should be noted that the lines in Figure 2B show the maximum differences in the 

first hour and a half after mating. Observations of D. mett/eri in the laboratory have 

revealed how males affect the expulsion of the sperm sacs. D. melt/eri females, as 

most Drosophila species (Spieth, 1952; Connolly and Cook, 1973; Cook and Cook, 

1975) constantly extrude the ovipositor when courted by males after mating. We 

noticed that the mechanical movement of extruding the ovipositor causes the sperm 

sac to come out of the vagina. Ovipositor extrusion is primarily induced by two 

conflicting factors in the male; a peptide from the secretory glands of the males 

(Chen and Buhler, 1970) and male post-mating courtship (Cook and Cook, 1975). 

Therefore, males can be considered a major factor in determining the timing of 

expulsion of the sperm sacs. Furthermore, in D. mett/eri the slow movement of sperm 

into the storage organs emphasizes the relevance of post-mating courtship by males. 

In this species males are able to provoke the expulsion by the female of all the sperm 

from a previous mating. Thus, it is reasonable to suggest that from the male 

perspective sperm sac expulsion may have a bearing on sperm competitiveness. 
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Female remating 

. This experiment yielded data regarding two distinct but related questions. First, 

the addition of the numbers in the four cells in Table I provides data about female 

remating frequency in this species. Table I shows that 27 out of 140 females remated 

(15%) when the male is re-introduced in the chamber five hours after the first 

mating. Although data on remating from laboratory experiments are obscured by 

many design variables such as size of the chamber, age, temperature (for review see 

Gromko et aI, 1984), 15% of the females remating in the same morning is a high 

frequency of remating for a Drosophila species in the laboratory. Markow (1982) 

reported that in a four-hour period only three out of 81 D. mettleri females remated. 

The discrepancy between these results reflects some of the problems associated with 

laboratory designs on repeated matings (for review see Gromko et al., 1984). 

Nonetheless compared context with other Drosophila species, D. mettleri females show 

a high incidence of remating. According to Markow (1982) high frequency of female 

remating is characteristic of cactophilic Drosophila, though there is considerable 

variation among the species. 

Second, Table I shows that out of the 91 females that discarded the sperm sac, 

17 females remated. Of the 49 females that did not discarde 10 females remated. A 

chi-square contingency test showed that there is no significant difference among the 

cells in Table I (p> 0.805). Therefore, this experiment shows that there is no a 

correlation between discarding the sperm sac and remating with the same male or 
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with a different male within 5 hours of the first mating. 

Male fitness is affected by the repeated matings of the female. According to 

Gronum et al. (1984) it has been well demonstrated that in D. melanogaster a 'male 

has higher reproductive success when he is the first and only male to mate with the 

female'. The sperm sac is not a structural mechanism to prevent female remating; 

inside the D. mettlen female vagina the sac is a soft structure that does not constitute 

a physical barrier to the introduction of the male genitalia (Alonso-Pimentel et al., 

submitted). However, there are at least other three male-mediated factors involved 

in the loss of female receptivity: 1) the amount of sperm stored in the storage organs 

(Manning, 1962) , 2) specific secretions from the male accessory glands (Chen, 1984; 

Chen et al. 1988) and 3) female pheromones produced after mating (Tompkins and 

Hall, 1981; Tompkins et al. 1980, Venard and Jallon, 1980). It is reasonable to 

consider that the expulsion of the sperm sac could have an affect on the action of the 

secretions from the accessory glands and the number of sperm stored. Therefore, 

although we did not find a direct correlation between sperm sac removal and 

remating in our design ,it remains to be determined by a more detailed analysis 

whether these factors can be affected by the expulsion of the sperm. 

Repeated matings can also be a female strategy to increase reproductive fitness 

(for review see Halliday and Arnold, 1987). In the case of D. mettlen remating may 

have a clear benefit through the incorporation of nutrients from the male ejaculate. 

An association between number of matings and requirement for nutrients remains 
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also to be explored. 

Female requirement for nutrients. 

Fig. 3A shows that over 95% of the females stored in 'sugar' food retained the 

sperm sac at least 7.5 hours after mating. However, 80% of the females of the same 

age stored in regular food discarded the sperm sac around 5.5 hours after mating. 

These two cumulative distributions are significantly different (p < 0.0001). 

Fig. 3B shows the distributions of expulsion time for three different female ages. 

At three days old over 95% of the females retain the sperm sac at least for 7.5 hours. 

50% of the five-day old females discard the sperm sac within 7.5 hours 80% of the 

11-day old females discard the sperm sac within s.s hours after mating. These three 

cumulative distributions are also significantly different from each other (3 days vs 5 

days p > 0.0013, 5 days vs 11 days p > 0.0001). 

Both experiments suggest that in D. mettlen females the sperm sac retention is 

associated with the need for nutrients. Incorporation of materials from the male 

ejaculate has been reported in many insects (Leopold et aI, 1971; Friedel and Gillot, 

1977; Boggs and Gilbert, 1979; Boggs and Watt, 1981, Greenfield, 1982; Gwyne, 1984; 

Markow and Ankey, 1984; 1988; Boucher and Huignard, 1987; Bownes and 

Partridge, 1987). Markow and Ankey (1988) show that D. mettlen females integrate 

a substantial amount of material from the male ejaculate into the ovaries. 

Additionally, Bownes and Partridge (1987) document that D. melanogaster females 

deprived of proteins in their diet integrate higher amounts of materials from the male 
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ejaculate. Although the physiology of the uptake of nutrients from the ejaculate is not 

well understood, it is known that labelled substances start moving very fast from the 

ejaculate into the hemolymph of the female (Leopold et al. 1971). It is reasonable 

to believe that the amount of substance incorporated increases with time. Based on 

this idea, it is tempting to speculate that females should retain the sperm sac longer 

when they need nutrients. In contrast, females that do not require nutrients may 

retain the sperm sac just long enough to store some sperm. 

Table II shows the Pearson Correlation coefficients of the correlations among 

female thorax size, number of eggs and timing of sperm sac discard. Because all the 

different designs show the same trend of correlations, the data were pooled together. 

The number of eggs and the size of the female thorax are significantly negatively 

correlated with the timing of discard: larger females with more eggs discard the 

sperm sac earlier. The number of eggs and female thorax size are significantly 

correlated: larger females have more eggs. These correlations reinforce the 

association between female nutritional stage and sperm sac expulsion. However, the 

known correlation between number of eggs and thorax size (Robertson, 1957a, 

1957b) confounds the effect of size and the number of eggs with the retention of the 

ejaculate. 

From the male perspective contribution of nutrients in the ejaculate can be 

regarded as a strategy to ensure that the male's own sperm moves into the storage 

organs. Sakaluk (1984), from his work on several gryllids species, suggest that 
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glandular feeding is a male strategy of 'sperm protection'. In order to absorb 

nutrients a D. mettleri female must retain the sperm sac long enough for the sperm 

to move into the ventral receptacle. 

Mechanism for avoidance of inbreeding 

Figures SA and 5B show that there is no effect on the expulsion time when 

females were mated to males from the same inbred line compared to matings with 

males from other lines. It should be pointed out that the cumulative distribution of 

the expulsion time of sperm sacs of females from Line A (combining all the matings) 

is significantly different from the distribution of females from Line B (p > 0.001). 

Simmons (1991) showed that the duration of spermatophore attachment to the 

Gryllus bimaculatus female increases with decreasing degree of relatedness between 

the male and the female. Cactophilic Drosophila are known to be very susceptible to 

inbreeding (Jefferson, 1977). They are also characterized by sexual dimorphism for 

age at reproductive maturity. Markow (1982) has suggested that sexual dimorphism 

in reaching sexual maturity reduces matings between siblings. Unlike other cactophilic 

Drosophila D. mettleri do not show sexual dimorphism in reaching sexual maturity 

(Alonso-Pimentel, unpublished; Pitnick, pers. comun.). Thus, it seemed reasonable 

to consider the possibility that the removal of the sperm' sac in D. meltleri may 

function as a female mechanism of inbreeding avoidance. Our data, however, indicate 

that in D. mettleri the removal of the sperm sac is not associated with the relatedness 

between the male and the female (Fig 5). 
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The expulsion of t~e sperm sac may be an artifact of the laboratory conditions 

where flies have been stored for many generations in vials. However, females caught 

in the wild discarded sperm sacs within a few hours. This behavior might also have 

significe in natural conditions. Field observations show that D. mettleri flies are 

concentrated in very high number in their natural host plants, Saguaro (Canzegiea 

gigantea) and Cardon (Pachycereus pringlei). Males are observed to court vigorously 

feeding females. Most feeding females usually do not decamp to avert the males. It 

could be argued that is a good strategy for the males to court females very vigorously 

if this induces ovipositor extrusion and consequently expulsion of the previous male 

sperm sac. Furthermore, because the concentration of flies in the field is so large the 

chances for a male to court the same female he mated with are likely to be very low. 

In summary, removal of the sperm sac in D. mettleri is associated mainly with the 

physiological state of the female. D. mettleri females that require some nutrients 

retain the sperm sac longer in their vaginas. D. mettleri females kept alone always 

retain the sperm sac long enough for the sperm to move into the receptacle. Males 

have a significant effect on the timing of removal since post-mating courtship induces 

ovipositor extrusion which causes the discard of the sperm sac sometimes before the 

sperm has moved into the storage organs. This suggests that post-mating courtship 

of recently mated females could be a male sperm competition strategy. 

The removal of part or all of the ejaculate is known to happen in several species 
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in the genus Drosophila (Wheeler, 1947; Patterson, 1954; Alonso-Pimentel et al. 

submitted). We have presented some data that indicate that discarding an excess of 

sperm is not the only factor associated with female removal of the ejaculate in 

Drosophila. Our claim is that the significance of this female post-mating behavior 

might have been overlooked in the past and that it could be related to reproductive 

strategies to enhance fitness. More in depth research comparing this behavior among 

different species is necessary. 
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FIGURE LEGENDS 

Fig 1. Histogram of percentage of females with sperm in the ventral receptacle one, 

two and three hours after copulation. 

Fig 2. Cumulative distribution of percentage of females discarding the sperm sac over 

a 24 hours period. A) Female choice design. Females were presented with one male 

or with four males, after mating female were transferred alone to the spot plates. B) 

Male competition. After mating females were transferred to the spot plates with one 

or two males. Some females were transferred alone. 

Fig 3. Cumulative distribution of percentage of females discarding the sperm sac over 

a 24 hours period. A) Comparison of females deficient of nutrients ('sugar' food) vs. 

females fed on regular food. B) Comparison of females of different ages. In both 

designs females were transferred alone to the spot plates. 

Fig. 4. Cumulative distribution of percentage of females discarding the sperm sac over 

a seven and a half hours period. A) Comparison within females in line A that mated 

with full siblings or males from line Band D. B) Comparison within females of line 

B that mated with full siblings, half siblings or males from other lines. 



Table 1. Correlation between discarding the sperm sac and 
female remadng. A different or same male was introduced with 
the female for one hour five hours after the first mating. 

Sperm sacs discarded/ Sperm sacs retained/ 
remated remated 

same male 
n=100 62/14 38/7 

different male 
n=40 29/3 11/3 

11 3 



Table II. Pearson correlation coefficients among the female 
thorax size, number of eggs and time of sperm sac expulsion. 
Correlations significant at the p<O.05 level marked with *. 

TIME EGGS FTHO 

TIME 1.0000 ·0.73020 -0.24196 
0.0 0.0001 * * P 0.0068 

EGGS 1.0000 0.32751 , 
* p 0.0 0.0002 

FTHO 1.000 

P 0.0 
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APPENDIXC 

A comparative study of the reproductive biology of the two saguaro-breeding 

Drosophila 
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ABSTRACT 

We are studying the reproductive biology of the two saguaro-breeding Drosophila: 

D. mettleri and D. nigrospiracula. A characteristic feature of the two species and 

several of their relatives is the presence of a sperm sac in the uterus following mating. 

