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ABSTRACT 
 

Drosophila pachea is a cactophilic fly that feeds and breeds exclusively in necroting 

tissue of the senita cactus, which is distributed around the Gulf of California. Population 

genetic and mating pattern data were collected from thirteen populations of D. pachea in 

order to study patterns of intraspecific differentiation in this species. Based on 

mitochondrial DNA loci, D. pachea populations are genetically different between the two 

main regions (Baja and Sonora) of the species distribution. A single polymorphism Y 

linked fertility gene exhibit similar genetic patterns of regional differences within the 

species. Contrasting genetic patterns were observed based on microsatellite markers such 

that no regional split was identified. The species can be considered as a simple panmictic 

population along its entire range. High remating frequency was observed in populations 

of both regions with equal number of offspring per father, suggesting that sperm 

competition might be limited within D. pachea populations. However, differential sperm 

use was observed between populations across the Gulf of California.  Sonoran male 

sperm produced more offspring than that of Baja males when females of both regions 

mated sequentially with males of these regions. The genetic pattern observed of higher 

variation within Sonora compared to Baja and a unique Y linked haplotype that is absent 

in Sonora and in relative high frequency within Baja suggest that unidirectional gene 

flow might occur within the species. These genetic patterns are in concordance with the 

reproductive behavior observations of higher Sonoran male productivity compared with 

Baja males.  
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CHAPTER 1:  GENERAL INTRODUCTION 
 

The majority of species show various levels of within-population genetic variation, which 

is facilitated by a variety of factors such as environmental barriers, historical processes 

and life histories, e.g., mating systems. Identifying patterns of differentiation within-

species is central for many research fields, such as population genetics, population 

ecology, conservation biology, and evolutionary biology. Shared by these fields is the 

question of the speciation process or how reproductive barriers within an ancestral 

species results in two or more descendant species. Thus the means by which a new 

species evolves, i.e. the relative contribution of ecological and demographic factors in 

driving the process, are prominent subjects for investigation. 

 

Speciation, being an evolutionary process may manifest itself at various stages before it is 

fully recognised  In addition, it occurs over an extensive period of time that is usually 

thought to be longer than the life span of a scientist. Consequently, four main approaches 

are used to research the process of species divergence: laboratory selection experiments, 

sister species comparison, population hybrid zones and within species population 

patterns.  Laboratory experiments are conducted in a controlled setting in which 

population sizes and selection are artificially controlled. For example, it was shown that 

under strong enough selection reproductive isolation can evolve despite gene flow (Rice 

and Hostert 1993).  However, it is often unclear how the outcome of these controlled 

conditions relates to their potential to occur in natural conditions.  
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Researchers typically prefer to investigate incipient species pairs when examining the 

speciation process. Incipient species in the early stages of divergence can provide crucial 

information about the genetic basis of reproductive isolation and the evolutionary forces 

that promote speciation.These represent recent divergence events and are expected to 

harbour both between-population genetic differences and reproductive isolation 

mechanisms that are not fully evolved. A seminal work in this respect is that of Coyne 

and Orr’s study of Drosophila species pairs (1989, 1997). In their survey, prezygotic 

reproductive isolation was found to be more prominent between sympatric than between 

allopatric pairs during the early stages of divergence. However, they could not assess 

whether these mechanisms were present at the origin of the divergence event. In addition, 

it is more common to find species that are historically separated for extensive periods of 

time rather than ones that recently split.  

 

Studying hybrid zones provide important insights into the nature of differences between 

populations and species under natural conditions. However, these studies are usually the 

result of secondary contact between already diverged taxa, consequently we lack 

information regarding the original divergence event.  

 

One of the main conclusions from these various approaches is that it is necessary to 

examine earlier stages of genetic change within a single species (Coyne and Orr 1989, 

Howard 1999, Tregenza 2002) in order to understand early stages in the divergence 

event. For example, empirical tests show that the number of genes that cause hybrid 
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sterility is considerably smaller in crosses between recently diverged taxa than between 

older well established species (Sawamura et al. 2000, Orr & Irving 2001). As the time 

from start of the divergence event progresses it becomes increasingly difficult to 

determine how many loci were required for the initial origin of reproductive isolation, 

what these loci are, and which DNA sequence changes in them are responsible for the 

incompatibilities between species.  At the same time changes in selective pressures, 

geographic ranges and the levels of gene flow makes it harder to discern demographic 

and natural or sexual selective factors that separated the gene pools. Thus studying 

patterns of differences between multiple populations that are not completely 

reproductively isolated and may be in early stages of divergence can provide crucial 

information for understanding a population’s potential to speciate. 

 

Models of population structure 

 

Natural populations are dynamic entities that can change over time and space. Over time 

the change can be in size, density, and location. Populations can split, or join (or rejoin) 

each other, resulting in a range of model complexities from a simple well behaved 

population to a range of models where semi- (or fully-) isolated units comprise an overall 

metapopulation.    

 

The simplest model of population structure is Sewall Wright and Ronald A. Fisher’s 

description of a panmictic population: a single population with relatively constant 
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population size and random mating among its individuals. However, natural populations 

are known to experience changes in size due to migration, differences between birth and 

survival, and higher likelihood to mate with individuals with closer geographic 

proximity. The simplest basic model of a more complex population structure is the Island 

model. Here, migration from a mainland population to an island population reduces the 

genetic differences between the two. At the same time (due to a smaller population size 

on the island), the effect of drift reduces the genetic variation within the island compared 

to the mainland. More complex extensions along this theme include the Stepping stone 

model, in which individual populations can only exchange genes with adjacent 

populations, thus the degree of genetic difference between individuals increases with the 

physical/geographical distance between them. 

 

A main assumption to consider in all these basic models of population structure is that the 

populations have been evolving for a very long time and thus reached equilibrium or a 

steady state in the genetic patterns observed in and between populations.  

 

However, it is more likely to find populations that have recently evolved and have not 

reached a balance between the two opposing forces of migration that tends to make them 

more similar and that of drift that differentiate them. A more recent model that does not 

necessarily assume equilibrium between drift and migration is that of Isolation with 

Migration, which relates to populations that have recently separated and still experience 

gene exchange (Hey and Nielsen 2004). In addition, a similar effect on population 
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structure can occur as consequence of the interplay between migration and selection, 

which will be examined in addition to the demographic processes described above. 

 

The observation of gene flow with isolation between populations can be mainly explained 

by two evolutionary processes. In the first, current gene flow between populations is the 

cause of the incomplete isolation between populations. In the second, a large ancestral 

population with high genetic variation between individuals has not yet reached complete 

lineage sorting. At this point it is difficult to discern one process from the other. Similar 

migration rate as well as similar reduction in genetic variation between the populations 

can explain population separation. In addition, differences in population size can affect 

reduction in genetic variation in one population compared with the other but differential 

rate of dispersal between populations will also explain isolation occurring between them 

in the face of migration.  

 

Detecting genetic patterns between populations 

 

Several factors should be considered when investigating divergence among populations 

of various species. Patterns of population structure may differ depending on the genetic 

marker used and the genomic component in which it occurs, i.e. X linked, mtDNA, Y 

linked or autosomal markers. Genetic markers with high mutation rates, such as mtDNA 

and microsatellites, may show differences between populations not detected with slowly 

evolving markers, such as allozymes (for example: Berry and Kreitman 1993, Schlötterer 
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and Agis 2002). Effective population size, recombination and sex biased dispersal are 

additional factors that can give rise to contrasting genetic patterns among different 

markers scored within the same populations and/or species. In prairie chickens, large 

effective population size of the mtDNA due to high levels of polygyny and female biased 

dispersal revealed little range wide geographical structure with little isolation by distance, 

while autosomal microsatellites showed a strong signature of geographic structure 

(Johnson et al. 2003).  

 

Restriction of recombination rates due to chromosomal rearrangements such as 

inversions, reciprocal translocations were observed in several species (Butlin 2005). This 

in turn might affect levels of variation observed within and between different genomic 

regions. For example, in Anopheles gambiae microsatellite analysis revealed significant 

genetic exchange based on chromosome three markers and little to none based on 

chromosome two inversion regions which is fixed in one form and absent in the other 

(Tripet et al. 2005). 

 

Lack of differentiation observed with autosomal microsatellites while structure is 

detected with mtDNA was reported for several taxa such as amphibian, birds, fish and 

insects (Monson and Blouin 2003, Lemaire et al. 2005, Van Herwerden and Doherty 

2006). For example, contrasting patterns of genetic differentiation due to sex biased 

dispersal were found in spectacled eiders Somateria fisheri. A clear structure among 

breeding sites based on mtDNA markers but absent with biparentally inherited markers 
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(microsatellites) was observed (Scribner et al. 2001). Thus, discordance in genetic 

patterns due to different marker systems used was observed within species, between 

subspecies and species across various taxa. Ecological barriers, life history stages and 

differences between males and females in mating and migration have important 

implication for gene flow and its effects on within and between species evolutionary 

processes as depicted by various genetic markers.  

 

In Drosophila bipectinata reproductive isolation among subspecies varies in the form of 

hybrid fertility variation ranging between 0-90% along the fly’s distribution between 

India and the Fiji islands. Divergence was observed based on mtDNA COI locus whereas 

no structure was found with three nuclear loci (Kopp and Frank 2005). Along the St. John 

river basin, lineages of the whitefish Coregonus clupeaformis form a hybrid zone. This 

gradient of variation spans from complete introgression to complete reproductive 

isolation among populations probably depending on ecological factors in each lake. 

Microsatellites depicted more of the introgressive hybridization compared with the 

mtDNA markers (Lu et al 2001). Phylogeny based on mtDNA suggested that the 

diversification of the Hawaiian cricket genus Laupala was initiated by single invasions 

into each of several Hawaiian islands and followed by multiple sympatric diversifications 

within each island. However, a different speciation scenario based on nuclear DNA 

sequences suggested allopatric divergence and multiple invasions, such that two 

independent species radiations diversified across the archipelago (Shaw 2002). 
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The growing accumulation of case studies as presented, in which various genetic markers 

are utilized to examine genetic patterns within and between species, strongly support the 

notion that a detailed genetic view is needed for our understanding of divergence and 

reproductive isolation. This is most pragmatically applied in the field of conservation 

biology. Here, deciding the criteria to use in grouping populations of a species into 

distinct units of conservation is highly debatable. In practice molecular genetic 

differentiation is the main approach used to identify such units (Fraser and Bernatchez 

2001). However, utilizing a single marker might not reflect the entire history of the 

species. For example, in the loggerhead turtle Caretta caretta females are phylopatric to 

their natal nesting sites which are genetically separated when looking at mtDNA markers. 

Gene flow was observed due to sneaky male movements among breeding sites. This can 

affect determining what regions to prioritize when creating a conservation program for 

the species (Bowen et al. 2005).  

 

Finally, Y chromosomal loci have been used to reconstruct population history in humans 

and various mammals such as house mice, Bovine, and primates (Hammer et al. 1997, 

Boissinot and Boursot 1997, Tosi et al. 2000, Stone et al 2002, Verkaar et al 2004). 

However, the value of Y chromosome sequence diversity has been poorly exploited in 

other species such as reptiles, insects, and birds in relation to demographic and selective 

processes that might shape within and between species evolution (Kopp et al. 2006). 

Using paternally inherited markers can broaden our knowledge regarding genetic 
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variation within and between species and how it might be driven by and affecting male 

behaviour. 