The study primarily focuses on the time the sperm sac is discarded by the female 

after mating. D. mettleri females retain the sperm sac significantly longer than D. 

nigrospiracula females after mating. We surmise the reason for this is that the sperm 

take longer to move into the ventral receptacle and also the female absorbs materials 

from the ejaculate into the oocytes. This absorption could be advantageous since D. 

mettleri females mate before the eggs are fully mature. In D. nigrospiracula, sperm 

moves significantly more rapidly into the ventral receptacle than in the other species 

and there is no integration of materials from the male ejaculate into the ovaries. 

Furthermore, in D. nigrospiracula the eggs are almost all fully mature when they 

mate. 
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INTRODUCTION 

The diversity of reproductive strategies among animals, especially insects, is 

overwhelming. From the evolutionary perspective reproductive diversity is particularly 

interesting due to its bearing on species isolation and diversification. For example, 

some reproductive characteristics are highly species-specific (Le. male genitalia and 

courtship songs), thus they can be used as species identifiers and phylogenetic 

information can be drawn from them. 

The two methods of study, when processed simultaneously, that can be very 

useful to explore reproductive diversity are the comparative approach and the 

interdisciplinary approach. The comparative method is used to understand organic 

diversity because it can sometimes reveal the reasons for evolutionary change and 

stasis (Harvey and Pagel 1991). In a phylogenetic context, comparisons allow one to 

examine adaptive versus historical interpretations of the traits (Brooks and McLennan 

1991). The interdisciplinary approach is critical to understand the large number of 

factors that influence reproduction. The main goal of most living organisms is to 

reproduce therefore many physiological, morphological, behavioral, and ecological 

features are associated with reproductive functions. 

Drosophila mett/eri and Drosophila nigrospiracu/a are two cactophilic flies that 

share the same host plants for growth and reproduction. They are the saguaro 

(Camegiea gigantea) and the cardons (Pachycereus pringlei). Both species of giant cacti 
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are unique to the Sonoran Desert. The two species of Drosophila are almost identical 

morphologically. However, chromosome inversion data has been used to place them 

in two different monophyletic complexes (Wasserman, 1982). D. mett/eli is a member 

of the eremophila complex and D. nigrospiracula is a member of the anceps complex. 

Each complex is a clade of three species. The adult phenotypic similarity between D. 

nigrospiracula and D. mettleri has been explained as a case of convergence on the 

same host plants (Heed and Mangan ,1986). It is believed that similar environmental 

selection pressures can lead to the convergence of different species to a similar 

function or form. However, the environmental selective pressures affecting 

reproductive traits are likely to be significantly different between these two species 

since D. nigrospiracula females use the tissue of fermenting cactus as the oviposition 

substrate while D. mettleri females use the soil soaked caused by the fermenting liquid 

that drips from the tissue (Heed, 1977, 1978). Thus, adaptations to the use different 

ovipositing substrates may result in significant differences in behavior and 

reproduction which would contrast with the similarity in adult morphology. 

A characteristic feature of the two species and their relatives, is the presence of 

a sperm sac found in the uterus after mating. Our study primarily focuses on the 

expulsion of the sperm from the uterus. The sperm sacs of both species have been 

previously described at the ultrastructural level (Alonso-Pimentel et al. submitted). 

Ultrastructurally the sperm sacs differ only in the presence of fat cells in D. mettlen. 

In this study we have integrated biochemical and radio labelling techniques as well as 
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physiology, and behavior to compare the sperm sac and reproductive behavior of 

these two species. We want to compare and contrast the two saguaro-breeding 

Drosophila hoping to reveal analogies and/or differences that can lead to the 

understanding of reproductive diversity and evolution of reproductive traits. 

METHODS AND MATERIALS 

Animals 

The strains used in this study were D. mettleri A855 and D. nigrospiracula A855 

both collected in February, 1984 in Cerro Colorado, 24 Kms NE of Puerto de la 

Libertad, Sonora, Mexico. The flies were reared in the laboratory in 8-dram shell 

vials containing standard food (yeast-agar-banana-malt-syrup) with tegosept for D. 

mettleri and propionic acid for D. nigrospiracula, as a mold inhibitor. The latter 

species also requires twice the amount of yeast for larval growth and reproduction. 

Virgin males and females were immobilized and separated on ice within 24 hours 

after eclosion. About 20 flies/vial were stored at room temperature in the same type 

of food until used in the experiment. In most experiments both males and females 

were used at 11 days post-eclosion, if otherwise, the age is specified in the 

experiment. The experiments were conducted at 23 + 1 degrees temperature. 
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Electrophoresis and radiolabelling ex,periments. 

We used one-dimension electrophoresis techniques to compare the chemical 

contents of the sperm sacs. About 15 virgin males and 15 virgin females, 11-15 days 

old, were set in petri-dishes with small pieces of food in the sides. Twenty-four hours 

later 10 sperm sacs of each species were collected from the petri-dishes and placed 

in an ice-cold homogenizer with 200 ul of 5% trichloric acid. The homogenate was 

transferred to a plastic tube and the homogenizer was rinsed with 200 ul of 5% 

trichloric acid that was also added to the plastic tube. Then, the homogenate was 

centrifugated for 5 minutes, at 12,000g and the supernatant was carefully removed 

and either used immediately or stored at -90 C. 

The proteins in the supernatant were separated using a SDS-PAGE (Laemmli 

1970) on 10% acrylamide gels containing 0.1 % SDS. The gels were silver-stained as 

described by Merril et aI. (1983). Sigma standards were used. 

An accurate description of the sperm sac requires to know whether the structure 

is formed only by substances from the male or the female contributes to its 

composition. In order to detect a possible female contribution to the sperm sac 

before is discarded radiolabeIIing techniques were used. Males and females were 

radiolabeled by collecting first ins tar larvae from culture vials of each species. Larvae 

from each species were placed in vials containing 5 grams of culture medium 

prepared with 70 uCi of a mixture of 14C labeled amino acids (ICN 10147). Virgin 

males and females were separated within 24 hours post-eclosion and stored under low 
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densities (ten per vial). All flies were used between 9-12 days of age. Labelled 

females were mated to unlabelled males in each species. Matings of unlabelled flies 

were set to use for controls. Then females were placed for six hours in polyethylene 

spot plates (Wards 18-2009) in order to collect the discarded sperm sacs. Sperm sacs 

were placed in scintillation vials containing lOOmI of ScintiGest tissue solubilizer. The 

vials were processed for scintillation counting following the protocol of Pitnick et al. 

(1991). From labelled females mated to unlabelled males, we processed three sperm 

sacs each in a single vial and five pooled together in one vial of D. nigrospiracula and 

four single sperm sacs of D. mettleri each in one vial. 

Behavior and physiology ex.periments 

Recent behavioral work with D. mettleri has shown that the expulsion of the 

sperm sacs is influenced by post-mating courtship of males (Alonso-Pimentel and 

Heed, in prep.). The time of expulsion of the sperm sacs and the effect of the 

presence of males in D. nigrospiracula females was tested following the same design 

used with D. mettleri (Alonso-Pimentel and Heed, in prep.). In this experiment D. 

nigrospiracula females were stored until used in the same type of food as D. mettleri 

flies. 

In the present study three physiological aspects of female reproduction are being 

compared between D. mettleri and D. nigrospiracula: 1) the age of sexual maturity, 2) 

the egg development profile and 3) the timing of movement of sperm into the ventral 
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receptacle. In these experiments each species was stored in the type of food in which 

they were reared. 

The age at which females are sexually mature (i.e. engage in copulation) was 

determined for both species. In D. nigrospiracula ten mature virgin males (12 days) 

were placed in a vial with 10 females all of the same know age. Seven vials with 

females of 1 to 7 days old respectively were tested. In each vial males and females 

were together for 7 hours. After this period the females were dissected and scored 

for the presence or absence of sperm. Because D. mettleri females sometimes discard 

all the sperm soon after mating individual males (11 days old) were paired with 

individual virgin females of known age (N = 10 for each age) and scored for the 

number of matings within a 2 hour period. 

To follow egg development virgin females were stored in fresh food vials and 

dissected at specific ages (one day to seven days old). Twenty females of each age 

were dissected. The ovarian development was scored following King (1970). 

The time for the sperm to move from the vagina to the ventral receptacle has 

been previously quantified for D. mettleri (Alonso-Pimentel and Heed, in prep.). 

Following the same procedure we examined D. nigrospiracula for sperm movement 

at half an hour after mating and one hour after mating (N=20 for each time). 
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RESULTS 

Electrophoresis and radiolabelling data. 

The one-dimension gel electrophoresis is shown in Fig. 1. There is evidently a lot 

of variation in the composition of the sperm sacs between the two species. Only few 

bands can be detected in the same position in both species. 

In crosses of unlabelled males with labelled females, sperm sacs discarded by D. 

mettleri females show a significant amount of radioactive material when compared to 

the controls (Wilcoxon rank test p < 0.0497)(Fig. 2). However, sperm sacs discarded 

by labelled D. nigrospiracula females do not differ from the controls (Wilcoxon rank 

test p < 0.008). (Sperm sacs processed singly do not differ from the five processed 

together.) Thus it seems thatD. mettleri females transfer some materials to the sperm 

sacs before they discard them but D. nigrospiracula females do not. 

Behavioral and physiological experiments 

The discarding of the sperm sacs after mating and the effect of the presence of 

males is shown in Fig. 3A Over 40% of the D. nigrospiracula females alone discard 

the sperm sac within one and half hours after mating. The presence of males in the 

spot plates affects mainly the proportion of females that discard the sperm sac within 

the first and a half hour after mating. With one or two males the proportion of 

females discarding in the first hour and a half increases to 50% and 64% respectively. 
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However, the three cumulative distributions are not significant different in pair-wise 

comparisons (2-sample Kolmogorov-Smirno~ (K-S) test: none vs one male p < 

0.7636; one vs. two males p < 0.6272; none vs. two males p < 0.3399) 

These D. nigrospiracula data contrast with the data from D. meltleri in Fig 3B 

(Fig. 2B from Alonso-Pimentel and Heed, in prep). D. nigrospiracula females always 

discard the sperm sacs earlier than D. meltleri females. Statistical comparisons 

between the two species of the lines with the same number of males yielded 

significant differences (2-sample K-S test, no males p < 0.0095; one male p < 0.0158; 

two males p < 0.0108). In both species the presence of males decreases the retention 

time of the sperm sac by females especially iri the first few hours after mating. 

Fig. 4 shows the time profile of the age at which females acquire sexual maturity 

and the age at which females have most of the eggs fully mature. One-hundred per 

cent of the D. nigrospiracula females reached sexual maturity at four days old, at this 

age over 80% of the females had fully mature eggs (Fig. 4A). D. meltleri females were 

all sexually mature at the age of 2 days but most of the females do not have fully 

mature eggs until they are 4 days old (Fig. 4B). 

These results show that in D. nigrospiracula sexual maturity and egg development 

are almost synchronous. The two lines are not significant different (2-sample K-S test 

p < 0.999) However, in D. meltleri there is a considerable gap; females mate before 

the eggs are fully mature (2-sample K-S test p < 0.0019). 

Eighty-seven percent of the D. nigrospiracula females dissected half an hour after 
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mating have sperm in the storage organ and 100% of the females dissected one hour 

after mating had stored sperm. In Fig. 5 these results are compared with data on 

sperm movement of D. mettleri (from Fig.1 Alonso-Pimentel and Heed, in prep.). 

These results show that sperm movement from the vagina to the ventral receptacle 

occurs much faster in D. mettleri females (over one hour) than in D. nigrospiracula 

females (less than half hour). 

DISCUSSION 

The two saguaro-breeding Drosophila, D. mettleri and D. nigrospiracula, appear 

to be more distinctive in their reproductive biology than in their adult morphology. 

However, the specificity of some reproductive traits depends on the level of analysis. 

For instance, both females have very similar sperm sacs at the ultrastructural level, 

differing only in the presence of fat cells in D. mettleri (Alonso-Pimentel et al. 

submitted). The chemical composition of the sperm sac, however, is clearly distinct 

between the two species. Thus, it is not always obvious what it is the most 

appropriate atomization of a character to obtain phylogenetic information (Harvey 

and Pagel, 1991). 