 

Demography and selection the processes that shape divergence 

 

The diversity of genetic signatures observed at various genomic components is often 

coupled with different evolutionary processes that affect each section. Certain loci might 

be under selection or random genetic processes and show differentiation, whereas others 

may not. For example, divergence patterns were examined between Drosophila 

pseudoobscura and close relatives D. persimilis and D. pseudoobscura bogotana based 

on three nuclear genes Adh, period and hsp82. While examining various models of 

speciation, researchers found that each locus presents a different history. Adh showed 

recent gene flow among taxa, whereas the other loci show little to no gene flow. They 

concluded that natural selection acts against gene flow differently at different loci (Wang 

et al. 1997). Furthermore, looking at the evolution of divergence among D. 

pseudoobscura and its relatives based on multilocus DNA sequence data revealed that the 

genomic regions, which exhibit low rates of gene flow among the different species are 

associated with reproductive isolation (Machado et al. 2002). 

 

The relative role of deterministic vs. stochastic forces in the origin of species is a major 

question that has long occupied the field of evolutionary biology. Given enough time, 

speciation can be viewed as an inevitable consequence of populations evolving in 
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allopatry (Mayer 1942).  However, little evidence is found that genetic drift is responsible 

for reproductive isolation without involving selection pressure.  Experiments and 

theoretical models show that isolated populations under intense novel selection can 

undergo rapid and substantial changes in morphology and mating behavior. However, 

experiments using repeated bottleneck scenarios failed to produce substantial 

reproductive isolation (reviewed in Turelli et al. 2001). Although, Mayr’s view that 

reproductive isolation usually evolves in allopatry (1963), it has been well established 

that speciation may occur despite gene flow between populations and reproductive 

barriers may rise and be maintained between hybridizing populations provided that 

selection against hybrids is sufficiently strong relative to migration (reviewed in Via 

2001). 

 

Currently, shifting the focus from determining the interplay between demography and 

selection as shaping speciation, Orr (2005) suggested that the genetic front of speciation 

research lies in finding genes that cause reproductive isolation and identifying the 

evolutionary forces that drove their divergence. In practice, only few such genes were 

found (4-5) and they are mainly associated with post-zygotic reproductive isolation. In 

addition, he found that they do not fall into one functional class and that they all diverged 

by positive selection and not genetic drift. As much as gathering detailed information 

about genetic patterns among populations is valuable for understanding the potential for 

divergence and the evolutionary forces that may drive them, the ultimate manifestation of 

the process is with reproductive isolation. Hence, identifying such mechanisms is one of 
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the key elements in determining potential differentiation between populations within a 

species.  

 

Mechanisms of reproductive isolation and the role of sexual isolation in speciation 

 

When investigating the interaction between a species mating system and genetic 

differentiation, three main isolating mechanisms typically are considered. Premating or 

sexual isolation occurs before individuals have mated. It includes courtship behaviour 

and various manifestations of individual competition for mates. Another type of isolating 

mechanism is postzygotic isolation, which occurs following mating and fertilization of 

the egg. In this case, female fecundity (i.e., number of offspring produced) and offspring 

fitness (i.e., male sterility) are examined when individuals mate within or between 

populations.  

 

In recent years, extensive research has been done on a third type of isolating mechanism 

which occurs after mating, but prior to fertilization. The female internal reproductive 

organs and the male’s seminal fluid and sperm are the environments in which 

reproductive incompatibilities can arise. Biochemical and morphological features of each 

of these components may determine the degree of compatibility between two populations 

(Markow 1997, Palumbi 1999, Clark and Begun 1998, Clark 2002, Miller and Pitnick 

2002). While these isolating mechanisms are observed in various species; the degree to 

which they promote and maintain differentiation among populations is unknown. The 
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importance of postmating-prezygotic isolation was further examined in the relationship 

between mating frequency, male secondary sex characters and sexual selection intensity 

(Markow 2002). It was suggested that in species which mate frequently and are 

characterized by exaggerated sexual male characters, sexual selection acts most 

intensively at the post-mating pre-zygotic arena.  

 

Divergence in sexual traits between allopatric populations can result from drift, 

pleiotropy, and adaptation to environmental conditions or following secondary contact 

(reinforcement) as discussed previously. At the same time changes between populations 

in sexual traits could result from sexual selection and this might lead to rapid divergence 

between populations independent of environmental differences. In addition, sexual 

selection can increase overall rate of change within isolated populations.  

 

Sexual selection is the consequence of differential mating success among individuals 

within a population such that competition for fertilization occurs directly (competition 

between individuals of the same sex) or through the preference exhibited by one sex, 

usually females, for individuals of the other (reviewed in Panhuis et al. 2001). When the 

opportunity for multiple mating occurs within a species, males are selected to maximize 

the proportion of a female’s reproductive effort to be invested in their each individual 

offspring. As males attempt to manipulate and control female reproductive success, 

conflict among the sexes might arise that can lead to runaway co-evolution driving 

divergence between allopatric populations. Theoretical and comparative approaches 
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suggest that conflict based scenario might promote divergence. Gavrilets (2000) showed 

using mathematical models that conflicts of interest between the sexes over mating rate 

are predicted to cause divergence since it is beneficial for females to reduce the 

proportion of male population they are reproductively compatible with. An alternative 

model to the conflict between the sexes is in species where males invest little in matings. 

These species might be less prone to speciation, as there will be less selection on males to 

avoid outbreeding (Parker and Partridge 1998). A comparative approach between 

different insect taxa found that monandrous clades have lower speciation rates compared 

with polyandrous clades, implying that the prediction of antagonistic selection promote 

speciation (Arnqvist 2000). The comparative approach brings correlation between sexual 

selection and divergence. However, it doesn’t demonstrate a causative link between them, 

or which came first allopatric populations or differences in reproductive characters.  

 

The potential for sexual selection to promote speciation was recognized by Parker (1970), 

through the process of sperm competition.  Sperm competition occurs when sperm from 

different males compete within the female reproductive tract for the fertilization of eggs. 

This usually requires that viable sperm from different mates occur contemporaneously 

within a female storage organ at the time of fertilization (Reviewed in Birkhead and 

Møller 1998). Changes in traits that relate to the competitive ability of sperm, or to the 

female’s use of sperm, can result in nascent reproductive isolation and can ultimately lead 

to divergence among populations. For example, patterns of seminal proteins transfer in 

relation to male geographical origin might change and consequently affect female 
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receptivity and oviposition behaviour. In addition, the high mutation rate of genes 

associated with sex traits e.g., accessory gland proteins compared with non-sex traits 

suggests higher selective pressure on the reproductive system (reviewed in Swanson and 

Vacquier 2002). It was suggested that during early stages of speciation, reproductive 

genes diverge much faster than non-reproductive genes which might play a role in 

establishing reproductive isolation (Jagadeeshan and Singh 2005). Recent observation in 

which nonreproductive (head) and reproductive (testis, ovary) tissues were screened for 

rapidly evolving genes revealed highest concentration of such genes in the testis followed 

by ovary and then head tissues. In addition, higher rates of nonsynonymous substitutions 

were found in the testis indicating differential selective pressure on each tissue 

(Jagadeeshan and Singh 2005). However, the challenge still remains to link rapidly 

evolving genes relating to the reproductive machinery and the progressive evolution of 

species divergence and speciation.  
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Current research:  genetic and reproductive patterns within the cactophilic fly species 

Drosophila pachea and their association with early stages of speciation 

 

Various species of the genus Drosophila have been the focus of many studies of 

speciation genetics; however, few have simultaneously examined the relationship 

between genetic differentiation, ecology, and the appearance of reproductive isolating 

mechanisms. The aim of this research was to examine the relationship between genetic 

variation patterns between populations, ecological factors such as restriction to a host 

plant type and distribution, and early events of reproductive isolation in the cactophilic 

fly Drosophila pachea.   

 

The research originated with describing genetic patterns between fly populations and 

measuring population structure, using genetic markers that differ in their effective 

population size, mode of inheritance, and mutation rate. The association between these 

patterns and factors such as geographic barriers to gene flow and host use where 

evaluated. As a complement to the genetic variation research, we also looked at the 

potential for reproductive isolation at the postmating-prezygotic level. This was done by 

measuring remating frequency within and between populations that might indicate the 

occurrence of sperm competition, which may be an initial stage in the evolution of 

reproductive isolation. Consequently, I measured sperm use patterns between populations 

along and across the fly distribution. Finally, integrating the genetic, ecological and 
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reproductive behaviour patterns observed, the position of D. pachea in the time-space 

continuum of the speciation process is discussed. 

 

Regional genetic structure was found within D. pachea such that Sonora mainland and 

Baja peninsula populations genetically diverged based on mtDNA loci. A single 

polymorphism Y linked fertility gene exhibit similar genetic patterns of regional 

differences within the species. However, these results were not consistent with either a 

Stepping stone model or Isolation by distant model. Excluding two populations in Baja 

(Ciudad Constitución and San Felipe) and one in Sonora (Agiabampo) that seemed 

genetically more distinct than other populations, no clear association to a known 

parameter (host type, distance, sampling method and time) was observed. Neighbouring 

populations were as genetically similar to each other as to more distantly ones within 

each region. Across the Gulf of California most Baja populations were significantly 

different from most Sonora populations based on the mitochondria sequence variation. 

However, the degree of genetic variation compared between each region was different. 

More haplotypes were shared between Baja and Sonora than the other way around. 

Several processes might originate such difference, current migration between the regions 

such that more individuals migrating from one side of the gulf, from Baja into Sonora, 

thus contribution more individuals into the genetic pool of Sonora than vice versa. 

Alternatively, both regions are restricted by current migration and original differences in 

effective population size of each region.  The smaller Baja populations (compared with 

Sonora) results in faster reduction of genetic variation within Baja compared to Sonora. 
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North-eastern annual winds along the coast of California might suggest that current 

unidirectional migration persist in the species. However, at this point it is unclear how to 

distinguish between the two potential scenarios. 

 

Contrasting genetic patterns were observed based on the microsatellite markers such that 

no regional split was identified. The species can be considered as a simple panmictic 

population along its entire range with no biologically significant difference between 

populations based on these markers. 

 

Remating frequency within populations is found to be exceptionally high compared with 

other Drosophila species such that at least six fathers typically sire the offspring from a 

single female. This mating intensity characterizes both regions of the fly distribution i.e., 

Sonora and Baja. In addition, a unidirectional differential sperm use was observed 

between D. pachea populations such that Sonora females preferentially used sperm of 

local males compared to Baja males. In addition strong preferential sperm use of Sonora 

males was observed by the Baja females. No beneficial effect on female reproductive 

output was seen due to the preferential sperm use. Sonora males did not sire more 

offspring compared with Baja males. When jointly examining the genetic and mating 

patterns, reduced gene flow in the direction from Baja to Sonora correspond with some 

reproductive isolation in the form of differential sperm use; while genetic exchange from 

Sonora into Baja populations promotes hybridization. We cannot at this point determine 

the outcome of these opposing forces acting on both genetic and behavioural factors 
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within the species. It might be observed as a steady state of isolation with migration, in 

which the species persist as one unite or alternatively accumulation of differences within 

Baja due to lack of migration from Sonora might increase the split between the region. 

Independent of the potential outcome, we find that this research illustrates the importance 

of considering the interplay between genetic, ecological and mating patterns when trying 

to understand the potential of evolutionary processes such as speciation to occur within a 

species especially in its initial stages. 
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CHAPTER 2:  GENETIC PATTERNS BETWEEN POPULATIONS OF THE 
CACTOPHILIC FLY DROSOPHILA PACHEA IN RELATION TO 

BIOGEOGRAPHY AND HOST USE 
 

ABSTRACT 

 

Detecting population differentiation is often seen as the first step of speciation. The type 

of genetic marker used might reveal different genetic patterns associated with various 

evolutionary processes. Observing population structure is significant when reproductive 

barriers to gene flow evolve, as the latter are the final step of any divergence event. In 

Drosophila pachea, previous studies found various levels of population genetic 

differences relating to the genetic marker used, biogeography and host use. Here, we 

report genetic patterns within the species using highly polymorphic markers. We 

surveyed patterns of population structure along this species distribution around the Gulf 

of California, using 525 individuals in 13 populations for six microsatellite loci of which, 

170 individuals of 12 populations were also sequenced for the mtDNA COII locus. The 

mitochondrial sequence data indicated two regions, Baja and Sonora to be genetically 

different. In contrast, little genetic differentiation was observed with microsatellites. 