Chen (1984) points out that male secretory glands in Drosophila show much 

greater diversity at the biochemical level than at the morphological level. Some of our 

work with the secretory glands of cactophilic species (unpublished data) corroborated 

his results. Therefore, the chemical interspecific variation found in the sperm sacs is 
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not surprising since the major proportion of the male ejaculate comes from the 

secretory glands (Leopold, 1976). The functional significance of the chemical 

specificity found in the male secretory glands is not well understood. Fuyama (1983) 

has proposed that this specificity acts as an isolating mechanism among Drosophila 

species. Other studies suggest that the interspecific functional differences are 

correlated with phylogenetic distances. For example, injection experiments among 

species in the melanogaster subgroup have shown that the reproductive activity of 

accessory glands secretions in some species are not species-specific (Chen and 

Balmer, 1989). Furthermore, injection of secretions from species in the melanogaster 

subgroup into D. funebris, a phylogenetically distant species, has not effect. It will be 

necessary to isolate each component of the secretory glands in order to assign specific 

functions and to understand the role of secretions in maintaining species isolated. 

Markow and Ankey (1988) used radiolabelling techniques show that a significant 

amount of materials from the male ejaculate are integrated into the oocytes in D. 

mettleri females. The same study also shows that, in contrast, D. nigrospiracula females 

do not absorb a significant amount of materials from the male ejaculate. Comparing 

both species, it appears that only D. mettleri absorbs and at the same time transfer 

some materials to the sperm sac. Radiolabelling data, however, should be interpreted 

with caution and interspecific comparisons might be misleading (see Pitnick et al. 

1991). Variation in developmental time and adult size among species creates some 

variation of initial incorporation of material by the flies. This means that some larvae 
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can incorporate higher amounts of materials becoming 'hotter' adults which in turn 

are potentially able to transfer higher amounts of radiolabelled materials. Therefore, 

differences in radiolabelling counts among species might result form a difference in 

developmental parameters rather than a difference in the ability to integrate or 

transfer materials. Regardless of the problems interpreting the results, the 

radio labelling experiments have further strengthen the distinction between the two 

saguaro-breeders. 

It may be that the ability to integrate materials from the ejaculate is associated 

with physiological as well as morphological traits. We have previously speculated that 

the variation observed in the vaginal wall infoldings between D. nigrospiracula and D. 

mettleri may be associated with the absorption of materials from the ejaculate 

(Alonso-Pimentel et al. submitted). It will be of interest to detect morphological 

characteristics in the vaginal wall that allow the female to sequester materials from 

the male ejaculate. 

The behavioral experiments show that D. mettleri females retain the sperm sac 

longer than D. nigrospiracula females. An adaptive explanation of this difference can 

be formulated based on the physiological and radiolabel data. In D. mettleri, the 

sperm takes longer to move into the ventral receptacle and the female can absorb 

materials from the ejaculate (Markow and Ankey 1988). Thus, to secure sperm D. 

mettleri females ought to retain the sperm sac in the vagina at least over one hour 

and during this time nutrients will be also integrated. In contrast, in D. nigrospiracula 
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sperm moves quite rapidly into the ventral receptacle and there is no significant 

integration of materials from the male ejaculate into the ovaries (Markow and Ankey 

1988). 

In both species the timing of discard is also affected by the post-mating presence 

of males. Laboratory observations have revealed that the males of both species court 

females vigorously after mating, although D. nigrospiracula is not as aggressive as D. 

mettleri. As in the majority of the Drosophila species, mated D. mettleri and D. 

nigrospiracula females try to repel males by extruding the ovipositor (Connolly and 

Cook, 1973); and oviposition extrusion causes a more rapid expulsion of the sperm 

sac (Alonso-Pimentel and Heed, in prep). Therefore, also for D. nigrospiracula males 

post-mating courtship may be a mechanism of sperm competition, since males can 

cause expulsion of the previous male's sperm. We did not find, however, any D. 

nigrospiracula female that did not retain any sperm after discarding the sperm sac, as 

some D. mettleri females do (Alonso-Pimentel and Heed, in prep). This might be due 

to a faster sperm storage observed in D. nigrospiracula females. Sperm storage is not 

well understood in Drosophila (Gromko et al. 1984). Although, in most species 

examined the sperm moves into the storage organs quite rapidly usually within few 

minutes after copulation (Wheeler, 1947), a slow process of sperm storage is not 

unique to D. mettleri; it has been reported in few other species such as D. 

pseudobscura (Wheeler 1947) and D. unispina and D. brachynephros (Shima et aI, 

1967). The functional significance of differential timing of sperm storage is difficult 
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to explain. From the male perspective in D. nigrospiracula post-mating courtship 

might not have such as large pay-off as for D. mettleri males. It is tempting to suggest 

that this idea could be related to the lower level of courtship aggressivity observed 

in D. nigrospiracula males (Alonso-Pimentel et aI, in prep.). 

The female receptivity to accept males is determined by a complex interactions 

of several factors (Gromko et al., 1984). There are data showing that the time at 

which females become sexually receptive is strongly correlated with the 

developmental stage of the eggs (Kambysellis and Cradock, 1991). The differences 

found between D. mettleri and D. nigrospiracula can have an adaptive interpretation 

based on the radio label data from Markow and Ankey (1988). It has been proposed 

that the time of egg development relative to mating is important when considering 

what males may invest in the ejaculate (Marshall, 1982). In cases where females mate 

before eggs are fully mature, as D. mettleri does, it might be advantageous for both 

sexes if the male contributes nutrients for the production of eggs by the females 

(Marshall, 1982). According to Kambysellis and Cradock (1991) the timing of sexual 

receptivity in relation to egg development appears to be species-specific and a 

phylogenetically conservative trait. Thus, the differences found between the two 

saguaro species might also reflect the different phylogenetic origin. 

The similarities in adult morphology between the two species have been 

explained on the basis of their common ecology. Following the same argument, it 

seems reasonable to try to relate the interspecific variation found in reproduction to 
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the use of different oviposition substrates in their natural habitat. The distinctive 

. characteristics of p. mettleri reproduction can be interpreted as adaptations to use the 

soil. The soil seems to be a more ephemeral substrate, imposing a narrow window of 

time when the females can oviposit and consequently where the larvae are going to 

have optimal conditions for development. For females emerging from larvae raised 

in poor environmental conditions, it might be especially advantageous to mate early 

if the male ejaculate contributes to egg production. 

This latter point argues in favor of an adaptionist explanation of the differences 

in reproduction between D. mettleri and D. nigrospiracula. However, other 

evolutionary explanations, such as historical interpretation of the pattern, cannot be 

ruled out at the moment. 

In this study the comparative method has been strengthen by the use of an 

interdisciplinary approach. The combination of several disciplines has allow us to 

construct hypothetical explanations that integrate several components of the 

reproductive process. 
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FIGURE LEGENDS 

Fig. 1. One-dimension gel electrophoresis of the sperm sacs (N = 10 for each species) 

of D. mettleri (M) and D. nigrospiracula (N) showing high variability in chemical 

composition (S=standards). 

Fig. 2. Counts per minute of C14 radiolabeled sperms sacs (average of N =4) of both 

species discarded by labelled females Chot') mated with unlabelled males. Controls 

are sperm sacs discarded by females of unlabelled pairs. 

Fig 3. Cumulative distribution of percentage of females (N =30 per line) discarding 

the sperm sac over a 24 hours period. After mating, females were transferred to the 

spot plates alone, with one male or with two males. A) D.mettleri B) 

D .nigrospiracula. 

Fig. 4. Time profile of the age at which females acquire sexual maturity and the age 

at which females have most of the eggs fully mature. In D. nigrospiracula sexual 

maturity and egg development are almost synchronous. In D. mettleri there is a 

considerable gap; females mate before the eggs are fully mature. 
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Fig. 5. Movement of sperm from vagina the ventral receptacle. In D. mettleri females 

sperm takes over one hour to move from the vagina to the ventral receptacle while 

in D. nigrospiracula it takes less than half an hour. 
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APPENDIXD 

Reproductive behavior of the two saguaro-breeding Drosophila (Diptera: 

Drosophilidae) in the field. 
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ABSTRACT 

To explore reproductive diversity, some reproductive traits. of the two Drosophila 

species, D.mettleri and D.nigrospiracula, that use saguaro (Carnegiea glgantea) as a 

host plant, were studied in their natural habitat. The location of the oviposition 

substrate is the most remarkable difference between the two species. Laboratory 

studies have shown marked differences in behavior and physiology between these two 

species. The developmental stage of the eggs differs significantly between the females 

of the two species and it appears to be correlated with specific ecological conditions. 

The bias sex ratio found in the field collections is discussed, taking into account our 

laboratory findings on male interactions. There is a differential distribution of sexes 

and species with respect to the feeding areas on the cactus, which is in agreement 

with courtship patterns. A temporal succession of the species over time was also 

observed. This work illustrates the importance of adding field observations to 

understand the reproductive diversity among species. 
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INTRODUCTION 

Exploring reproductive diversity is important in order to gain understanding of 

the evolution of reproductive traits. The reproductive process includes behavioral, 

morphological, physiological and ecological components. These components interact 

tightly which each other to configure the reproductive system of a species. Variation 

among species in any of these factors translates into the overwhelming diversity of 

reproductive strategies observed in nature. Thus, data on any component of 

reproduction contribute to elucidate what are the forces shaping reproductive traits. 

Laboratory work allows us to investigate the morphological, behavioral and 

physiological components of the reproductive process. However, the ecological factors 

and their role in the reproductive process ought to be examined under natural 

conditions. Without direct observations in the field, the ecological factors that 

underlie reproductive diversity among species cannot be identified with certainty. 

D. mettleri and D. nigrospiracu/a are two species endemic of the sonoran desert 

that both use Saguaros (Carnegia gigantea) and Cardons (Pachycereus pringlei) as 

their main host plants. These two species have a striking adult phenotypic similarity. 

Based on chromosome inversions, these endemic species of Drosophila are considered 

to have independent evolutionary history with their closest relatives outside the desert 
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or with marginal overlap within the desert (Heed, 198i; Wasserman, 1982). Because 

both use the same host plants the similarities have been interpreted as ecological 

convergence (Heed and Mangan, 1986). Convergence of non-related species 

exemplifies the unifying effect and strength of natural selection shaping the species 

to cope with common environmental conditions. 

From the reproductive biology perspective there is, however, a very important 

difference between these two species in their natural habitat: the location of the 

oviposition substrate (Fogleman et al. 1981). D.nigrospiracula females lay eggs in the 

necrotic tissue of these cacti while D.mettleri females lay eggs in the soil that has 

been soaked with liquid dripping from the cactus as it ferments (Heed 1977, 1978). 

Recent behavioral and physiological studies in the laboratory have shown other 

marked differences between the two species at the reproductive level (Alonso

Pimentel and Heed, in prep). This study aims to integrate ecological factors into a 

comprehensive study of the reproductive biology of the two saguaro-breeding 

Drosophila and to examine whether or not the differences in reproduction under 

laboratory conditions are correlated with differences in their natural habitat. 

METHODS AND MATERIALS 

Flies were collected from eight different rotting cacti in the vicinity of Tucson 
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(Arizona). Three rotting saguaro were located in the land of the Sonoran Arthropods 

Studies, Inc which is near the Saguaro \Vest National Monument. The other five were 

located at Ironwood State Park, also west of Tucson. Collections and observations 

were made in the morning during late October through late November, 1990 and 

during late March and April, 1991. Collecting was accomplished by mouth aspirators 

connected to a vial or by use of an insect vac (Bioequip 2820A). 

In four cacti, the fermenting liquid dripping from the rotting tissue covered only 

discrete patches of the plant, while in the other four cacti almost the entire plant was 

covered with the fermenting liquid. In the partially covered cacti two different areas 

were identified following the criteria of Markow (1988) :(1) feeding areas where 

liquid was dripping down the ribs and where flies were observed feeding and (2) non

feeding areas on externally healthy parts of the cactus where flies were also present. 