Finally, little association was observed between the genetic patterns of either genomic 

compartment and host type. We discuss how various demographic models (migration and 

isolation), the genetic markers characteristics (effective population size, mutation rate and 

mode of inheritance), as well as the potential for sex biased dispersal, might explain the 

contrasting patterns. 
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INTRODUCTION 

 

Many species show various levels of genetic differentiation among populations, which is 

facilitated by a variety of factors such as environmental barriers, historical processes and 

life histories, e.g., mating systems. Identifying patterns of differentiation within-species is 

central when assessing a population’s potential to speciate. Researchers often look at 

incipient species pairs when studying speciation (Coyne and Orr 1989, Howard et al. 

1998). These represent recent divergence events and are expected to harbor both genetic 

differences and different levels of reproductive isolation that have not fully evolved. 

However, the occurrence of incipient species is not prevalent patterns. It is common to 

find species that are historically separated for extensive periods of time. One of the main 

conclusions from sister species studies is that it is necessary to examine earlier stages of 

genetic change within-species (Coyne and Orr 1989, Howard 1999).  

 

At the same time, patterns of population structure may be elusive and may depend on the 

genetic marker used. Genetic markers with high mutation rates, such as mtDNA and 

microsatellites, may show differences between populations not detected with slowly 

evolving markers, such as allozymes (Berry and Kreitman 1993, Sunnucks 2000, Agis 

and Schlötterer 2001).  In addition, different evolutionary processes act on different 

compartments of an organism’s genome. In various species it was found that certain loci 

might be under selection or random genetic drift and show differentiation, whereas others 

may show constant gene flow between the same populations (Wang et al. 1997, Hamblin 
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and Veuille 1999, Johnson et al. 2003, Lemaire et al. 2004). Hence, contrasting genetic 

patterns may occur within the same species that challenge our understanding of the 

species genetic diversity maintenance and potential separation into differentiating units.  

Consequently, the simultaneous use and comparison of different genetic markers is a 

powerful approach for disentangling major colonization events and subsequent recent 

population processes.   

 

While species of the genus Drosophila have been the focus of many studies of speciation 

genetics, only a limited number of studies have examined the association between genetic 

patterns and ecology within a single species. The sonoran endemic cactophilic fly, 

Drosophila pachea, is an excellent model system for which to examine these 

relationships. The flies are distributed around the Gulf of California, a potential 

geographical barrier for allopatric populations between Baja peninsula and Sonora 

mainland. The species feeds and breeds exclusively on rotting tissue of the senita cactus 

Lophocereus schottii (Heed and Russell 1968, Heed et al. 1968, Kircher and Heed 1970). 

There are two species in the host plant genus Lophocereus the Baja California localized 

in Punta Conejo (PUCO): endemic L.gatesii and the widespread L.schottii (Figure 1). The 

latter consists of five described varieties (Lindsey 1963), three of which are considered in 

this work. L.s.schottii is the main variety found both in mainland Sonora and Baja 

peninsula. Variety L.s.australis, found in the southwest tip of Baja in the locality 

Ensenada de los Muertos (ENMU), and variety L.s.tenuis occur south of Guyamas, 

Sonora, including the sampled locality Agiabampo (AGBP) (Figure 1). Phylogenetic 



 

 
 

35

analysis indicate a dichotomous pattern in L.schottii reflecting alternating episodes of 

dispersal and isolation northward along the Baja peninsula from a common ancestor 

located in southern Baja.  L.s.gatesii and L.s.australis are genetically distinct from 

L.s.schottii.   In Sonora, L.s.schottii populations diverged from a single ancestral Baja 

population.  L.s.tenuis restricted to the coastal plains of southern Sonora and Sinaloa 

clusters with other Sonoran population of L.s.schottii (Nason et al. 2002). The strict 

association between the plant and the fly due to a nutritional need for its development 

(Heed and Kircher 1965) may predict similar general historical patterns of expansion for 

the fly and host plant populations which might bare a genetic signature within the 

species.  

 

Previous studies using allozymes and inversion frequencies attempted to assess whether 

the gulf of California or the distribution of the host subspecies and varieties have 

produced genetic differentiation between Drosophila pachea populations. Two 

independent studies done 30 years apart demonstrated constant gene flow throughout 

500km range in Sonora based on the allozyme frequencies (Rockwood-Sluss et al. 1973, 

Pfeiler and Markow 2001). The conclusions from these studies are limited since they 

focused on a part of the species range that had only a single host type and involved no 

samples from across the gulf. In addition, allozymes being associated with protein 

activity are more likely to be under selection then random DNA markers and are 

therefore potentially limited tools in examining demographic processes such as migration 

and isolation (Jarne and Lagoda 1996, Sunnucks 2000). At the same time, variation in the 
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frequency of a chromosomal inversion between D. pachea populations suggest the 

existence of population subdivision on a more local scale (Felger and Lowe 1967, Ward 

et al. 1975, Duncan 1979, Parker and Hamrick 1992, Etges et al. 1999). Host subspecies 

used by the flies accounted for the majority of the total variance in inversion frequencies 

among D. pachea populations (Ward et al. 1975, Duncan 1979, Etges et al. 1999). 

However, inversion frequency clines are based on a single marker, limited to a specific 

evolutionary time frame, and trace processes which do not necessarily relate to more 

recent events in the species history. In addition, we cannot rule out that the correlation 

found between temperature, host plant characteristics and the inversion frequency cline 

might be attributed to selective pressure from these abiotic factors. Similar contrasting 

population genetic patterns between inversions and allozymes were reported in 

populations of the cactophilic Drosophila buzzatii associated with selective pressure 

producing clinal distribution of the inversions (Rodriguez et al. 2000). 

 

In an earlier study, we reported the first molecular results using mtDNA COI locus to 

examine genetic patterns within D. pachea (Hurtado et al. 2004). This study revealed 

genetic differences on a regional scale between the Baja and Sonora populations. Within 

each region no differentiation was observed, either in relation to host type or past in 

seaways that might serve as historical geographical barriers to gene flow. In addition, 

both regions shared several haplotypes, indicating some degree of gene flow between 

them due to either incomplete lineage assortment and/or current gene flow. Although 

considered highly polymorphic and neutral in respect to historical processes, mtDNA 
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markers track solely the maternal lineages in a species and are limited to single locus data 

of one genomic component.  

 

Hence, the question still remains, whether D. pachea populations are sub-structured 

between and within the two main regions of the fly distribution in association with host 

type used. In this study, we aimed to explore recent demographic processes such as 

dispersal and isolation between populations, hence data gathered from multi-locus, highly 

polymorphic and neutral markers was needed. During summer 2000 we developed 

specific microsatellites markers for Drosophila pachea. These are short tandem repeats of 

2-6 bases which appear as an array distributed randomly throughout the species genome 

(Sunnocks 2000). They are non-transcribed elements mostly regarded as selectively 

neutral or nearly neutral which evolve through the balance between slippage mechanism 

and point mutations (Kruglyak et al. 1998). In the past 15 years they served as major 

molecular tools in population and conservation genetics due to their high mutation rate 

and resulting highly polymorphic loci. Being variable and neutral in nature these markers 

are mainly used to trace demographic processes such as dispersal and isolation (Jarne and 

Lagoda 1996, Chambers and MacAvoy 2000).  

 

Contrasting patterns of differentiation within and between species have been observed in 

different taxa such as fish, birds, insects and reptiles when both genomic and 

cytoplasmatic components were used. These differences were associated with sex biased 

dispersal and smaller effective population size of maternally inherited marker (mtDNA) 
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compared with autosomal markers, as well as demographic (introgression vs. genetic 

drift) and adaptive (positive selection) processes that had differential affect across 

genomic regions (Wang et al. 1997, Hamblin and Veuille 1999, Lu et al. 2001, Scribner 

et al. 2001, Shaw 2002, Sota 2002, Johnson et al. 2003, Monsen and Blouin 2003, 

Rognon and Guyomard 2003, Kopp and Frank 2005, van Herwerden and Doherty 2006).  

Due to the contrasting population differentiation patterns between the allozyme and the 

mitochondrial data of D. pachea, we expanded the mitochondrial sequencing data 

collected by genotyping a second locus. We examined whether the initial results observed 

with the COI locus are consistent along a larger section of the mitochondria. 

 

In summary, the aim of this research was to explore the genetic relationships among D. 

pachea populations and the potential barriers to gene flow between and within Baja and 

Sonora based on the species’ biogeography and host use. Specifically, the following 

questions were addressed: 1) is the Gulf of California a barrier to gene flow between D. 

pachea populations? 2) Are fly populations sub-structured within each region based on 

host plant differences? 3) Do different genetic markers differing in mutation rate, 

effective population size and mode of inheritance reveal similar genetic patterns between 

D. pachea populations? 
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MATERIALS AND METHODS 

 

Sampling 

 

Populations were collected during several sampling trips between November 2000 and 

June 2003 (Table 2.1, Figure 2.1). Adult flies were caught using either bait traps, i.e. 

local senita pieces mixed with meshed banana and added commercial yeast or directly 

from rotting senita arms. Individuals collected were sexed and frozen separately at -80ºc.  

In total, thirteen populations along the species distribution were sampled. Five 

populations originated from Sonoran desert, Organ Pipe National Monument (OPNM), 

Desemboque (DSBQ), San Juanico (SNJN), San Carlos (SNCR) and Agiabampo 

(AGBP). Eight populations represent the species distribution along the Baja peninsula; 

San Felipe (SNFL), Rio Costa Rica (RCOR), Catavina (CATV), Vizcaino Desert 

(VIZD), Las Virgenes (VIRG), Ciudad Constitución (CICO), Punto Conejo (PUCO) and 

Ensenada de los Muertos (ENMU) (Figure 2.1). Altogether, 525 individuals (ranging 

between 12 and 86 individuals per population) were used for genotyping 6 microsatellite 

loci, out of which 170 individuals (ranging between 5 and 27 per populations) were used 

for genotyping mtDNA COII locus (Table 2.1).  
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Genotyping 

 

DNA extractions from all samples were made following a squish prep protocol (Gloor et 

al. 1993). Six microsatellite markers, of which three were identified as autosomal loci 

and three as potentially X linked loci (mapping is needed to confirm this finding), were 

used in genotyping individuals sampled from each population (Table 2.2). Microsatellite 

loci were developed and characterized previously from enriched clonal libraries of D. 

pachea (Ross et al. 2003). Out of the six microsatellite loci used, two were dimers and 

four trimers. For each locus, one primer was fluorescently tagged with either ABI dyes 6-

FAM or HEX. Each reaction of 15μl contained a mix of (1x) PCR buffer (Invitrogen), 

1.5mM MgCl2, 0.4 μl of each primer, 0.5 units TAQ (Invitrogen), 0.2 mM dNTPs and 

1μl DNA sample added. PCR temperature profile included initial 3 min at 95ºc and then a 

cycle of 35 times run for denaturation temperature of 94ºc for 20sec, annealing 

temperature specific for each primer (52ºc, 58ºc, 56.8ºc or 54ºc)  for 45sec and 

hybridization temperature of 72ºc for 90sec, followed by 10min extension period at 72ºc. 

PCR products were genotyped using an ABI 3100 genetic analyzer (Applied Biosystems 

– ABI, California) and the program GeneScan ver. 2.1 at the Genomics and Technology 

Core (GATC) facility of the University of Arizona. Fragment sizes were scored using the 

program Genotyper ver 1.1 and translated into repeat size based on known samples 

previously sequenced for each locus and repeat size to fragment size comparison was 

made. 
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The Primers for the mtDNA COII  locus used here, are as described in Wilder and 

Hollocher (2003).  The annealing temperature the total reaction conditions were re-

optimized for this study. The 30μl reaction mixture of the COII locus included: 10x 

Buffer (100mM Tris, pH 8.3, 500mM KCL and 25mM MgCL2), dNTPs (2.5mM), 

20ng/μl concentration of each primer LysB and LeuA (Table 2.2), 1 U of Taq polymerase 

and 1 μl extracted DNA. The amplification parameters were denaturation at 94˚C for 3 

min followed by 35 cycles of denaturation for 30 sec at 94˚C, annealing for 30 sec at  

52˚C and extension for 2 min at 72˚C, after which the reaction mixture was additionally 

held at 72˚C for 5 min to complete extension. The total number of bases amplified from 

COII locus encompassed 677 bp of the coding region.  

 

Data Analysis 

 

Genetic diversity for each locus and population as well as over all loci and populations 

was evaluated using MSA ver. 3.00 (Dieringer and Schlötterer 2003) and Fstat ver. 

2.9.3.2 (Goudet 2001). Summary statistics included: number of alleles (N), variance in 

allele size (v), range in allele size (min-max), average allele size, expected heterozygocity 

(He), observed heterozygocity (Ho).  Deviations from Hardy-Weinberg equilibrium were 

tested in Arlequin ver. 2.0 (Schneider et al. 2000) for each locus and over all loci using 

Markov chain approximation (Guo and Thompson 1992). Additionally, we estimated 

independence of each locus based on genotypic disequilibrium. Fisher’s exact test was 

used to assess significance level of the tests with permutation of the data 10,000 times.   



 

 
 

42

 

Hierarchical partitioning of genetic variation was made using the program MSA ver 3.00 

and analysis of molecular variance was conducted using Arlequin ver. 2.0 (Schneider et 

al. 2000). The hierarchy included the following three levels: between regions (Sonora and 

Baja), between populations of each region, and within populations. Pairwise FST for all 

population pairs were estimated and significance for all values was assessed using 

sequential Bonferroni adjustment on critical levels. FST values were estimated using 

FSTAT (Goudet 2001).  

 

DNA sequences were inspected, edited and aligned visually using the program 

Sequencher.  The program DNAsp ver. 4.1 (Rozas et al. 2003) was used to quantify 

levels of intra and interspecific genetic diversity of the two loci sequence. Nucleotide 

diversity for each locus and population was estimated by the pairwise number of 

sequence differences π (Nei and Li 1979) and Watterson’s θ (Watterson 1975), which is 

based on the number of segregating sites in a population. At constant diploid population 

size and for an autosomal gene, those statistics are estimators for the quantity 4Neμ 

(where Ne is the effective population size and μ is the mutation rate). Arlequin version 

2.00 (Schneider et al. 2000) was used to perform an analysis of molecular variance 

(AMOVA) on all the COII locus sequence data. The program estimates the amount of 

genetic variation attributed to differences among groups (ΦCT), among localities within 

groups (ΦSC) and among localities relative to the total sample (ΦST). These estimator 

values, unlike F-values, weigh the number of differences observed when comparing 
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among sequences within and between populations (F-value determine the occurrence or 

absence of difference). In addition, a pairwise comparison of genetic variation was done 

between all localities and reported with corrected significant levels. We used both the 

program PAUP* (Swofford 1998) and MEGA ver 3.1 to construct within species tree. 

We used Neighbor-Joining (Saitou and Nei 1987) and maximum parsimony procedures 

to generate the D. pachea population tree with Drosophila acanthoptera COII sequence 

data as an outgroup as previously established (Pitnick et al 1995). Two models of 

substitution rate evolution were used and compared in constructing the gene tree. The 

Jukes-Cantor model assumes equal probability of substitution among all nucleotides in 

the sequence and Kimura -2 parameter model which assumes different probabilities to 

transversion and transition rates in the sequence. Confidence in each tree was calculated 

based on 10,000 bootstrap permutations. In addition, we constructed a haplotype 

frequency network of the COII locus with the software NETWORK  ver 4.1.1.2 (Fluxus 

Technology), which uses Median Joining algorithm to identify groups of closely related 

types and introduces hypothesized intermediary types in order to unite the observed 

haplotypes into a network using parsimony algorithm (Bandelt et al. 1999).  

 

Finally, we conducted a Mantel test to examine the relationship between genetic and 

geographic distance in our various populations using IBD ver 1.52 software (Bohonak 

2002, Jensen et al. 2005). 



 

 
 

44

RESULTS 

 

Genetic diversity 

 

Microsatellites 

 

The autosomal microsatellite loci revealed high variation for all populations and lower 

variation for the X linked loci as expected (Table 2.3). Minimum, mean, and maximum 

allele size is similar among all populations, except for a few deviations in these measures 

and in number of alleles in one population (RCOR) which had the lowest sample size (12 

flies). However, increased sample size (CICO population had the highest sample size) did 

not correspond to an increase in number of alleles compared to the mean sample size 

populations; on average (40 flies), per population sample was a good representation of 

the repeat array for the majority of populations and loci. Mean number of repeats over all 

populations for the two dimer loci (AC13, AC19) were 22.5 and 18.7, respectively, and 

the mean numbers for the four trimer loci (AGC11, AGC9, AGC12, CTG7) were 13, 

12.9, 8.2, 17.6, respectively. The trimer loci showed smaller average allele size and lower 

variation than the dimer loci as it was reported for other Drosophila species (Shug et al 

1998, Ross et al 2003).  The allele size distribution pattern differed among loci, three loci 

exhibited a normal distribution (AC13, ACG11, AGC9) two loci had a right skewed 

distribution (CTG7, AGC12) and one locus had a bimodal distribution (AC19) (Figure 
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2.2). High variance in repeat number was observed for loci AC13, CTG7 and AC19 in 

DSBQ, AGC11 and AGC9 in OPNM and AC19 in PUCO populations respectively.  

We conducted 78 tests on the female data set (n=303) over all six loci and populations to 

estimate deviation from Hardy-Weinberg equilibrium, i.e. departure between the 

observed and expected genotype frequencies. Out of these tests, 21 were significant 

(p<0.05 based on Exact test with Markov chain for a locus per population) which is a 

higher value then expected by chance. This might indicate that several populations are 

not in mutation/drift-selection/migration balance. The marker mode of inheritance did not 

affect the number of deviations. The three X-linked loci accounted for 11 deviations 

(AGC9 (2), AC13 (8), CTG7 (1)) and the autosomal loci for 10 deviations from Hardy-

Weinberg equilibrium (AGC11 (1), AC19 (6), AGC12 (2)). In addition, no specific 

population was associated with higher number of deviations. The number of deviations 

observed differed in relation to the type of microsatellite motif. Dinucleotide loci had 

higher number of deviations (13) compared with trinucleotide loci (8), however this 

difference was not statistically significant (Chi-square-test: χ2 = 0.6, p > 0.05, df = 1). All 

deviations from Hardy-Weinberg equilibrium shown heterozygosity deficiency meaning 

the observed heterozygosity was significantly lower then expected.  

 

Tests of linkage disequilibrium for the autosomal loci showed no evidence of departure 

from gametic phase equilibrium among these loci (p-values after 60 permutations were 

larger than the adjusted value of 0.0167). Expected heterozygosity (He) across loci in 

every population was high for the autosomal loci, ranging between 0.70-0.92, and low for 
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the X linked loci, ranging between 0.13-0.85, depending on the number of males in the 

sampled population; i.e., SNCR, SNFL and VIZD localities had higher fraction of males 

than females and hence the reduced diversity of loci associated with these populations. In 

addition, an extensive reduction in heterozygosity at the autosomal locus AGC11 was 

observed in ENMU population (Table 2.3). These differences in pattern of heterozygosity 

among loci and populations are hard to interpret since they are not consistent overall loci 

within a single population caused by drift. Hence, this might be due to different historical 

population sizes or different forces acting on those populations. In addition, differences in 

sampling size and composition might cause these disparities.  

 

mtDNA COII 

 

A total of 677 base pairs from each of 170 individuals surveyed in 12 populations of 

Drosophila pachea were sequenced for the mtDNA COII locus. Nucleotide substitutions 

were detected in 32 positions of which 29 are transitions and three were transversions. 

Eight singletons were observed of which five were shared with D. acanthoptera the 

considered ancestral species to D. pachea (Pitnick et al. 1995). Seven singletons were 

transitions and one was a transversion. Nucleotide composition was similar between all 

site types (conserved, polymorphic or singleton), and characterized as A-T rich (75%) as 

observed in other Drosophila species form which this locus was examined 

(Wolstenholme and Clary 1985) (Table 2.4). We identified 39 unique haplotypes; the 

most geographically widespread haplotype was shared between seven Baja and two 
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Sonora populations. Haplotype diversity ranged from 0.6 to 0.92 among the various 

populations, independent of the sample size or sampling method, i.e. collecting directly 

from rots or using baits (Table 2.5). Collecting flies from rots might bias sampling of 

individuals that just emerged, whereas collecting flies from baits might attract flies from 

larger area that will be a better representation of the genetic variability of the populations.  

However, no difference was observed in haplotypes diversity as a function of sampling 

method. Average haplotypes diversity for collection from rots was 0.82±0.03 compared 

with 0.78±0.05 for collection from baits (Mann Whitney U: p=0.6, df=1, n=12, Table 

2.5). Some association was observed between haplotypes diversity and the sampling 

period of the various populations. The fall sampling (population OPNM, SNJN, SNCR) 

had an average haplotypes diversity of 0.67±0.03, winter (RCOR, VIZD, VIRG, CICO, 

PUCO, ENMU) and spring (DSBQ, AGBP, SNFL) collections had average haplotypes 

diversity of 0.85±0.02 and 0.86±0.03 respectively.  

 

A tendency was observed for higher average nucleotide diversity in Sonora 

(0.0042±0.0006) compared to Baja (0.0032±0.0004). Consequently, a higher total 

number of haplotype and average haplotype diversity was observed in Baja compared to 

Sonora. The number of haplotypes ranged between 4 and 12 among the various 

populations with the highest number of haplotypes observed in VIZD and SNFL 

populations i.e., 12 and 9 haplotypes respectively (Table 2.5).  We examined whether any 

evidence of range expansion was observed within each region based on Tajima’s D and 

Fu’s Fs neutrality tests. Although Tajima’s D was negative for both regions, the values 
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were not significant, i.e., Sonora: D=-1.08, p>0.1 and Baja: D=-1.6. 0.05>p<0.1. Fu’s Fs 

was also negative for both Sonora and Baja and significant in the case of Baja, i.e., Fu’s 

Fs=-8.4 and Baja: Fu’s Fs=-13, p=0.001, suggesting the potential of range expansion in 

this region. 