In the four cacti where the fermenting liquid covered virtually the whole cactus, 

the flies were collected at the base of the cactus and at the top. The base was 

measured as the first meter from the ground level. The top was defined as one meter 

area starting one meter from top of the the base. 

Flies were collected from the different areas in both types of cacti and taken to 

the laboratory for examination under the binocular microscope in order to identify 

the species and the sex. 

The females were dissected in order to record the state of their ovaries. The 

developmental stage of the eggs, as outlined by King (1970), were recorded. 
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RESULTS AND DISCUSSION 

Egg maturation.:.... The most interesting discovery is the correlation of D. mettleri 

egg stage of growth with the availability of oviposition substrate. Figure 1 shows the 

percentages of females in each species that contain eggs of clearly different 

developmental stages. We dissected 396 females, 67 D.mettleri from cacti with dry 

soil, 240 D. mettleri from cacti with wet soil and 89 D.nigrospiracula from cacti with 

dry soil. In cacti with dry soil there is a marked majority of D.mettleri females with 

differentiated eggs before stage 12; most of these females had their eggs in stage 9 

in which one half of the developing egg is occupied by nurse cells (King 1970). In 

cacti with wet soil the proportion of differentiated eggs before stage 12 is not as 

predominant; a substantial number of eggs are almost fully mature (> stage 12) while 

others are in very early stages of development (undifferen. eggs). Two-sample chi

square tests show that the distribution of stages is significantly different between dry 

and wet soil for D. mettleri (X2=35.8 p< 0.0001) and between D. nigrospiracula and 

D. mettleri in dry soil (X2=32.07 p< 0.0001) These data raise interesting questions 

concerning the behavioral regulation of oogenesis. An! the females controlling 

oogenesis because the oviposition substrate is not present or are they feeding in a 

non-substrate cactus because of the immature nature of their ovaries? At this point 

there are no answers to these questions. However, we do know that female 

receptivity to courting males is not synchronous with egg development in D. n len, 
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as it is in most other species of Drosophila, including D. nigrospiracula (Alonos-

Pimentel and Heed, in prep.). This premature acceptance of males might be clearly 

beneficial for D. mettleri females since they are able to integrate materials from the 

male ejaculate into the ovaries, while D. nigrospiracula females do not absorb 

substances from the male ejaculate (Markow and Ankey, 1988) 

Sex ratio~In both species sex ratios were significantly different from 1:1 (Table 

1). However, D. nigrospiracula shows female biased sex ratios in both types of cactus: 

old and young, while D. mettleri shows a total male bias sex ratio but in young cactus 

is a significant female predominance. A female bias sex ratio in D. nigrospiracula was 

also reported by Markow (1988). Based on the idea of the operational sex ratio, the 

number of males and females that are actually capable of mating (Emlen and Oring, 

1977), Markow (1988) suggests that due to the high incidence of remating. of D. 

nigrospiracula females the operational sex ratio is even more female bias than it 

appears. In theory a female biased adult sex ratio is usually associated with reduced 

male competition (Vollrath and Parker, 1992). Laboratory observations do not 

support this prediction in the two saguaro-breeding Drosophila; male-to-male contests 

have been documented for both species. Markow (1988) reports thatD. nigrospiracu/a 

males engage in ritualized interactions, shortly afterwards one of the contestants will 

mount the female. D. mettleri males engage in direct combat, butting heads and going 

into an upright position for a few seconds (Alonso-Pimentel and Heed, 1992). The 

motive for the fight is not known, however combats have been observed immediately 
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following copulation in mating chambers where a high ratio of males to females 

exists, suggesting a relationship with mate procurement. 

Two important points suggest a different interpretation of the field data on 

operational sex ratio. First, the D. nigrospiracu/a female biased sex ratio could be due 

to the distribution of the sexes in the feeding vs. non-feeding areas. Because most D. 

nigrospiracu/a males are dispersed in areas with lower densities of flies (Fig. 2; 

Markow, 1988), it might be harder to collect a sample representative of the real 

quantity of these males. Second, according to Berglund et al. (1993) "Female-biased 

operational sex ratios (OSR) are generated when females can remate faster than 

males; i.e., when the potential reproductive rate of females is higher that of males". 

In Drosophila species in general the potential remating frequency 1S known to be 

substantially higher for males than females. Thus, this suggest that the operational sex 

ratio in the two saguaro-breeding species, as in most Drosophila species, is likely to 

be male biased which is in agrement with the level of male aggressivity observed in 

the laboratory. 

Location of the flies: In cactus with discrete feeding patches there is a clear 

difference in the distribution of the two species and the two sexes in the feeding and 

non-feeding areas described above (Fig. 2). As Markow (1988) has previously 

reported, D. nigrospiracu/a males predominate in the healthy parts of the cactus 

where food is not available. In our collections over 62% of D.nigrospiracula males 

and close to 20% of the females of this species were captured in the non-feeding 
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areas. D. nigrospiracula males defend small mating territories in the healthy parts of 

a rotting cactus outside the feeding areas where they wait for the visit of females to 

mate with them (Markow 1988). Our objective was to now determine whether the 

distribution of the sexes of D. meltleri is also associated with courtship behavior and 

how it differs from D. nigrospiracula. Most of the males and females of D.mettleri are 

found in the feeding areas (Fig. 2). D.mettleri males were observed courting the 

feeding females continuously. These field observations correspond to laboratory 

observations of the courtship behavior of these two species. In the laboratory, D. 

meltleri males follow females very vigorously in the mating chamber, however, D. 

nigrospiracula males appear to follow females very sporadically for short periods 

(Alonso-Pimentel et al. in prep). These field observations show that the distribution 

with respect to the feeding resources, especially of the males is related to their 

courtship behaviors; thus, the different mating behavior of the two species determines 

their unique spatial arrangement on the cactus. 

The data on the vertical distribution of the species in old cacti is shown in Figure 

3. D. mettleri males clearly prefer the lower areas and D. nigrospiracula females the 

upper areas, however, D. meltleri females and D. nigrospiracula males did not show 

a preferred distribution in the vertical plane. Fogleman et al (1981) also reported 

data on the vertical distribution of the two species. Their data shows a similar pattern 

with both sexes of D. nigrospiracula preferring the higher areas while both sexes of 

D. mettleri predominate in the lower areas with most D. meltleri females collected on 
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the ground. The differences between the two collections are hard to explain, however, 

we can speculate how environmental variables could be the cause. ~or example, 

Fogleman et al (1981) points out that most D. mettleri females were located on the 

ground, frequently under loose rocks in the large areas of soaked soil at the base of 

the cactus. The rotting cactus we collected from also had areas with soaked soil 

however we failed to find any female in the ground or under rocks. Neither were we 

able to find larvae. Perhaps the different conditions of the soil could affect the spatial 

distribution along the plant. 

Temporal variation: Collections were also made from a single rot five times 

during a 10 day period from October 31 to November 11 (Figure 3). This graph 

shows a temporal succession of both species over time, as the necrotic tissue becomes 

older the number of D.mettleri flies increases and the number of D.nigrospiracula 

decreases. The number of flies collected everyday is quite similar therefore the 

percentage bars show a real change in absolute number of these two species over 

time (2-sample chi-square = 147.5 p< 0.0001). This temporal succession is supported 

by the data on Table 1; D. mettleri is more predominant in old cacti (X2= 176.6 p< 

0.0001) and D. nigrospiracula more predominant in young cacti (X2=56.2 p<.OOl). 

Heed and Mangan (1986) suggest that "D.mettleri is adapted to feeding in soils that 

have been partially produced by the activity of D.nigrospiracula larvae in the tissue 

of Carnegia". According to this hypothesis the densities of D.mettleri flies should be 

low at the initial stages of the rotting process and increase as D.nigrospiracula larvae 
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work through the cactus tissue. The decline in D.nigrospiracula can simply be the 

consequence of the drying of the tissue over time. A temporal succession of the two 

species, determined by the rotting cactus stage, could affect their behavioral patterns. 

Fluctuations in population density may create variations in male aggressivity and 

mating behavior (Ewing and Ewing, 1987). For example, D. mettleri male-to-male 

competition might be stronger in older cacti than in young cacti where the proportion 

of males is lower (Table 1). 

The significance of ecological factors as causal to the observed variation in 

reproductive traits has been seldom explore in detail. We are attempting to integrate 

field work into a comprehensive study of reproductive biology. 
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FIGURE LEGENDS 

Figure 1. Developmental stage of eggs of females collected from cactus with dry soil 

and females collected from cactus with soaked soil. Percentages of D.mettleri and 

D.nigrospiracula females in three different developmental stages of their eggs: no 

differentiated eggs, differentiated eggs before stage 12 and maturing or fully mature 

eggs (stages 12-14 following King, 1970). 

Figure 2. Distribution of the flies and sexes in 'young' rotting Saguaros. Percentages 

of males and females of D.nigrospiracula and D.mettleri collected in the feeding and 

non-feeding areas of rotting Saguaros. 

Figure 3. Distribution of the flies and sexes in a vertical plane in old rotting Saguaros. 

Percentages of males and females of D.nigrospiracula and D.mettleri collected in the 

base « 1m.) and the upper part (> 1m). 

Figure 4. Temporal succession. Flies collected from a single rotting cactus over 10 day 

period. Bars represent the percentage of each species collected in the given dates. 
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Table 1. Sex Ratio of D. mettleri and D. nigrospiracula collected from young 
rotting saguaros and old rotting saguaros (* chi-square value significant at the 
p<O.05 level) 

A) D. mettleri 

Type of Males Females Total cactus 
n (%) n (%) X\1 :1) (%) 

Young 192 (41) 280 (59) 16.4* 472 
N=4 (32) 

Old 564 (58) 414 (42) 23.0* 978 
N=4 (68) 

Total (%) 756 (52) 694 (48) 2.65 1450 

8) D. nigrosQiracula 

Type of Males Females Total cactus 
n' (%) n (%) X2(1 :1) % 

Young 336 (39) 527(61) 42.3* 863 
N=4 (61 ) 

Old 252 (45) 310(55) 6.0* 562 
N=4 

(39) 

Total (%) 588 (41) 837 (59) 43.5* 1425 



100 

(/l 75 
Q) 

ca 
E 
~ -0 50 -c:: 
Q) 

~ 
Q) 
c.. 

25 

o 

Fig. 1 

D.mett. 
dry soil 
N=67 

D.mett. 
wet soil 
N=240 

o undiff. oocyte 

(8J < stage 12 

• > stage 12 

D. nigro. 
dry soil 
N=69 

162 



100 ~--------------------------------~ 

80 

en 
.~ 60 ~ 

a ..... c 
Q) 

~ 40 Q) 
c.. 

20 

o 

Fig. 2 

mettleri 
males 

• feeding areas 

mettleri 
females 

nigro. 
males 

nigro. 
females 

163 



100 

75 

(J) 
Q) 

i;: 

'0 50 ... c: 
Q) 

~ 
Q) 
0-

25 

o 

Fig. 3 

mett. 

males 

mett. 

fem. 

nigro. 

males 

nigro. 

fem. 

• UP 

~ SASE 

164 



165 

100 .--------------, • D.mettleri 
~ D.nigro. 

80 

(Jl 
CD 

60 :;: 
"+-
0 
+"" c: 
CD 
(,) 
'- 40 CD 
a.. 

20 

o 
Oct 31 Nov 1 Nov 4 Nov 11 

Fig. 4 



166 

APPENDIXE 

Courtship sounds and behaviour of the two saguaro-breeding Drosophila and their 

relatives. 
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ABSTRAcr 

The two saguaro-breeding Drosophila: D. nigrospiracula and D. mettleri share 

striking morphological similarities even though they are not closely related. D. mettleri 

is a member of the eremophila complex species while D. nigrospiracu/a is a member 

of the anceps complex of species. In this study we examine both the courtship songs 

and courtship behaviour of the six species in these two complexes. The objectives are: 

one, to investigate whether courtship behaviour follows the same trend as the 

morphological traits; two, to provide insight about the evolution of courtship 

behaviour among these species. It was discovered that the courtship song is clearly 

a phylogeneticly conservative trait within both species complexes; it does not follow 

the morphological pattern. The pattern observed in the song parameters measured 

can be interpreted in terms of the ease with which intermediate hybrids can be 

formed in the laboratory and the extent to which sympatry occurs in the geographical 

distribution of the species within each species complex. In comparison with many 

other species of Drosophila in the repleta group the eremophila complex possess 

unique features while the anceps complex of species have song characters that are 

common within the species group. 
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INTRODUCfION 

Species of the genus Drosophila engage in elaborate courtships, while some 

courtship elements are widespread within the genus there are significant qualitative 

and quantitative differences among the species (Spieth 1952; Ewing 1983). The male 

wing display is the most conspicuous element of the courtship in most of the species. 