 

Population structure 

 

Microsatellites 

 

Genetic differentiation estimated from global FST values under a classical multilocus 

multiallele model was 0.011. RST showed similar value of 0.011 (Table 2.6). Thus the 

type of mutation model attributed to each of the genetic variability index (IAM for FST 

value and SMM for RST value) did not affect differentiation estimations. These values 

were statistically significant; however their low range limits the biological interpretation 

(Hedrick 1999). The genetic variation observed within each population was as high as the 

variation observed among populations or regions (AMOVA test, Table 2.7). We further 

investigated genetic patterns through pairwise comparison of genetic variation between 

populations. Pairwise FST values for all populations revealed 15 cases of genetic 

differences that were statistically significant between several populations following 

multiple test correction. These values ranged between 0.014 and 0.032 (Table 2.8). Four 

populations, two in Sonora (DSBQ and AGBP) and two in Baja (SNFL, CICO), were the 

major contributors to the differences observed between the two areas (each differentiating 
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from 3-6 other populations). In Baja, fly populations from PUCO and ENMU localities 

that are associated with a different host type were genetically different in four cases from 

populations in Sonora only. They did not differ from any of the Baja localities, as would 

be expected from the association with the different host species and varieties (Table 2.8). 

In addition, two cases out of the four were with AGBP population, which might indicate 

that the source of difference might be attributed to the AGBP host and not the Baja ones.  

 

The single case in which two populations within Baja diverged was between CICO (the 

southern population) and SNFL (the northern population). Differences were also 

observed between CICO flies and three Sonoran populations (DSBQ, SNJN, AGBP) 

(Table 2.8). A single difference within Baja is expected by chance specially with low 

values of genetic variation.  

 

Examining factors such as the sampling method, sampling period and the host type used 

by the flies revealed no association with any of the populations that had statistically 

significant differentiation value. The expected heterozygosity and the inbreeding 

coefficient were independent of whether flies were sampled from rots or baits and the 

time collection was made  (ANOVA for inbreeding coefficient to sampling method and 

season respectably: F=0.85, p=0.37, df-11 and F=2.64, p=0.11, df=9), (Kruskal-Wallis 

for expected heterozygosity to sampling method and season respectably: χ2=0.74, p=0.74, 

df=1 and χ2=2.8, p=0.4, df=3; n=13 in all cases). Collecting directly from rot might bias 

the sample if emerging sibling adults are gathered; alternatively, bait might be a more 
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random subsampling of the population. However, collections were usually made from 

several rotting cactus arms that were scattered around the study site. Finally, the sampling 

method, the period at which flies were collected and the host used was not associated 

with the four populations (OPNM, DSBQ, STFL, and ENMU) that exhibited significant 

FIS values, i.e. departure from random mating, of 0.12, 0.15, 0.26, and 0.13, respectively. 

Most populations did not exhibit deviation from the random mating assumption in respect 

to measures of inbreeding, FIS values were on average 0.113 ranging between 0.045 and 

0.181 when estimated using the female data set only for all six loci.  

 

mtDNA COII 

 

Genetic differentiation between Sonora mainland and Baja peninsula populations was 

clearly established based on analysis of molecular variation (AMOVA) of the COII 

sequence data. The majority of Drosophila pachea genetic variation is partitioned among 

the two regions (55.5%), with a smaller proportion occurring among populations within 

each region (1.5%) such that little to no structure was observed within Baja or Sonora. A 

third major proportion of genetic variation was observed within populations (43%) (Table 

2.9). A single pairwise comparison within Sonora (between AGBP and OPNM 

populations was significant), with these populations represent the north and south tip of 

the fly distribution on the mainland. Five pairwise comparisons within Baja were 

significant: SNFL population differentiated from four other Baja populations (VIZD, 

VIRG, CICO, ENMU) and CICO differentiated from VIZD in addition to SNFL (Table 
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2.10). In addition, no apparent association was observed between genetic and geographic 

distance. Populations significantly differentiated (p<0.00001, Table 2.10) between 

regions rather than within, independent of their geographic distance (Mantel Test: 

Z=8986, r2=0.018 p=0.13, n=66, Figure 2.3).  

 

Population tree and haplotype network 

 

We inferred and compared the rooted neighbour-joining tree and unrooted haplotype 

network for 170 individual sequences of D. pachea mtDNA COII locus (Figures 2.4, 2.5). 

In both cases the results suggest some evidence of restricted gene flow between Sonora 

mainland and Baja peninsula. The rooted tree was constructed with neighbor-joining 

(Figure 2.4) and maximum parsimony (not shown) procedures that produced comparable 

results. Three major population clades were observed, the first branched at the base of the 

tree and has low branch support (28% following 10,000 bootstrap permutations) consists 

of Baja individuals. The second split has a higher support value of 75% for two clades 

separating between Sonora and Baja. The first Baja clade consist mainly of individuals 

from north and the middle east coast of Baja peninsula (CICO, VIZD, VIRG and SNFL 

populations) compared with the second Baja clade that includes individuals from all 

populations along the Baja peninsula. However, the low support in this branch as 

mentioned suggest predominantly two major clades, namely that of Baja peninsula and 

Sonora mainland. Nine sequences originating from Sonora populations were clustered 

within the major Baja clade, whereas a single sequence of a Baja individual was observed 
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within the Sonora clade (Figure 2.4). The unrooted haplotypes network further support 

the above grouping of the two regions with only a single haplotype shared between 

Sonora and Baja and gene flow featured in the direction from Baja to Sonora with three 

haplotypes shared within Baja originated from Sonora. In total, there are 39 haplotypes. 

Of which 20 are Baja specific, 15 are Sonora specific and four are shared between Baja 

and Sonora (Figure 2.5).  
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DISCUSSION 

 

Characterizing within-species genetic patterns is an important step in our understanding 

the role different evolutionary and demographic processes such as isolation and dispersal 

might have on the potential of species to undergo differentiation. In this work, we 

focused on evaluating genetic patterns based on genomic markers that are assumed to be 

neutral and hence likely to trace the effects of geographical barriers and demographic 

processes on Drosophila pachea genetic variability.  

 

Genetic differentiation within geographic regions – host type, spatial and temporal 

changes 

 

Within each geographic region, i.e Baja and Sonora, little apparent genetic differentiation 

was observed based on both mtDNA sequence locus and microsatellite repeat size 

variability. Several exceptions to this overall trend were observed in relation to host type 

used by the flies as well as spatial and temporal considerations that might affect locality 

specific populations. 

 

AGBP population in Sonora showed significant within-region genetic differentiation in a 

pairwise comparison with OPNM population. These two localities define the northern 

and southern most edges of distribution of the species. In addition, they differ in the type 

of host used in each locality feeding, breeding and oviposition.  Previous work has shown 
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that clinal distribution in inversion polymorphism between the fly populations was 

correlated with precipitation and temperature gradient (Etges et al. 1999). In addition, a 

concordance between the historical distribution of the host and the fly was suggested by 

the inversion polymorphism (Etges et al. 1999). The main host type, L.s.schottii along 

Sonora (and Baja) diverged from a single ancestral Baja population.  The cactus type, 

L.s.tenuis that is restricted to the coastal plains of southern Sonora and Sinaloa, clusters 

with other Sonoran populations of L.s.schottii (Nason 2002). This might explain the 

genetic difference of AGBP flies from most of the Baja populations based on both 

microsatellites and mtDNA. However, if the differences were associated more with host 

type rather than geographic distance within Sonora, then one expects other Sonoran 

populations (SNCR, SNJN and DSBQ) that share the same host as OPNM to differentiate 

from AGBP as well and this was not seen.  

 

Within Baja two populations (SNFL and CICO) had significant within-region genetic 

differences based both on microsatellite and mtDNA data, thereby distinguishing these 

localities from other Baja populations. SNFL had the largest sample size, with highest 

number of segregating sites and haplotype diversity among all Baja populations. 

Sampling from rot in this locality did not reveal bias for shared ancestry at the 

mitochondrial haplotypes. CICO population, although it exhibited less of differentiation 

from other Baja populations based on microsatellite compared with mtDNA data. Further 

research is needed to examine whether single temporal sampling of these populations 
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affected the degree of differences observed or whether they harbor distinguishing 

characters from other Baja populations.  

 

Finally, some temporal differences were observed in mtDNA COII haplotype diversity 

such that lower diversity occurred in the fall compared to the winter and spring. This 

change might be associated with a unique and unexplained phenomenon in D. pachea 

populations throughout its distribution in which flies vanish from their host and are not 

seen feeding or breeding. If fly populations are re-generated each fall, increase in mating 

frequency and high dispersal might re-introduce existing genetic variation overall fly 

populations. However, it is left to further examine whether this patterns occurs over 

several years and temporal observation of single season.  

 

Genetic differentiation between geographical regions- contrasting patterns of variation 

 

Contrasting patterns of genetic differentiation were observed along the fly distribution in 

relation to the type of genetic marker used. Microsatellites exhibited low differentiation 

values for most population, likely characterizing D. pachae as a large panmictic 

population. However, the mtDNA COII locus showed high genetic differentiation 

between Baja and Sonora populations, suggesting the Gulf of California being a 

geographical barrier to gene flow among the regions. 

As in the case of Allozyme and mtDNA data, the microsatellites data revealed high 

number of shared haplotypes among all populations within each region of the fly 
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distribution. Based on the mtDNA locus differentiation value (FST=0.34, Hurtado et al. 

2004) the gulf of California is a barrier to gene flow between Baja and Sonora 

populations, however, the microsatellite loci used here indicate a low level of divergence 

between the two regions (FST=0.011). Wright’s (1978) explanation of the differentiation 

index FST states that a value lying in the range 0-0.05 indicates little genetic 

differentiation, values between 0.15 and 0.25 signifies moderate differentiation and 

values larger then 0.25 denote great differentiation. Recently, Waples (1998) and Hedrick 

(1999) cautioned the interpretation of statistically significant differentiation values as 

biologically meaningful especially for highly polymorphic loci, due to the powerful 

nature of the statistical tests used. In many populations, some departure from complete 

panmixia might occur which translates into significant tests, which are none the less not 

biologically significant in regards to population structure (e.g. Lugon-Moulin et al. 

1999). Consequently, the contrasting differentiation patterns between the two markers 

warrant a cautious examination as for their biological interpretation; especially given 

their differences in mutation rate and mode of inheritance and effective population size. 

 

Mutation rate, mode of inheritance and effective population size - potential 

explanations for genetic disparity 

 

The mutation rate estimated for Drosophila melanogaster microsatellites is 9x10-6 (Schug 

et al. 1998) compared with a rate of 10-7 for mtDNA (Ballard and Whitlock 2004). This 

high mutability corresponds with high levels of polymorphism, for example in our study 
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we surveyed 525 flies out of which 472 had unique genotypes (six loci). Consequently, 

these markers are expected to have lower differentiation values then other markers 

(Balloux and Lugon-Moulin 2002). 

 

Various characteristics of microsatellites are known to influence estimations of 

population structure. Microsatellites are short tandem repeats of DNA units that have 

high degree of variability as a consequence of high mutation rate. Furthermore, the 

number and composition of nucleotides in the microsatellite motif differ in their mutation 

rate. Dinucleotide repeats have higher mutation rate then trinucleotide repeats (Shug et al. 

1998, Kruglyak et al. 1998). This in turn could explain the differences in the level of 

genetic variation observed. Here, we used four trinucleotide loci and two dinucleotide 

loci. More deviations from Hardy-Weinberg equilibrium were observed with the 

dinucleotide loci, which may indicate departure from the assumption of mutation-drift 

equilibrium and consequently might trace different evolutionary process compared with 

the other loci.  

 

Inbreeding, population sub-structuring (Walhund effect) and null alleles are among the 

factors considered in relation to such deviations. While some populations had significant 

levels of inbreeding coefficients (FIS) this can only explain part of the observed 

deviations from Hardy-Weinberg. The lack of association between heterozygote 

deficiencies with specific populations might suggest that additional factors are at play. 

Ideally our sampling of each locality represented a deme. However, when several 
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samples belong to the same deme, no structuring will be evident within and between 

these samples (Wahlund effect). Thus it is possible that a more complex spatial 

organization occurs within each locality relating potentially to differences between 

individuals emerging from various rots that affected the genetic variability documented. 

It is reasonable to assume that highly polymorphic markers might mask more sub-

structuring than would be revealed with less genetically variable markers such as 

mtDNA.  Null alleles relate to the case in which a sample of individuals failed to amplify 

due to mutation at the flanking regions around the repeat unit at a specific locus. This 

might underestimate genetic differentiation among populations since it confounds 

calculations of heterozygosity based on genetic distance estimators. Heterozygosity 

deficiencies were found consistently across all loci and all populations. The absence of 

certain alleles in a population is more likely due to sampling rather then presence of null 

alleles.  

Another important character of microsatellites that might affect genetic patterns is the 

upper constraint on allele repeat length with long microsatellites alleles being rare 

(Goldstein and Pollock 1997, Calabrese and Durrett 2003). This in turn can promote high 

levels of homoplasy which might appear as gene flow and lead to an underestimation of 

genetic differentiation in large populations and loci with high mutation rate (Estoup et al. 

2002). Nevertheless, it is not reasonable to assume that all six loci have reached their 

upper length limit which would be required to generate sufficiently strong as to explain 

the disparity between our marker results. The dinucleotide loci might exhibit more 

homoplasy due to higher expected mutation rate. However, the allele frequency 
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distribution between Baja and Sonora revealed those loci to be less tightly overlapping 

relative to the four trinucleotide loci (figure 2.2). Furthermore, it was found that size 

homoplasy is higher among species and rarer within populations (Estoup et al. 2002).  

 

Mitochondrial DNA has long been the chosen locus for examining demographic patterns 

among populations and species (Avise et al. 1987). It is considered in most organisms to 

have a high mutation rate due to lack of an efficient DNA repair mechanism. In 

Drosophila, mitochondrial genes have 1.7-3.4 times higher synonymous substitution rates 

than the fastest nuclear genes, 4.5-9 times higher rates than the average nuclear genes 

(Mortyama and Powell 1997). However, the mitochondrial mutation rate is 

approximately two fold lower than that of microsatellites. This might be significant if 

microsatellites variability is especially high such that the effect of drift takes longer to 

appear. However, using mitochondrial locus as a genetic marker tracing genetic 

differentiation limits our view to processes traced through maternal lineage, which might 

misrepresent the history of the species as a whole (Ballard and Whitlock 2004).   

 

If the mtDNA locus traces a deeper evolutionary split between the two regions compared 

with the microsatellites, we expect more haplotypes to be shared across the gulf based on 

the microsatellite data. Controlling for the mode of inheritance between the markers we 

examined the number of shared genotypes of the three X-linked loci between the two 

major geographical regions. We found 23 genotypes shared between Baja and Sonora 

which is 5% out of the total unique genotypes found (n=472). Similar values were found 
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with the mtDNA locus in which, seven haplotypes were shared between the two regions 

out of a total of 79 (8%). Both markers showed higher number of exclusive 

haplotypes/genotypes in Baja compared with Sonora (20 vs. 4 out of 472 different 

genotypes based on microsatellites). Thus both markers trace continuous gene flow 

between the two regions either due to incomplete lineage assortment or current extensive 

gene flow originating in Baja.  

 

The mitochondrial haploidity and lack of recombination suggested that genetic drift and 

selective sweeps might act as contrasting forces to reduce variation on the organelle 

(Ballard and Whitlock 2004). A smaller effective population size is likely to show the 

effects of such processes faster in evolutionary time scale compared with the 

chromosomal and X linked loci that have, four and three times the effective population 

size of the mitochondria.  

 

Migration or isolation – the processes behind the genetic patterns within D. pachea 

Constant migration rate between demes is expected to homogenize gene frequencies 

along the entire species distribution. If migration rates differ among populations, some 

are predicted to have higher variability compared to others and the balance between 

migration and drift might shift such that partial isolation between certain populations is 

created. Geographic distance might be a factor that can contribute to changes in migration 

rates between populations. In D. pachea, little differentiation was observed among 

populations within each region and no association was seen between genetic and 
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geographic distance, hence it is likely to assume that migration rate within each region 

does not differ among populations. 

 

At the same time, more Sonora haplotypes were observed within Baja than vice versa.  

This pattern might be explained by differential migration rate across the two regions due 

to abiotic factors such as wind currents directions. Alternatively, higher ancestral 

variation might be expected within Baja populations, since it is likely that the species 

originated in this area following the history of the host cactus species (Nasson et al. 

2002). In addition, the star like shape of the haplotype distribution both in Baja and 

Sonora which both show larger number of silent mutations than replacements might 

indicate the effect drift has in reducing genetic variability in both regions. Hence, the 

combination of differences in haplotype frequencies and sharing of some haplotypes 

between the two regions might reflect incomplete lineage sorting rather than current 

differential migration.  

 

In order to separate between the various demographic models that might explain our data 

we tested the fit of the data to the Isolation with migration model using the IM software 

(Hey and Nielsen 2004). The model uses demographic parameters and mutation rates of 

multiple loci to resolve various scenarios that might occur when a population splits into 

two. These may be the timing of the splitting event (long ago or recent), Size differences 

between the ancestral and/or the two descendant populations, whether gene exchange 

occurred since the split, and if gene exchange happened whether it was equal or 
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differential between the populations. However, when we tried to estimate the various 

demographic parameters for our multi locus data, these did not converge. Thus, the 

estimation of time since divergence and migration values differed greatly between runs 

such that little success was achieved in getting a consistent value for these parameters 

overall. 

 

Another explanation for the genetic differences across the Gulf of California is the 

potential of sex biased dispersal. Male biased dispersal was found to leave some trace in 

the population genetic structure both within population and at different hierarchical 

levels, when paternally and maternally inherited markers were compared in solitary ant 

species (Doums et al. 2002). For cactophilic Drosophila species, necrosis abundance is 

associated with fly dispersal distance. Capture-recapture field experiments revealed 

shorter dispersal distances of Drosophila pachea compared with Drosophila species 

using less frequently encountered hosts (100-500 versus 100-2000 meters per day, 

respectively, Markow and Castrezana 2000). In this study, males tended to move more 

than females within the same locality. If males move more between localities then gene 

exchange might be driven by their dispersal. At the same time females dependence on 

rots for oviposition might limit gene flow as observed by the maternal lineage. The main 

idea being that the dispersing sex is expected to be less genetically structured and should 

present a larger heterozygote deficit then the philopatric sex. Simulations have shown 

that tests for detecting sex biased dispersal had the most power in intermediate values of 

dispersal (Goudet et al. 2002). If dispersal is very rare, immigrants constitute only a small 
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portion of the sampled population and may be passed undetected. When dispersal is 

widespread, populations are less differentiated so that the genotypes of immigrants are 

much less distinct (Goudet et al. 2002) which might explain our results. At the same time, 

if we assume that female dispersal is potentially restricted compared with male dispersal 

capabilities, this should leave a trace in the population genetic structure when maternally 

(mtDNA locus) and paternally (Y-linked gene) inherited markers are compared. This 

topic is further explored in the following chapter.  
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Table 2.1 Populations sampled. n= total number of individuals sampled. 

 

Region Locality Host type ♀ ♂ n 
microsatellites 

n 
mtDNA 

COII  
(677 bp) 

Sampling 
method 

Sampling 
period 

OPNM L.s.schottii 22 13 35 13 bait Oct 2000 

DSBQ L.s.schottii 35 7 42 5 bait May 2003 

SNJN L.s.schottii 18 10 28 9 rot Nov 2000 

SNCR L.s.schottii 14 23 37 18 rot Nov 2000 

 
 

SONORA 

AGBP L.s.tenuis 33 20 53 11 bait May 2003 

SNFL L.s.schottii 9 34 43 27 rot May 2003 

RCOR L.s.schottii 7 5 12 6 rot Jan 2001 

CATV L.s.schottii 40 0 40 0 rot Jan 2001 

VIZD L.s.schottii 15 45 60 21 rot Jan 2001 

VIRG L.s.schottii 15 14 29 14 rot Jan 2001 

CICO L.s.schottii 57 29 86 23 rot Jan 2001 

PUCO L.gatesii 22 13 35 12 rot Jan 2001 

 
 
 

BAJA 

ENMU L.s.australis 12 14 26 11 bait Jan 2001 
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Table 2.2 Microsatellite loci surveyed. 

Chromosome  Motif  Primer 
(Forward/Reverse) 

Approximate 
fragment size 

of cloned 
microsatellite 

(bp) 

Repeat size 
associated 
with the 

fragment size 
of cloned 

microsatellite 
(bp) 

No. of 
alleles 

Autosome AC GCCAACAAGAGGCTTTAGA 
GTTGCTGTCGAGTTCAATGC 

133 19 27 

Autosome AGC CAGAAGCCCCTTATCTTATC 
CAATGAACCATACAAAGGT 

154 11 15 

Autosome AGC GGGCATGCAAATGAAAGG 
TGAAGTGGATTTGCGGTAG 

146 12 12 

X AC AAAGCCTAAATCAATATGC 
CCCCAGCCACTTGTCTAGC 

161 13 21 

X AGC CTTCCGAAAATCCCACTGC 
ACTGTGGCTCGATGTTTGC 

106 9 13 

X CTG GGAAATCGTCAAGCTGTGC 
TGTTGCTGTCTCGCCTTCC 

160 7 12 
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Table 2.3  Intrapopulational variation for D. pachea populations per locus. 

n=number of chromosomes surveyed. All values calculated in MSA ver 3.00 

(Dieringer and Schlötterer 2003). 

Locus Pop. n ♂ ♀ Eff. # 
Chrom. 

Ho He Min  Mean   Max     Var 
         Repeat Number 

# of 
Alleles 

AC13 OPNM 35 12 23 72 0.5 0.9 17 23 31 6.6 12 
AC13 DSBQ 42 7 35 84 0.7 0.9 16 23 35 15.9 16 
AC13 SNJN 28 7 21 56 0.5 0.9 15 24 33 10.4 13 
AC13 SNCR 37 23 14 76 0.4 0.9 17 23 31 10.6 15 
AC13 AGBP 53 20 33 104 0.5 0.9 17 23 31 7.7 11 
AC13 SNFL 43 34 9 82 0.1 0.9 10 21 31 13.2 13 
AC13 RCOR 12 5 7 24 0.3 0.8 18 23 25 4.7 6 
AC13 CATV 40 0 40 80 0.7 0.9 18 22 29 6.1 12 
AC13 VIZD 60 45 15 122 0.2 0.9 17 22 30 7.8 13 
AC13 VIRG 29 14 15 58 0.4 0.9 17 22 33 13.7 13 
AC13 CICO 86 29 57 182 0.5 0.9 17 23 31 9.0 15 
AC13 PUCO 35 13 22 70 0.4 0.9 16 22 28 5.4 11 
AC13 ENMU 26 14 12 54 0.4 0.9 17 22 30 8.2 12 