It has been shown that the wing display produces species-specific sounds that 

stimulate females (Waldron 1964; Bennet-Clark and Ewing 1967; Ewing and Bennet

Clark 1968; Bennet-Clark and Ewing 1969; Ewing 1983). This specificity suggests 

that examining courtship behaviour of Drosophila species in a phylogenetic context 

can provide insight into the evolution of behavioural traits. 

The two species of most significance in this study are D. nigrospiracula and D. 

mettleri, members of the cactophilic rep leta species group. The two species are 

endemic of the Sonoran Desert of SW United States and NW Mexico. They are of 

special interest because they often utilize the necrotic tissues of the same host plants 

(columnar cacti) for feeding and mating. In Arizona and Sonora, the host cactus is 

the saguaro, Camegiea gigantea. D. nigrospiracula and D. mettleri are also of particular 

interest because the adults are almost morphologically identical. Chromosome 

inversion data, however, show that they cannot be very closely related (Wasserman 

1982). D. mettleri belongs to the eremophila complex with D. micromettleri in the 
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West Indies and D. eremophila in central Mexico (Heed, 1989). These three species 

are very similar at the morphological, behavioural and reproductive level (Heed 

1989). D. nigrospiracula belongs in the anceps complex with, two other specie-s in 

central Mexico, D.anceps and D.leonis. However, D. nigrospiracula shows marked 

morphological differences with its two relatives. The striking adult phenotypic 

similarities between D. mettleri and D. nigrospiracula have been explained as a case 

of morphological convergence due to the use of the same host plants (Heed and 

Mangan 1986). This concept has been reinforced by a recent study of the wings of 

all these six species (Dyreson at eI. in prep). Using morphometric techniques Dyreson 

et aI. (in prep.) have shown that, independent of size, the shape of the wings of D. 

mettleri and D. nigrospiracula is more similar to each other than to any of their 

respective relatives. 

In this study we present a quantitative analysis of the courtship song parameters 

along with a description of the courtship behaviour of the species in the eremophila 

and anceps complexes. The objectives of this study are the following: first, because 

the importance of the wing in the production of the courtship song we want to learn 

whether the similarity observed in the shape of the wing between D. meltleri and D. 

nigrospiracula could account for a similar pattern of courtship song. Also we want to 

examine whether the courtship behaviour follows a pattern parallel with the 

morphological variation; expecting then that D. nigrospiracula will be similar to the 

species in the eremophila complex and D. anceps and D. leonis will differ from the 
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rest of the species. Additionally, this analysis can provide insight about the evolution 

of courtship behaviour in these two Drosophila complexes. 

METHODS AND MATERIALS 

Animals 

The flies used in this study came from the following stocks: D. mettleri (A855) 

from Cerro Colorado, 24 KIn NE of Puerto de la Libertad, Sonora, Mexico; D. 

micromettleri (ORV 24) from Port Handerson, Jamaica, West Indies; D. eremophila 

(E13,2) from near Guajalejo, Taumalipas, Mexico ,oD. nigrospiracula (A855) (same 

locality as D. mettleri) ; D.anceps (800.25) from Zumpango, Guerrero, Mexico and 

D.leonis (804.4) from Barranco de Rio Santiago, Guadalajara, Jalisco, Mexico. 

All of our laboratory strains were reared in 8-drams shells vials containing 

standard food (yeast-agar-banana-malt-syrup). D. nigrospiracula requires a higher 

proportion of yeast (double) in the food. Virgin males and females were 

immobilized and separated on ice within 8 hours after eclosion for D. eremophila and 

D. micromettleri and within 24 fours after eclosion for the other four species. About 

20 flies/vial were stored at room temperature, until used in the experiment between 

6 and 10 days post-eclosion for the species in the eremophila complex and 10 to 14 

days for the species in the anceps complex. 
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Mating behaviour 

In order to view and describe the courtship behaviour pairs of flies were 

introduced in polyethylene spot plates ( 21 mm in diameter at the top, and 6 mm 

deep (Wards 18-2009)) covered at the top with a 25x25 mm glass cover slip. Each 

pair was video-taped using a NEC NC-15 CCD color video camera equipped with a 

50mm auto-macro Olympus lens to fill most of the frame with the chamber. The 

camera was connected to a Panasonic VCR (NV -8950) and a Panasonic color video 

monitor (CT-1331Y). At least five or more pairs of each species were recorded using 

this system. The video recordings obtained during the recordings of the sounds 

(Sound recording section below) also provided information to describe the courtship 

behaviour. 

Sound recording 

Sound of the courting males were recorded using the following microphone and 

recording system. Courtship sounds were detected by using pressure traHsducers at 

very close range. The recording chamber was constructed using a polyethylene spot 

plate ( as described in the previous section). To accommodate the microphone a 9.4 

mm diameter hole was made in the center of the bottom and a small plastic tube was 

glued to it. Next a 9.4 mm dia. omnidirectional electret condenser microphones 

(Radio Shack 270-0921) was inserted in the plastic tube so that it was level with the 

bottom of the spot plate. Pairs of flies were gently transferred into the chamber with 
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a small mouth aspirator and retained there by placing a cover slip over the chamber. 

Some of the males of D. anceps did not readily sing to the female. In such cases 

another male was added to the chamber. Only the song from one male was analyzed. 

During sound recordings fly activity within the recording chamber was captured 

using a monochromatic Panasonic WV-155 video camera equipped with 25 mm lens 

and extension tubes to fill most the frame with the chamber. Video and audio signals 

were recorded using a JVe BR-6200U VHS recorder. The microphone output was 

amplified using a Realistic 42-2101 preamplifier which was connected to the line 

inputs of the recorder. 

For analysis both a Kay Electronics DSP Sona-Graph, Model 5500, and a video 

monitor was used. The audio-signal from the video recorder was fed to one AUX 

input of the Sona-Graph. For detailed analysis of temporal data, the Sona-Graph was 

configured to provide oscillographic analysis. 

We recorded five pairs of each species. In most cases all the courtships were 

recorded until copulation. All the data was recorded in the morning between 9 AM 

and 12 PM. The temperature in the recording room was at 24± 1 degrees celsius. 

Analysis of the sound recordings 

Obtaining the same number of parameters from each song was difficult since 

some courtships are very short and contained little song. In most cases we measured 

20 inter-pulse intervals (IPI) for each pair of all six species. The IPI is measured from 
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the beginning of one pulse to the beginning of the next whether the pulses are mono-

or polycyclic (Ewing 1979). Other parameters of the song could not be recorded in 

all six species, because the pattern of the song is significantly different between the 

species in the eremophila complex and the species in the anceps complex. The three 

species in the eremophila complex have songs with polycyclic pulses while the species 

in the anceps complex produce bursts of monocycle pulses. A burst of sound is a 

repetition of pulses whether the pulses are mono- or polycyclic (Ewing 1979). The 

burst length (BL) is measured from the beginning to the end of the burst of sound. 

The three species in the anceps complex produce songs with several bursts of sound. 

Thus the BL seemed like an appropriate parameter to describe the variation in the 

song pattern among the three species in the anceps complex. The distance between 

the burst of sound (inter-burst interval, IBI) was too variable to be informative and 

one could not distinguish between the longest IBI and a gap in courtship. It is not 

clear either how to distinguish the longest IPI versus an IBI (Crossley 1989). Usually 

this problem is solved by determining the longest cutoff 1PI's. However there was no 

ambiguity with regard to the anceps complex species because the distribution of IPI's 

and IBI's were quite different. By contrast, the song of the species in the eremophila 

complex frequently consisted of just one or two isolated long bursts of sound. 

Therefore BL was not measured in these species because it did not seem to be a very 

meaningful parameter. 

The range and 50% median values of the IPI and the BL of each individual in 
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each species was obtained using the proc UNIVARIATE in SAS. Non-parametric 

tests were used due to the evident lack of normality in the distribution of these 

parameters. The 1PI's were compared pairwise among the six species (using the 

median of each of the five individuals per species) with the Wilcoxon-rank 2-sample 

test (NP ARl WAY proc in SAS). 

RESULTS 

Courtship Behaviour 

A) Eremophila complex 

The courtship behaviour of the three males in the eremophila complex is 

qualitatively very similar. Courtship begins right after the first or second physical 

contact between the male and the female. The males tap the female and immediately 

the males start following the females. Usually males follow the females behind or on 

one side, changing sides alternatively. The position of a male during courtship is 

dependant on the movement of both sexes. As the female moves the male extends 

one wing about 70-80 degrees, usually the wing closer to the female head, and 

vibrates it at the point of maximum displacement. The bouts of vibrations are very 

short if the male is following far behind the female. However, when the males get a 

closer position on one side of the female or when she stands still, the males hold the 

wing extended for longer periods and produce long trains of sound. Occasionally 

males also lick the female genitalia. Between the trains of sound the wing is returned 
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to the resting position. If the female gives a prompt positive response, spreading of 

the wings, the courtship song is very brief with few scattered pulses. 

Males of these species, especially D. mettleri, are very aggressive and they will try 

to mount females without a positive response from the females. In the laboratory we 

have observed occasionally what appears to be a forced copulation between D. 

mettleri couples. Post-mating courtship is very frequent in these three species. The 

most common rejection response in virgin females is to decamp from the male 

overtures. Mated females also decamp and constantly extrude the ovipositor. Besides 

the observation that D. mettleri males appear to be more aggressive we did not detect 

other qualitative differences in the behaviour of the three species in the ere mop hila 

complex. 

B) Anceps complex. 

There appears to be more variation in mating behaviour among the species in 

the anceps complex. D. nigrospiracula males start courting after some physical contact 

with the females. They immediately start performing wing displays in any orientation 

with relation to the female. The wing displays continue while they move behind the 

females. This wing display of D. nigrospiracula males can be described as wing 

flicking; fast opening-closing (15-20 degrees) movements of one and occasionally both 

wings. These wing movements are repeated and produce short bursts of sound. 

Licking the female genitalia was also observed when the female stops moving around 
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the chamber. Males have a persistent courtship however they only follow females for 

short periods and they are not as aggressive as D. mettleri males. Females have been 

also observed fluttering their wings during courtship. Unreceptive virgin females 

decamp from males and the acceptance response is spreading of the wings. 

D. anceps has been previously described by Spieth (1952). Our observations 

corroborate his description. Males tap, move to the rear of the female and lick the 

female genitalia. At the same time the males perform some wings displays. 

Sometimes they extend one wing about 15 degrees and hold it in this position and 

then vibrate it very briefly. At other times one or both wings are flicked, fast opening

closing movements similar to D. nigrospiracula. Males usually move slightly to the side 

of the female so the body and vibrating wing become closer to the female head. 

Males are observed to circle around the female and face them for few seconds and 

then return to the rear of the female. Licking is very frequent in this species. D. 

anceps females, in contrast with the species previously described, do not decamp very 

frequently. Males show a persistent courtship if the female stands still but they do not 

follow females very vigorously. Unless the female gives a positive response the male 

never tries to copulate. 

In D. leonis male wing flicking is used less frequently than in D. anceps and most 

of the time the wings are vibrated at 15 degrees extension. Males position themselves 

almost at 90 degrees in one side of the female and then turn the abdomen toward 

the female head vibrating one wing. While vibrating, males also lick the female 
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abdomen. Males alternate sides with respect to the female and also circle the female 

facing her. As in D. anceps, females of D. leonis do not decamp away from males, 

usually they stand still, sometimes extruding the ovipositor or without any clear 

response to the males. If the females decamp, males do not follow them vigorously. 