AGC11 OPNM 35 12 23 72 0.8 0.9 7 13 21 8.4 13 
AGC11 DSBQ 42 7 35 84 0.9 0.9 7 13 21 7.9 13 
AGC11 SNJN 28 7 21 56 0.8 0.8 7 13 19 5.1 10 
AGC11 SNCR 37 23 14 76 0.8 0.8 7 13 21 5.0 10 
AGC11 AGBP 53 20 33 108 0.9 0.8 7 13 17 7.2 11 
AGC11 SNFL 43 34 9 90 0.7 0.8 7 13 21 8.1 12 
AGC11 RCOR 12 5 7 24 0.7 0.8 7 11 14 6.6 7 
AGC11 CATV 40 0 40 80 0.9 0.8 7 13 19 5.1 12 
AGC11 VIZD 60 45 15 122 0.8 0.9 7 13 19 5.9 12 
AGC11 VIRG 29 14 15 56 0.7 0.8 7 13 18 3.8 10 
AGC11 CICO 86 29 57 176 0.9 0.8 7 13 19 5.0 13 
AGC11 PUCO 35 13 22 70 0.9 0.8 10 14 19 4.3 10 
AGC11 ENMU 26 14 12 54 0.5 0.8 7 13 16 2.7 7 
CTG7 OPNM 35 12 23 72 0.6 0.8 15 18 21 3.0 7 
CTG7 DSBQ 42 7 35 84 0.7 0.8 10 17 20 4.2 9 
CTG7 SNJN 28 7 21 56 0.6 0.8 15 18 21 3.5 7 
CTG7 SNCR 37 23 14 76 0.3 0.8 15 18 21 2.5 7 
CTG7 AGBP 53 20 33 106 0.4 0.7 15 18 20 2.2 6 
CTG7 SNFL 43 34 9 90 0.2 0.8 13 18 21 4.1 8 
CTG7 RCOR 12 5 7 24 0.4 0.8 16 18 20 1.4 5 
CTG7 CATV 40 0 40 80 0.8 0.9 13 18 21 3.0 9 
CTG7 VIZD 60 45 15 122 0.2 0.8 13 18 21 3.4 9 
CTG7 VIRG 29 14 15 58 0.3 0.8 13 18 22 3.5 9 
CTG7 CICO 86 29 57 180 0.5 0.8 9 17 21 4.5 12 
CTG7 PUCO 35 13 22 70 0.5 0.9 13 17 21 3.9 8 
CTG7 ENMU 26 14 12 54 0.4 0.8 13 17 20 3.1 7 
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Locus Pop. N ♂ ♀ Eff. # 

Chrom. 
Ho He Min   Mean   Max     Var 

Repeat Number 
# of 

Alleles 
AGC9 OPNM 35 12 23 72 0.4 0.8 10 13 19 3.6 9 
AGC9 DSBQ 42 7 35 84 0.7 0.8 8 13 18 3.6 10 
AGC9 SNJN 28 7 21 56 0.5 0.8 10 12 15 1.3 6 
AGC9 SNCR 37 23 14 76 0.3 0.7 11 13 15 0.9 5 
AGC9 AGBP 53 20 33 104 0.3 0.7 10 13 19 1.8 9 
AGC9 SNFL 43 34 9 92 0.2 0.7 10 13 17 2.0 8 
AGC9 RCOR 12 5 7 24 0.3 0.8 9 12 15 2.3 7 
AGC9 CATV 40 0 40 80 0.8 0.7 9 13 17 1.8 8 
AGC9 VIZD 60 45 15 122 0.1 0.8 10 13 19 2.8 9 
AGC9 VIRG 29 14 15 58 0.3 0.7 10 13 15 1.2 6 
AGC9 CICO 86 29 57 182 0.4 0.8 10 13 18 2.0 8 
AGC9 PUCO 35 13 22 70 0.4 0.8 10 13 15 1.9 6 
AGC9 ENMU 26 14 12 54 0.3 0.7 10 13 17 1.2 7 
AC19 OPNM 35 12 23 72 0.9 0.9 9 18 33 30.1 20 
AC19 DSBQ 42 7 35 82 0.7 0.9 10 18 28 19.3 18 
AC19 SNJN 28 7 21 56 0.8 0.9 9 18 34 29.9 16 
AC19 SNCR 37 23 14 74 0.8 0.9 10 17 32 26.6 17 
AC19 AGBP 53 20 33 102 0.7 0.9 9 18 29 23.4 18 
AC19 SNFL 43 34 9 92 0.8 0.9 11 19 29 18.0 17 
AC19 RCOR 12 5 7 24 0.9 0.9 9 19 27 28.5 12 
AC19 CATV 40 0 40 80 0.8 0.9 9 19 31 30.8 20 
AC19 VIZD 60 45 15 124 0.9 0.9 9 19 32 25.3 22 
AC19 VIRG 29 14 15 58 0.9 0.9 9 20 33 25.1 19 
AC19 CICO 86 29 57 182 0.8 0.9 8 19 31 23.4 21 
AC19 PUCO 35 13 22 70 0.9 0.9 6 18 29 37.6 20 
AC19 ENMU 26 14 12 52 0.9 0.9 9 20 30 26.7 18 

AGC12 OPNM 35 12 23 62 0.7 0.8 3 8 12 4.0 10 
AGC12 DSBQ 42 7 35 84 0.7 0.9 2 8 13 7.0 12 
AGC12 SNJN 28 7 21 54 0.7 0.8 2 8 13 5.9 12 
AGC12 SNCR 37 23 14 74 0.7 0.8 2 8 13 4.1 11 
AGC12 AGBP 53 20 33 104 0.7 0.7 2 9 13 2.6 11 
AGC12 SNFL 43 34 9 92 0.7 0.8 2 8 11 4.5 9 
AGC12 RCOR 12 5 7 26 0.8 0.8 2 7 9 4.3 6 
AGC12 CATV 40 0 40 80 0.9 0.9 2 8 12 5.0 10 
AGC12 VIZD 60 45 15 124 0.9 0.9 2 8 13 6.0 11 
AGC12 VIRG 29 14 15 58 0.8 0.8 2 8 11 5.7 9 
AGC12 CICO 86 29 57 182 0.8 0.8 2 8 13 4.5 11 
AGC12 PUCO 35 13 22 70 0.9 0.8 4 9 12 3.5 9 
AGC12 ENMU 26 14 12 52 0.8 0.9 2 8 12 5.5 10 
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  Table 2.4 Mutation and nucleotide composition of mtDNA COII sequences in  

  D. pachea 

Site type 
Number of sites       

           (out of 677bp) 

Nucleotide 

Composition (%) 

   A+T           C+G 

Conserved 645 75 25 

Variable 
32 

(29 Transitions, 3 Transversions) 
69 31 

Singleton 
8  

(7 transitions, 1 transversion) 
62 37 
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Table 2.5 Sequence diversity, sampling period and method per population and 

geographic region surveyed  

Pop. 

S 
No. of 

segregating 
sites 

π 
Nucleotide 
Diversity 

(SD) 

θw          
Pairwise 
Sequence 

Divergence   
(per site) 

(SD) 

H 
No. of 
Haplo. 

Hd 
Haplo. 

Diversity 

Sampling 
Period 

Sampling 
Method 

OPNM 8 0.0023 
(0.0012) 

0.0038 
(0.0019) 

4 0.6 Fall Bait 

DSBQ 8 0.0053 
(0.0015) 

0.0057 
(0.0030) 

4 0.9 Spring Bait 

SNJN 11 0.0051 
(0.0018) 

0.0060 
(0.0030) 

5 0.72 Fall Rot 

SNCR 10 0.0037 
(0.0010) 

0.0043 
(0.0020) 

7 0.7 Fall Rot 

AGBP 10 0.0060 
(0.0009) 

0.0050 
(0.0024) 

6 0.85 Spring Bait 

SNFL 14 0.0037 
(0.0005) 

0.0050 
(0.0020) 

9 0.85 Spring Rot 

RCOR 5 0.0030 
(0.0004) 

0.0032 
(0.0019) 

5 0.93 Winter Rot 

VIZD 13 0.0037 
(0.0005) 

0.0053 
(0.0020) 

12 0.9 Winter Rot 

VIRG 9 0.0043 
(0.0005) 

0.0040 
(0.0020) 

8 0.92 Winter Rot 

CICO 8 0.0028 
(0.0005) 

0.0030 
(0.0015) 

7 0.77 Winter Rot 

PUCO 6 0.0025 
(0.0005) 

0.0029 
(0.0016) 

6 0.82 Winter Rot 

ENMU 3 0.0022 
(0.0003) 

0.0015 
(0.0010) 

4 0.78 Winter Bait 

SONORA 20 0.0042 
(0.0006) 

0.0064 
(0.0022) 

19 0.76   

BAJA 27 0.0034 
(0.0002) 

0.0075 
(0.0022) 

24 0.87   
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Table 2.6 F-values and confidence interval based on the microsatellites markers 

 

 FIS FST FIT RST 
Value 0.113 0.011 0.103 0.011

0.045 0.005 0.031  99% 
Confidence 

interval 
0.181 0.018 0.176  
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Table 2.7 Hierarchical analysis of molecular variance (AMOVA) for D. pachea 

populations grouped by four major geographic region. 

Source of variation d.f. Sum of squares Variance 
components 

Percentage of 
variation 

Among groups 3 1.502 -0.00002 Va 0.00 
Among populations 
within groups 

9 4.517 0.00005 Vb 0.01 

Within populations 593 296.447 0.49996 Vc 99.99 
Total 605 302.497 0.50000  
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Table 2.8 Pairwise Fst estimates across populations. Upper diagonal = unadjusted p-values, lower diagonal = Fst values. 

 
 

Region     F-       
   values 
P-  
values 

OPNM DSBQ SNJN SNCR AGBP SNFL RCOR CATV VIZD VIRG CICO PUCO ENMU 

OPNM 0 0.004 0.003 0.001 0.014 0.019 0.015 0.005 -0.0002 0.006 0.006 0.003 0.016 
DSBQ 0.2 0 0.008 0.01 0.005 0.014 0.021 0.013 0.005 0.01 0.007 0.015 0.012 
SNJN 0.26 0.035 0 0.004 0.018 0.02 0.028 0.018 0.01 0.016 0.015 0.017 0.032 

North 
Sonora 

SNCR 0.34 0.008 0.17 0 0.014 0.022 0.031 0.012 0.006 0.004 0.01 0.007 0.012 
South  
Sonora 

AGBP 0.001 0.05 0.0008 0.001 0 0.025 0.03 0.023 0.021 0.01 0.014 0.021 0.023 

SNFL 0.0003 0.0003 0.0008 0.0001 0.0001 0 0.023 0.012 0.01 0.012 0.014 0.017 0.018 
RCOR 0.05 0.006 0.009 0.004 0.003 0.01 0 0.021 0.016 0.023 0.006 0.03 0.032 
CATV 0.07 0.0001 0.0003 0.005 0.0001 0.003 0.008 0 0.0002 0.006 0.001 -0.004 -0.002 
VIZD 0.47 0.06 0.02 0.05 0.0001 0.008 0.04 0.43 0 0.001 0.0007 -0.003 0.007 

North  
Baja 

VIRG 0.12 0.02 0.005 0.18 0.01 0.014 0.02 0.08 0.37 0 0.002 0.004 0.004 
CICO 0.03 0.009 0.0004 0.002 0.0001 0.0001 0.18 0.28 0.34 0.23 0 0.004 0.009 
PUCO 0.21 0.0005 0.001 0.07 0.0001 0.03 0.03 0.91 0.81 0.44 0.1 0 0.005 

South 
 Baja 

ENMU 0.004 0.01 0.0001 0.02 0.0001 0.003 0.006 0.6 0.07 0.21 0.02 0.15 0 
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Table 2.9 Analysis of molecular variance based on COII sequences of D. pachea 

populations grouped into Baja and Sonora regions. 