Courtship Song 

A) Eremophila complex. 

The three species in the eremophila complex have the same overall structure of 

'the song. Fig. lA shows the phylogenetic relationship among these three species 

proposed by Heed (1989) and oscillograms of the songs at two different time scales. 

There is an irregular pattern of few polycycle pulses with long IPI's followed by a 

train of evenly spaced and shorter IPI's (Fig. 1). The first irregular pulses seem to be 

attempts to initiate the vibrating display. The wing is brought to the vibrating position 

(70-80 degrees) and returned immediately to its resting position. This is usually 

associated with the decamping of the female. A highly regular patterned song is 

produced when the males obtain a stable position to the side of a motionless female. 

Fig. 2 shows that the range of the IPI's overlap among all the 15 males of the 

three species in the eremophila complex. However it can be observed that the 

medians are around 24 ms for D. micromettleri males, 32 ms for D. eremopilila and 

35 ms for D. mettleri. Using the Wilcoxon rank test in pairwise comparisons D. 
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micromettleri is significantly different from the other two species, however D. mettleri 

and D. eremophila do not differ significantly in this parameter. 

B) Anceps complex. 

Fig IB shows the phylogenetic relationships of the three species in the anceps 

complex and oscillograms of the songs at two time different scales. Each burst of song 

from the three species is very similar and characterized as mono cycle pulses with very 

short IPI's (Fig. 2). Each species has a distinctive median IPI, which is statistically 

different from the other two in pairwise comparison. 

Fig. 3 shows that the burst length in D. nigrospiracula and D. anceps ranges from 

14 to 6S ms, however, D. leonis males produce bursts of sound ranging from 43 to 360 

ms. Therefore D. leonis differs markedly in this parameter from its two relatives. The 

variation of BL is clearly associated with distinct wing display performed by the males 

of each species. D. nigrospiracula males flick one wing in an intermittent scissor-like 

manner producil1g short bursts of sound. The wing is never held at the maximum 

displacement point and vibrated· for long period of time; thus only short bursts of 

sound are produced (Fig. 3). D. anceps has a more complex and variable wing display. 

It also produces short repeated bursts of sound clearly associated with fast flicking 

of the wing, as does D. nigrospiracula. At other times, however, the wing is held at the 

maximum displacement point and vibrated there. In D. anceps this vibration is usually 

performed in slow chopped pace which produces very short bursts of two or three 
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pulses repeated in regular intervals. The short BL reported for individuals 4 and 5 

(Fig. 3) are the result of such wing display. In D. leonis flicking was almost absent. By 

holding the wing at the displacement point occasionally short repeated bursts as in 

D. anceps are produced. However, all the D. leonis males analyzed produced much 

more frequently the long bursts by vibrating the wings in a continuous trill (Fig. 3). 

DISCUSSION 

It is evident from this study that the courtship behaviour and the song of the 

species in the eremophila complex and the anceps complex follow the phylogenetic 

pattern of the chromosome inversion data (Fig. lA, IB). This is not always the case. 

For example, in other Drosophila groups the courtship sounds do not reflect 

phylogenetic relationships (Ewing 1970; Chang and Miller 1978). 

Our first question has been clearly answered; the pattern of wing shape 

convergence, between the two saguaro-breeding Drosophila is not correlated with the 

production of similar courtship songs. One suggested function of the song is to 

maintain sexual isolation (Bennet-Clark and Ewing 1969). Because D. meltleri and D. 

nigrospiracula share the same host plant the differences in the song can be suspected 

being a mechanism to avoid interbreeding. However, laboratory observations have 

shown that these two species do not court each other at all. In fact, there is indirect 

evidence suggesting that they do not recognize each other due to significant 

differences in their cuticular hydrocarbons (Markow and Toolson 1992). Furthermore 
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the similarity in song between each of the saguaro breeders and their respective 

relatives reinforces the idea that these differences have not evolve to maintain 

reproductive isolation but merely reflect phylogenetic relationships. 

Each of the three species in the anceps complex have unique courtship elements. 

Likewise D. anceps and D. leonis share a few characteristics, absent in D. 

nigrospiracula, such as wing vibration at 15 degrees and the females infrequent use 

of the decamping response. Despite these unique features of D. anceps and D. leonis, 

it is clear that D. nigrospiracula shares more similarities with its relatives than with 

any of the species in the eremophila complex. Thus it can be said that there is not 

a parallel trend in the evolution of the morphological and behavioural traits among 

these two complexes. Our results support the idea of De Queiroz and Wimberger 

(1993) that behavioural characters are no less useful than morphological characters 

for the estimation of phylogeny. Thus, contrary to the common belief, the behavioural 

traits, in this case, are superior to morphological traits as indicators of phylogenetic 

relationships. 

The variation of patterns observed in the courtship song among these six species 

can be understood by looking at the characteristics within each complex rather than 

comparing both of them. It has been observed that closely related allopatric species 

share strong similarities in courtship parameters (Ewing and Bennet-Clark 1968; 

Hoikkala et al. 1982). Strong selection for courtship and song divergence is not 

expected among closely related species that are geographically isolated from each 
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other (Bennet-Clark et al. 1980; Ewing, 1989). The three species in the eremophila 

complex have allopatric distributions and are known to hybridize in the laboratory 

(Heed 1989). Interspecific crosses imply that the females of these species still 

recognize the courtship patterns of their relatives. All this information is in agreement 

with the extreme similarity in courtship behaviour and courtship song observed in the 

eremophila complex. 

Among the species in the anceps complex there is greater variation in courtship 

behaviour and song parameters than there is in species in the eremophila complex. 

The pattern of variation observed in the anceps complex is also in agreement with 

the distribution of the species and data on interspecific crosses. The only hybrid 

crosses obtained are between D. nigrospiracula females and D. anceps males (Heed 

1989). Although this cross is infertile it does suggest that courtship patterns are still 

partially recognized between these two species. One recognition factor could be the 

similarities between D. nigrospiracula and D. anceps in the two IPI and BL parameters 

of the song shown in Fig. 2 and 3. 

Regarding species distributions, D. nigrospiracula has an allopatric distribution 

with respect its relatives. However, D. anceps and D. leonis are sympatric in part of 

their distribution (Heed 1982). Due to the possible role of the song as a species 

isolating mechanism it is expected that the courtship song will differ most markedly 

between closely related sympatric species (Ewing 1970; Crossley 1986). We do not 

have experimental data to show that the courtship song is what isolates D. anceps and 
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D. leonis. It seems possible, however, that the song plays this role. It is not clear 

which Drosophila song parameters confer specificity. From studies with D. 

melanogaster and D. simulans it has been proposed that the IPI is the parameter used 

by females for species identification (Bennet-Clark and Ewing 1969). This idea is 

controversial because the IPI is too variable to be a parameter for precise species 

recognition (Von Schilecher 1989). Other studies (Kyriacou and Hall 1982; 1989) 

have proposed that the song can be identified on basis of the cyclic fluctuations of 

the IPI's. This idea also has stirred controversy because the presence of cyclic 

repetitions is difficult to prove statistically (Ewing 1988; Crossley 1988; Logan and 

Rosenberg 1989). Ewing (1979) has suggested that there are several characteristics 

which could be used in discriminating the song of different species. Additional 

experiments are required to determine which parameters are used by the females to 

obtain information on species recognition. Tentatively we suggest that of the two 

parameters measured (IPI and BL) in this study, it appears that BL is more likely 

to be used in discrimination between D. anceps and D. leonis. This inference assumes 

that the pronounced differences in BL values between D. leonis and D. anceps are 

more informative to the females than the small differences in the IPI (Fig 2). In order 

to rigorously distinguish the role of these two parameters would require experimental 

manipulation of simulated songs where each parameter could be varied 

independently. 

The eremophila and the anceps complex belong to the repleta group. This is a 
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large group of mainly cactophilic flies subdivided into subgroups and complexes 

within the subgroups. The songs of several species of this group, including D. anceps, 

have been described by Ewing and Miyan (1986). With respect to the parameters 

measured, Ewing and Miyan (1986) report that D. anceps has a median IPI of 9.6 ms 

with (l range of 6-13 ms while our study shows a median IPI of 8.2 ms with and a 

range of 6-12. These small differences between the two studies is probably due to 

environmental differences and/or differences in analysis of the data. 

In comparison with other subgroups and. complexes in the repleta grouP,. the 

eremophila complex is quite distinctive, it has polycyclic pulses with long IPI's (> 24 

ms). By contrast, the songs of the anceps complex have mono cycle pulses with shorter 

IPl's « 20ms) like most of the repleta group species. Among species in the rep leta 

species group polycyclic pulses are also present only in the hydei subgroup. Recent 

molecular data on the sequences of the ADH gene indicates that the hydei subgroup 

is indeed the sister group of the eremophila complex (Starmer per. cornu). Thus, if 

there is an eremophila-hydei clade, the polycyclic pulses might would a conservative 

element of the song. 

To summarize, in contrast with their convergent morphologies there is no 

indication that D. nigrospiracula and D. mettleri have converged in any of the 

courtship behaviour elements. The courtship song is clearly a phylogenetic 

conservative trait within the eremophila and the anceps complexes. The sparsity of 

interspecific crosses in addition to other data suggest that the anceps complex is an 
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old lineage (Heed 1989) which might explain the variation found within this complex. 

On the other hand, it might be conjectured that the eremophila complex is a more 

recent lineage whose species share striking similarities at the morphological and 

behavioural level. In comparison with other repleta flies the eremophila complex 

species possess unique features, some of them in common with species in the hydei 

subgroup while the species in the anceps complex share similar song characteristics 

with many of the other rep leta group flies. 
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FIGURE LEGENDS 

Fig 1A. Phylogenetic relationships of the three species in the eremophila complex 

(from Heed 1989) and oscillograms of the songs at two different scales. 

Fig lB. Phylogenetic relationships of the three species in the anceps complex 

(from Wasserman 1982) and oscillograms of the songs at two different scales. 

Fig 2. Range and medians of the inter-pulse interval of each individual in the 

three species in the eremophila complex and the three species in the anceps 

complex. 

Fig 3. Range and medians of the burst length of the three species in the anceps 

complex. 
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APPENDIXF 

Female acoustic response in Drosophila mettleri (Diptera: Drosophilidae): a new 

recording technique to detect female sounds 
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INTRODUCTION 

Wing displays by courting males are characteristic of most species of Drosophila. 

The wing displays usually are accompanied by acoustic signals that stimulate females 

being courted (Bennet-Clark and Ewing, 1967; Ewing and Bennet-Clark, 1968). 

Production of sound by Drosophila females is difficult to detect and has been 

reported only in certain species in the virilis, affinis, melanogaster and obscura groups 

and in D. buscldi (Ewing and Bennet-Clark, 1968; Chang and Miller, 1978; Donegan 

and Ewing; 1980; Hoikkala, 1985; Crossley, 1986; Paillate et aI, 1991; Bixler et aI, 

1992). Two main problems make it difficult to determine which sex is producing the 

sound; in some species the females do not perform a clear wing display while 

producing sound (Chang and Miller, 1978); and females commonly produce sound 

when the male is producing sound (Chang and Miller, 1978). Experimental 

manipulation of the animals, such as dealating the male, which interferes with male 

sound production, or special recording methods, were needed to verify that the 

females produce acoustical signals in response to courting males. 

The production of courtship 'songs by females in the genus Drosophila has been 

reported in fewer species than male courtship song probably because of the difficulty 

of detecting female sounds. D. meltleri females is one of the species that do not have 

a clearly observable wing display. To study sound production in D. meltleri, we 

developed a technique to determine which sounds detected during courtship were 

produced by each sex. This technique is based on both video and sound records of 
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courting pairs in a chamber with a two microphone recording system. The positions 

of the male and female relative to the microphones and the sound detected by each 

microphone accurately showed which sex produced a specific sound. 

METHODS AND MATERIAlS 

The strains of D. mettleri used in this study was A855 from Cerro Colorado, 24 

Km NE of Puerto de la Libertad, Sonora, Mexico, collected in 1984. This strain was 

reared in the laboratory in 8-drams shells vials containing standard food (yeast-agar

banana-malt-syrup). Virgin males and females were immobilized and separated on 

ice within 24 hours of eclosion. About 20 flies per vial were stored at room 

temperature, until used in the experiment between 6 and 10 days post-eclosion. Five 

courting pairs of D. mettleri were examined. Each pair was recorded and videotaped 

from the time the flies were placed in the chamber to 10 minutes after copulation. 

Sound from both the male and the female fly was recorded using a two 

microphone and recording system. At close range the sound pressure is much weaker 

than the particle velocity (Bennet-Clark, 1984). We utilized this feature by using 

pressure transducers at very close range. Thus, depending on the fly's position and 

orientation relative to the microphones, its sound would cause a much larger signal 

from one microphone than the other. The recording chamber and the microphones 

were contained in an aluminum block that measured 76 mm long, 50 mm deep and 

9 mm high. A 6.35 mm diameter hole was bored from the center of one end through 
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the block to the center of the opposing end. At the center the side chosen to be the 

top a hole was drilled and ground to form a chamber 7x7mm at the surface which 

conformed the hole passing from end to end at the bottom (See Fig. 1). Two small 

6mm dia. omnidirectional electret condenser microphones (Radio Shack 270-0851
) 

were each connected to phone jacks using wires of the precise length so that when 

each microphone was inserted into an end hole it reached and formed one end of the 

chamber at the exact point where the phone jack sat flush with the end of the block. 

Before final insertion one turn of plastic electrical tape was wrapped around each 

microphone and attached wires to provide a snug fit and prevent electrical noise. 

Once in place, each phono jack was secured with a set screw. When using the 

recording chamber, pairs of flies were placed in the chamber with a small mouth 

aspirator and retained there by placing a cover glass over the chamber. 

Monochromatic video of the fly activity within the chamber was captured using 

a Panasonic WV -155 video camera equipped with 25 mm lens and extension tubes 

to fill most the frame with the chamber. Video and acoustical recordings were made 

using a JVe BR-6200U VHS recorder with two channel sound capability. The 

microphone outputs were amplified using a Realistic 42-2101 two channel 

preamplifier which connected to the line inputs of the recorder. 

For two channel analysis both a Kay Electronics DSP Sana-Graph, Model 550, 

1/ Mention of a proprietary product or company name does not imply 
endorsement by the U.S. Department of Agriculture 



200 

and a video monitor were used. The acoustical signal from the video recorder was fed 

to the AUX inputs of the Sona-Graph which was configured for two channel 

operation with two spectrographic displays. Recorded. sound was also replayed 

through the Sona-Graph speakers and all the connections were made so that sounds 

detected with the left microphone were reproduced on the left speaker and lower 

spectrogram while the signals from the right microphone were replayed by the right 

speaker and upper spectrograms. Thus, the video picture, audio signals and the 

spectrograms were all monitored simultaneously. This system made it possible, 

because of audible intensity differences confirmed on the spectrograms, to determine 

whether the male or the female fly was producing a particular sound. 

RESULTS AND DISCUSSION 

Our results show that D. mett/en females produce an acoustic response to the 

male courtship. Fig. 2 shows the sonograms of a two channel analysis of one pair. In 

the upper spectrogram there is a distinctive trace of two pulses with frequency 

around 460 Hz. The lower spectrogram shows only a faint trace of this sound. 

Simultaneous with the sound the video recording was played to show that the female 

was close to the right speaker, upper spectrogram, and the male closer to the left 

speaker, lower spectrogram. The position of each fly and the distinct signal coming 

from each channel showed that the female was producing a different sound than the 

male. Thus, by comparing the intensity of the traces between the lower and upper 
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spectrograms, the position, in relation to the microphones, of the singing male can 

be reconstructed. The first five traces in upper spectrogram revealed that the male 

was first closer to the right speaker while the lower spectrogram revealed that he 

then moved closer to the left speaker. 

The sound produced by D. mettleri females differs from the sound produced by 

other Drosophila species. It cannot be characterized as a "repetitive buzz" as in D. 

melanogaster (Ewing and Bennet-Clark, 1968). In contrast with the high repetition of 

pulses reported for D. amelicana females (Donegan and Ewing, 1980) and D. littoralis 

females (Hoikkala, 1985), D. mettleri females usually respond with just a single or 

double pulse sound (Fig. 2). The oscillogram of two pulses of aD. mettleri female is 

shown in Fig. 3 along with the pulses produced by the male song. The pulses 

produced by the female clearly differ in length and frequency (number of cycles) in 

comparison with the male song. In all the species where the song of both sexes has 

been reported male and female sounds are different. 

The function of the female sound is unknown. The song produced by females in 

the melanogaster and obscura groups apparently "discourages" males form courting 

(Ewing and Bennet-Clark, 1968; Chang and Miller, 1978). Ewing (1989), however, 

points out the lack of convincing evidence to support this idea. The sound produced 

by D. mettleri may also discourage the males from courting for a short period of time. 

In the majority of our recordings there is an arrestment of male sound production 

immediately after the female produces its acoustical signal. The males of this species 
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aggressively court females using wing vibration as the most persistent courting 

behavior (Alonso-Pimentel and Heed, 1992). This indicates that acoustical signals may 

play a predominant role in communication between the sexes. This strengthens the 

hypothesis that the females use an acoustical signal to repel males. This concept is 

supported by our observations that recently mated females produced this sound more 

frequently than virgin females. In other species female sound does not appear to 

be associated with a male rejection response. For example, D. buscldi females without 

wings mate less often suggesting that female song may increase the frequency of 

copulation attempts by males (Bixler et aI, 1992). Six species of the virilis groups 

perform duets with distinctive male and female songs (Donegan and Ewing, 1980). 

However, females of these species also produce 'repelling' songs that clearly differ 

from the sound performed in the duets (Donegan and Ewing, 1980). According to 

Ewing (1989) duetting between sexes is a fairly widespread phenomenon among 

arthropods. In D. americana, one species in the virilis group, females sing in response 

to the male tactile stimulation and before the male sound is produced. Since the 

female song is more regular Donegan and Ewing (1980) suggest that it might function 

as an isolating mechanism. Hoikkala (1985) reports that D. littoralis females produce 

two type of sounds: a rattling sound when they flutter their wings and a low buzzing 

sound usually at the end of copulation. However, she does not suggest any function 

for these two songs in D. littoralis females. Based on courtship behaviors of species 

in the genus Zapronius, Bennet-Clark et al. (1980) proposed that the female song 
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may act in an inhibitory or excitatory way upon the male. These examples lead to the 

conclusion that the hypothesis that the sounds act as repelling or excitatory signals 

is based on indirect observations of male behaviors and that communication channels 

used between male and female during courtship are not fully understood in 

Drosophila. Further research is therefore needed to define how female sound affects 

males. 

The methods used to record female sound varied widely. In species where the 

females perform clearly observable wing movements simultaneous video and audio 

recording provide a way to discriminate the sound produced by each sex (Bennet

Clark et al. 1980). Hoikkala (1984) positioned a microphone above females displaying 

wing movement. Participation in the total sound recorded can be determined only for 

females which perform clear wing displays (Chang and Miller, 1978). Bixler et al. 

(1992) dealated males in order to hear only the female song. If wing vibration causes 

the sound this method should provide good evidence of which sex is producing it. 

However, dealation probably stresses an animal with alters its normal courting 

repertoire. This might also affect the sound produced by the other sex. 

The study of female sounds is essential for a thorough understanding of the 

channels of communication used during courtship. This technique presented here will 

distinguish sounds each sex makes in cases where female acoustic behaviors are 

difficult to observe. 
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FIGURE LEGENDS 

Fig. 1. Diagram of recording chamber. A=microphones, B=chamber, C=cover glass, 

D=wires, E=phono jacks, F=set of screw holes. 

Fig. 2. Sonograms of two channel recording system. Top, output from right speaker. 

Bottom, output from left speaker. The female sound is clearly detected in the upper 

sonogram as the two pulses of higher frequency. 

Fig. 3. Oscillograms of the sounds of D. mettleri female and male. 
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APPENDIXG 

Discriminant function analysis of the courtship behavior in Drosophila mojavensis 

(Diptera: Drosophilidae). 
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Discriminant Function Analysis of the Courtship 
Behavior of Drosophila mojavensis (Diptera: 
Drosopbilidae) 

Henar Alonso-Pimentel' and Thomas R. Tobin %.3 
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INTRODUCTION 

Drosophila mojavensis is a cactophilic species endemic to the Sonoran desert 
which breeds in rotting tissue of agria and organ pipe cactus (Heed, 1982). This 
drosophilid in the mulleri complex is of particular interest, as it provides a 
glimpse at incipient speciation between the Sonom-Arizona population and the 
geographically segregated population across the Sea of Cortez in Baja Califor
nia, Mexico. Several authors have characterized the distinctive chromosomal 
inversion patterns (Johnson, 1980) and mating isolation between the two POtr 
ulations (Zouros and D'Enttemont, 1980; Wassennan and Koepfer, 1977). 
Female Sonoran Hies exhibit a significant preference for Sonom males, although 
no obvious differences have been reported in the courtship behaviors. Recently 
Krebs and Markow (1989) examined the courtship interactions associated with 
the asymmetrical mating preference and characterized three independently 
measured "landmark behaviors"; the moment of initiation courtship, the 
acceptance response by the female, and copulation. Baja males were reported 
to have slightly longer but highly variable latencies to begin courtship and to 
be accepted during courtship by Sonoran females. 

The present study examines in more detail the mating behaviors using dis
criminant function analysis to compare the courtship patterns. We expanded 
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the time frame of the analysis to include precouruhip and behaviors between 
the specific landmarks in order to consider the information exchanged during 
the transitional behaviors. Detailed ethograms were compiled to visualize the 
multivariate statistical techniques and analyze the sequential information. 

Our results veriJy the homogamic mating preference exhibited by the So
nora females and the similarity of the visible component behaviors which com
prise the male courtship repenoire. Considerable variation was identified in the 
patterns of courtship both within the same strain and between the Baja and the 
Sonora populations. We found that the strain of female being couned also influ
ences the pattern of the male courtship behaviors. In D. mojavensis. the female 
always signals with wing movements prior to male copulation attempts, sug
gesting a female-choice role in detennining the mating asymmetry. 

MATERIALS AND METHODS 

The two strains of D. mojavensis used in this experiment were A921 from 
near EI Rosario, Baja California, Mexico, and A924 from the St. Rosa moun
tains, Santa Cruz Co., Arizona. A921 was collected in April 1986 and A924 
was collected in March 1987 and subsequently reared in the laboratory in 8-dr 
shell vials containing regular food (yeast-agar-banana-malt-syrup). 

Virgin males and females were separated under CO2 24 h after eclosion. 
They were stored about 25 flies/vial, until used in the experiment between 8 
and 11 days old. All flies were kept on a 12: 12 h light-dark regime (light from 
0080 to 2000) at 240 C. 

The observation chamber consisted of a small circular Plexiglas cell (depth, 
2.5 mm; top diameter, 13 rnm; bottom diameter, 8 mm) covered at each end 
with microscope cover glasses. The cover glasses were discarded after each 
trial. The observation cells were washed with soap and water then ethyl alcohol 
and dried before each trial. 

A female choice design was used in order to compare males from the two 
populations. A virgin female was introduced into a mating chamber with two 
virgin males, one from the same strain (homogamic) and one from the other 
(hererogamic). We ran a total of 20 trials each with a male from Baja and a 
male from Sonora, 10 trials with a Sonora female and 10 trials with a Baja 
female. Each trio was observed under a Wild 3mZ stereo microscope (3 X) via 
a Panasonic WV1550 B/W video camera and a Panasonic WV5410 monitor and 
videotaped on a Mitsubishi 430UR VHS system until copUlation was accom
plished (maximum, 15 min). Flies were marked with radiant fluorescent pig
ment which was applied to one strain of males approximately 24 h prior to the 
stan of each trial. Reciprocal markings and controls revealed that dusting had 
no detectable effect on mating outcomes. 

From slow-motion playback of the tapes, a focal behavior analysis using 
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l-s-interval scoring was compiled for each of the males. Transition matrices 
were derived from the linear sequences of behaviors. Statistical analyses were 
performed using SAS statistical package in a V AX 8650 computer. 

The component behaviors used for scoring. Grooming (G), Orienting (0), 
and Licking (L), have been previously described by Spieth (1952). Attempted 
copulation (A) and Countersignaling (Z) are defined following Cobb et al. 
(1985). To accommodate the female choice design the following additional 
behaviors were defined: Moving (M), walking, running, or turning around in 
any direction; Standing (S), absence of displacement-the male does not change 
the position in the mating chamber (allowing short movements of a leg or a 
wing); Touching (T), incidental contact between a moving or standing male and 
the female exclusive of orienting or licking but may include "fending" (Cobb 
et al., 1985.) or "tapping" (Cobb et al., 1989): Interfering (1), a male inter
feres directly in the courtship of the other male; Falling (B), the male falls on 
his back and takes more than 1 s to stand up; Grooming-While-Touching (Y), 
while the male is grooming the female has a direct physical contact with him: 
Kicking (K), the male kicks with the hind legs at the other male when the second 
male is courting the first; and Copulation (X), successful copulation, terminal 
behavior without a transition to other behaviors. The total length of the duration 
of all the behaviors performed by a single fly in a specific trial was coded as 
the variable Totaltime. 

RESULTS AND DISCUSSION 

A total of 40 males was analyzed. Figure 1 represents the courting bouts 
of each male that exhibited courtship during the recording period (23 males of 
40 displayed courtship). These courting bout charts were constructed by placing 
bouts of courtship (which include Orienting, Licking, and Attempting) on a line 
where the length represents the total duration (Totaltime) of the trial. The aver
age number of courting bouts per male is 2.85 ± 2.70 (SD) for Sonora males 
and 2.90 ± 4.0 for the Baja males. The number of courtship bouts is highly 
correlated with the length of the trial (Totaltime) (r = 0.89, P < 0.005). Baja 
males courted the same number of females (five) in both designs. Sonora males 
exhibited courtship to eight Sonora females and to only five Baja females. Sev
eral competitive courtships were observed. but only in the Sonora female design. 
Although short courtships are more frequent. males with very different patterns 
of courtship are equally successful. reflecting the considerable variation among 
individuals. 

Sexual isolation was calculated using Stalker index [I = (number of ho
mogamic matings - numberofheterogamic matings)/total numberofmatingsl. 
These calculations yielded a value I = (8 - 2)/10 = 0.6 for the Sonora female 
choice. In contrast. the value obtained in the Baja female choice test I = (5 -

215 



134 Alonso-Pimentel and Tobin 

- °c=:"ocml 

. 
, __ •• 1 

. ..."'--..... ' .............. -- - . 
? n rr==r' a!\ l-..a • ~ 

• we. . ' 
. --' . --' 

o 
'0 ___ 

Fig. 1. Counship bout sequences in the (A) Sonora female choice 
and the (B) Baja female choice designs. In each trial a Baja male 
(white boxes) and a Sonora male (black boxes) was paired with 
a female until mating was accomplished. All coulting bouts 
which include the behaviors Orienting. Licking. and Attempted 
Copulation are indicated for the 23 of 40 responding males. The 
extreme left box at the end of the line indicates the male which 
mated. Time bar equaJs 60 s. 

5)/10 = 0.0 shows lack of reproductive isolation. These results agree with 
previous reports (Zouros and D'Entremont, 1980; Wassennan and Koepfer. 
1977). 

The mean latency of Sonora males to initiate courtship is 80.7 ± 69.1 s 
(SD), while for the Baja males it is 71.4 ± 35.3 s (SD). The first contact (first 
touch) mean value is 12.0 ± 8.2 s (SD) for the Sonora males and 12.9 ± 9.2 
s (SD) for the Baja males. Prior to each successful copulation attempt the female 
signals acceptance by elevating and holding forward the wings. The average 
time until mating for the successful Sonora males is 186.8 ± 124.6 s (SO) (n 

= 13) and for the Baja males is 130.4 ± 92.0 s (SD) (n = 7). The results show 
that latency of courtship or the duration of the courtship are not good predictors 
of male success. 

Due to the high variation found in each variable measured. univariate anal
yses were not appropriate for analyzing the data. Analyses of covariance. PROC 
GLM (General Linear Model) in SAS, were used in order to determine which 
behaviors could explain the variation among the localities. These analyses 
showed that variation among groups is basically due to the differences in Total
time among each trial. Principal-components analysis (SAS) corroborated these 
results. In order to standardize the variables. the time effect was removed by 
regressing each variable on Totaltime. Canonical discriminant analysis (SAS) 
using the residuals was conducted to look for the separation among different 
groupings of males. The analysis was also recalculated with some males jack
knifed (removed from the data one at a time). The reduced data show the same 
overall pattern and no significant changes in the results. Therefore. the small 
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sample size presented in this study does not significantly effect the results 
obtained. 

An important feature of the analysis is the removal of the total duration 
(Totaltime) of each individual observation with the consequent use of residuals. 
In our discriminant analysis residuals were used to standardize the duration of 
each trial, in contrast to using percentage values for the comparison of specific 
variables. Totaltime is comparable to the "size" factor (Cobb et ai .• 1989) 
referred to in morphometric studies in which the size effect is removed in order 
to capture differences other than size among small and large individuals. In D. 
meLanogaster courtship, Markow and Hanson (1981) concluded that the longer 
the time until mating, the longer the duration of each behavior. This means 
that, if stretched to the same Totaltime, short courtships may resemble long 
ones. The removal of Totaltime allows the comparison of different groups, and 
the identification of specific behaviors that might have a significant cf"lntribution 
to distinguishing groups. 

For an exploratory analysis we tested several discriminant combinations 
by varying the groupings of the males according to locality of the male, success, 
and the type of female design. Our results show that discrimination among 
groups occurred when the data were pooled by the female design and the suc
cess of the males. Figure 2 gives the discriminant analysis plot using the 40 
males grouped according to success and female design. The first canonical axis, 
which explains 53 % of the variance, separates males in the presence of the 
Sonora female from males in the presence of the Baja female. The second can
onical axis, explaining 32 % of the variance, separates successful versus unsuc
cessful males. 

The rosette of vectors placed at the centroid of the discriminant plot dis
plays the correlations of the variables with the discriminant axes (loadings). 
The vector rosette technique helps to visualize which specific variables contrib
ute to the group differentiation (push groups apart). The vectors, however, 
should be interpreted carefully, as their effects migh~ be complex and synergis
tic (Pimentel and Frey, 1978). In Fig. 2 the vectors of courting behaviors push 
"down" toward the successful males area. The presence of a particular type of 
female generates a stronger behavioral intergroup differentiation than the local
ity or success the male. This suggests a strong female component influencing 
the behaviors of the males. 

To explore funher the interaction of males with the Sonoran females, the 
20 males in the Sonora female design were grouped according to locality and 
success (Fig. 3A). In this case, groups defined by male locality and success 
show strong discrimination among them. Sonora females discriminate against 
Baja males. Five of the Baja males in the Sonora female design perionned 
courting behaviors (0, L) and attempted copulation (A), although three of these 
were not accepted by the female. The rosette of vectors shows that Orienting 
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Fig. 2. Two-dimensional canonical discriminant 
space of all males grouped according to mating suc
cess and the locality of the female. The horizontal 
discriminant axis. CAN 1. separates males according 
to the type of female explaining 52 % of the variation. 
The vertical axis CAN 2 separatcs successful versus 
unsuccessful males explaining 32 % of the variation. 
Placed at the centroid of the plot is the rosette of vec
tors for the loadings of each variable (abbreviations 
as in text). +S Q • successful males in the presence 
of the Sonora female: - SQ. unsuccessful males in 
the presence of the Sonora female: + B Q • successful 
males in the presence of the Baja female: - B Q • un
successful males in the presence of the Baja female. 

(0) and Attempting (A) push toward the unsuccessful Baja males. Differing line 
types distinguish the behaviors that push toward the successful Baja males (B + ) 
from the unsuccessful Baja males (B -). 

The ethograms of the Baja males in the Sonora female design are presented 
to illustrate the results provided by the discriminant analysis plot (Fig. 3). The 
probability of transition from one behavior to another is represented in the 
ethograms by the thickness of the connecting lines. These ethograms graphi
cally display the complexity in the sequence of behaviors performed by males: 
there is no highly sterotyped sequence of behaviors performed in a fixed pattern. 
While no clear sequence of behaviors leads to successful matings, a clear point 
emerges: Baja males which performed counship behaviors (0, L, A) to Sonora 
females mayor may not have been successful. In contrast. all Baja males which 
couned Baja females were successful. In pairwise experiments by Krebs and 
Marko.w (1989), Sonora females were shown [0 be less receptive [0 Baja males 
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Fig. 3. Discriminant function analysis and courtShip ethograms for the 
Sonora female choice design. (A) Two-dimensional canonical discrim
inant space of male behaviors grouped according to mating success and 
locality. The rosette of the vectors of variables is placed in the midpoint 
of the line connecting the centroid of the successful Baja males group 
(B+) with the centroid of the unsuccessful Baja males group (8-). 
Ethograms representing all the transitions among the behaviors per· 
fonned in (B) successful Baja males (B +: n = 2) and in (C) unsuc· 
cessful Baja males (B-; n = 8). in the presence of the Sonora female. 
The different line types represent the transition probabilities between 
two behaviors: -~. >50%; -~. >25%; -;-~. >5%; 
-~. <5%. 
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and Baja females were equally receptive to the males from both populations. 
Our results show that in a female-<:hoice situation, although Baja and Sonora 
males initiate counship with equivalent frequency, some Sonora females express 
a greater reluctance to mate with Baja males. 

Since there is considerable speculation about the role of different stimuli 
initiating courtship (Ewing, 1983), we cannot be certain of exactly "when" the 
courtShip communication starts. It is difficult to identify the other sources of 
information which a fly obtains or to evaluate how this information might affect 
the ultimate result. Slater (1973) pointed out the importance of including" pre
stages" in the analysis of behavioral sequences since preceding behaviors are 
known to have significant effects on the behaviors under observation. Although 
chemical communication plays a significant role in courtship initiation and spe
cies recognition (Jallon, 1984). it is not normally included in ethograrns. The 
mating asymmetry observed between the D. mojavensis populations might be 
explained by differences in the chemical signatures among the Baja and Sonora 
populations (Markow and Toolson. 1990). 
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Auditory communication was also not included in this analysis of the 
courtship. Ewing and Miyan (1986) reported that different races of D. moja
vensis do not show differences in the song pattern and concluded that the repro
ductive isolation cannot be due to this factor. Although it is difficult even with 
slow-motion video playback to detect clearly the pattern of the wing move
ments. wing display was generally performed in superposition with other ele
ments of courtship such as licking or orienting. 

Discriminant analysis using the male courtship behaviors identified differ
ences between the males according to the type of female present. indicating a 
strong female component infiuencing male behaviors. Despite the mating asym
metry of Sonora females favoring Sonora males. males of both strains were 
equally likely to initiate counship with either female, and no differences were 
detected in the latency to counship or the duration of courtship. Transition prob
abilities between behaviors in the ethograms were found to have a high degree 
of variation in both strains. The use of discriminant function analysis helped to 
interpret differences among complex behavioral patterns and. also. allowed the 
identification of counship components which may be responsible for the mating 
asymmetry. Whereas most males were unsuccessful because they did not ini
tiate courtship, some Baja males attempted courtship and copulation with So
nora females but were, nevertheless, unsuccessful. Differential female 
acceptance between males was observed only in some trials involving Baja males 
courting Sonora females, supporting a female-choice model where some but not 
all Sonora females exhibit a reluctance to mate with actively courting Baja males. 
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