Source of variation df Sum of 

Squares 

Variance 

components 

Percent 

variance 

Among regions 1 120 1.57 Va 55.5 

Among populations 

within regions 
10 18 0.04 Vb 1.5 

Within populations 158 192 1.2 Vc 43 

Total 169 330 2.81  

Fixation Indices: ΦCT=0.53 

                            ΦSC=0.03             

                            ΦST=0.55                            
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Table 2.10  FST values following pairwise comparison between D. pachea populations  

(in bold and italic significant genetic differences following 1000 permutations,  

 Shaded in grey are pairwise comparisons between Baja and Sonora populations) 

 OPNM DSBQ SNJN SNCR AGBP SNFL RCOR VIZD VIRG CICO PUCO 
DSBQ 0.08           
SNJN -0.01 -0.05          
SNCR -0.03 -0.01 -0.04         
AGBP 0.12 -0.03 0.01 0.06        
SNFL 0.63 0.45 0.51 0.55 0.39       
RCOR 0.73 0.52 0.53 0.60 0.42 0.10      
VIZD 0.65 0.47 0.52 0.57 0.39 0.05 0.06     
VIRG 0.65 0.46 0.50 0.57 0.40 0.06 -0.01 0.01    
CICO 0.72 0.57 0.59 0.63 0.49 0.10 0.11 0.06 0.04   
PUCO 0.72 0.53 0.55 0.61 0.43 0.01 0.06 -0.01 -0.03 -0.01  
ENMU 0.74 0.57 0.58 0.63 0.47 0.07 0.12 0.04 0.02 -0.05 -0.02 
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Figure 2.1 Geographic distribution of populations sampled (Populations with 
different host type are marked with star). 
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Figure 2.2 Allele Frequency distribution for Sonora (Black) and Baja (Grey). 
 

Fig. 3: Allele Frequency distribution for Sonora (Black) and Baja (Grey)
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Figure 2.3 The relationship between genetic and geographic distance among D. 

pachea populations (A=between Baja and Sonora populations, B=within Baja and 

within Sonora populations). 
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Figure 2.4 Neighbor-joining rooted tree of all D. pachea individuals sequenced for mtDNA 

COII locus (using 2-parameter Kimura model and 10,000 bootstrap). 
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Figure 2.5 Median-joining network for 39 COII haplotypes of D. pachea individuals 

(in black=Baja haplotypes, white=Sonora haplotypes, black/white split pie=shared 

haplotypes). 
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CHAPTER 3:  GENETIC PATTERNS BETWEEN DROSOPHILA PACHEA 

POPULATIONS AND WITHIN NANOPTERAN SPECIES GROUP BASED ON 

THE Y-LINKED FERTILITY GENE KL-5 AND ITS AUTOSOMAL HOMOLOG 

 

ABSTRACT 

 

Various genomic compartments might carry different historic genetic signature within 

and between species. We examined and compared genetic patterns within D. pachea 

based on Y-linked kl-5 gene and previously reported microsatellite and the mitochondria 

patterns. A single polymorphic site at the duplicated sequence of this Y linked fertility 

gene locus was observed, and its geographic distribution suggested similar regional 

divergence in the fly distribution as reported with the mitochondrial locus. We discuss the 

role evolutionary processes such as migration, population structure and selection might 

have on shaping genetic variability within Drosophila pachea. In addition, we compared 

phylogenetic reconstruction of the Nannoptera species group based on the autosomal 

copy of the kl-5 fertility gene with that of the COII mtDNA locus. In both, trees D. 

acanthoptera is the ancestral species of the group, however higher effective population 

size and recombination might affect the limited further resolution of the species tree 

based on the autosomal sequence.  
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INTRODUCTION 

 

Y-linked loci have been extensively used to reconstruct population history in humans 

(Hammer et al 1997, Underhill 2000, Hammer et al. 2003, Carvalho-Silva 2006) and to a 

lesser degree in various mammalian species (Boissinot and Boursot 1997, Tosi et al. 

2000, Hellbork and Ellegren 2004, Verkaar et al. 2004). However, patterns of Y-based 

population and species history have been little explored in invertebrates and Dipteran in 

particular.  

 

The growing knowledge as of the genetic content and structure of the Y chromosome in 

Drosophila strengthen the importance of examining individual, population and species 

level genetic patterns based on this genomic compartment (for example: Hammer et al 

1997, Tosi et al. 2000, Wilder and Hollocher 2003) Being haploid with no recombination, 

the Y is prone to accumulation of mutations. The main force of selection is the effect; 

such mutations might have on the fertility genes. At the same time, the occurrence of 

large repetitive and mobile elements suggests that some regions might be more variable 

then others. In addition, limitation on effective population size due to factors such as 

male reproductive success and sex biased dispersal might likely generate strong drift, 

limiting variability on the Y and between species. 

 

In Drosophila, males that lack Y chromosome are phenotypically normal and fully viable 

but are completely sterile, which implies that the Y carries the essential fertility genes. To 
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date approximately sixteen single copy fertility genes have been identified (Charlesworth 

2001, Carvalho 2002). They are especially large and form giant lampbrush loops, which 

are stable, long-lived complexes of nascent RNA transcripts and nuclear proteins. One 

such loop is a transcription unit that accommodates mainly repetitive DNA sequences, 

satellite DNA sequences and mobile genetic elements. For example, the transcription unit 

of D. melanogaster kl-5 fertility gene region can range up to 1300 kb long and some 

genes span over 3-5 Mbp long ((Hackstein and Hochstenbach 1995). This extensive 

region harbors a gene Dhc-Yh3 that encodes the dynein heavy chain protein. The latter is 

a vital structure component for the formation of functional outer dynein arm complexes 

in the sperm flagellum. Many of the fertility genes found were linked to functional 

characteristics of the sperm motility machinery (Zurovcova and Eanes 1999).   

 

Kl-5 gene was used in examining paternal lineages in D.melanogaster, D. sinulans and D. 

dunni species (Zurovcova and Eanes 1999, Wilder and Hollocher 2003). However, little 

polymorphism in the gene restricted the possibility to infer significant population history 

compared with other genomic and mitochondrial loci used. Recently, better success was 

reported in describing historical biogeography of Drosophila simulans based on two Y 

chromosomal sequences associated with the kl-2 and kl-3 fertility genes, suggesting the 

ancestral origin of the species in Madagascar or East mainland Africa. 

 

In Drosophila pachea previous studies documented various levels of population genetic 

differences based on inverstion frequencies and mtDNA COI and COII sequence 



 

 

89

polymorphism (Duncan 1979, Edges et al. 1999, Hurtado et al. 2004, Chapter 2) as well 

as lack of genetic differentiation based on allozyme and microsatellites data (Rockwood-

Sluss 1973, Pfeiler and Markow 2001, Chapter 2). While the microsatellites showed D. 

pachea demography to be a single panmictic population, the maternally inherited marker 

identified the Gulf of California to be a potential geographical barrier to gene flow. One 

explanation for the discordance between the genetic markers might be differential 

dispersal between males and females.  

 

For cactophilic Drosophila species, necrosis abundance of their host plants is associated 

with fly dispersal distance. Capture-recapture field experiments revealed shorter dispersal 

distances of D. pachea compared with Drosophila species using less frequently 

encountered hosts (100-500 versus 100-2000 meters per day, respectively, Markow and 

Castrezana 2000). In this study, males tended to move more than females within the same 

locality. D. pachea is associated exclusively with senita cactus Lophocereus schottii 

(Heed and Russell 1968, Heed et al. 1968, Kircher and Heed 1970).  The fly is restricted 

to its host due to a nutritional need for specific sterols for its development as a larvae 

(Heed and Kircher 1965). We suggest that females might be more phylopatric than males 

due to limitation of oviposition resource availability. Male movements will be mainly 

mediated in search of mating opportunities. Comparing genetic patterns of markers that 

differ in their mode of inheritance (maternally vs. paternally) might indicate whether 

differential dispersal indeed occurs between the sexes. Thus, we turn to Y-linked 

markers. 
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We used sequence data of the Y-linked fertility gene an ortholog to D. melanogaster kl-5 

and D. hydei threads regions (Hackstein and Hocstenbach 1995) to describe and compare 

population genetic patterns within Drosophila pachea to those observed with the 

maternally and biparentally markers we reported previously (Chapter 2).  

 

In addition, we examined whether describing between species relationship is similarly 

influenced by the type of marker used, as it was observed for the within species genetic 

patterns. We analyzed patterns of divergence between species of the Nannoptera group 

based on the autosome copy of the kl-5 fertility gene in D. pachea.  The original locus kl-

5 in D. melanogaster is known to have a paralog copy on the 3L chromosome. We 

compared the species tree to the one previously inferred with the mtDNA COII locus 

(Pitnick et al. 1995).  Mitochondrial DNA has long been the chosen locus for examining 

demographic patterns among populations and species (Avise et al. 1987). It is considered 

in most organisms to have a high mutation rate due to lack of an efficient DNA repair 

mechanism. However, using this marker limits our view to processes traced through 

maternal lineage, which represent part of both within and between species history 

(Ballard and Whitlock 2004).  

 

The following questions are addressed in this study: 1) Can sex-biased dispersal explain 

the contrasting genetic patterns between D. pachea populations as seen previously based 
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on maternally and biparentally inherited markers? 2) Do population genetic patterns 

within D. pachea differ between paternally and maternally inherited genetic markers?  

3) Is the inferred phylogeny from the Nannoptera species group consistent between 

maternally and bipaternally inherited loci?  
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MATERIALS AND METHODS 

 

Genetic patterns among Drosophila pachea populations 

 

Populations sampling 

 

Flies were collected during several sampling trips between November 2000 and June 

2003 using bait traps and directly from rotting arms of senita cactus (Lophocereus 

schottii) (Table 3.1). DNA sequence variation was examined in the Y-linked DNA 

fragment that is an ortholog to the fertility gene region kl-5 in Drosophila melanogaster 

lampbrush loops and Threads in the subterminal regions of Drosophila hydei Y 

chromosome (Hackstein and Hochstenbach 1995, Kurek et al. 1998). Hence, we 

annotated the Y region amplified in D. pachea, as kl-5 here on. Adult males were 

sampled and genotyped from 11 populations (Figure 3.1). Table 3.1 present the 

populations sampled along the fly’s distribution and the number of individuals sequenced 

per population. 

 

PCR conditions  

 

DNA extractions from all samples were made following a squish prep protocol (Gloor et 

al. 1993) in which a single fly is grinded in 0.5ml tube containing 50μl of squishing 

buffer (10mM Tris-HCL pH 8.2, 1mM EDTA, 25mM NaCl) and 10% proteinase K 
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(50mg/mL). The homogenate was incubated for 30min in 37˚C followed by 5 minutes in 

95˚C after which the DNA was stored in 4˚C for further use in amplifying the different 

genetic markers.  

 

Table 3.2 summarizes the primer sequences and annealing temperature used in the 

reactions used to amplify both the Y linked in males and the homolog autosomal segment 

in females (see further explanation). We designed and optimized specific primers for 

Drosophila pachea Y linked fertility gene based on alignment of publicly available 

sequences from D. melanogaster kl-5 and D. hydei Threads regions. The consensus 

sequence was then applied to the primer analysis software Oligo ver 6.1 (Molecular 

Biology Insights) in order to design primer pairs for fragments of 500-1500bp size. We 

successfully amplified and sequenced a fragment of 531bp in Drosophila pachea male 

samples. We blast searched some of the new amplicons and retrieved a perfect match to 

the D. hydei Threads regions followed by second match to the kl-5 fertility gene in D. 

melanogaster.  

 

The 25 μl reaction mixture of the Y-linked kl-5 locus included: 10x Buffer (100mM Tris, 

pH 8.3, 500mM KCL and 20mM MgCL2), dNTPs (2.5mM), 20ng/μl concentration of 

each primer forward and reverse, 1 U of Taq polymerase and 1 μl extracted DNA. The 

amplification parameters were denaturation at 94˚C for 3 min followed by 35 cycles of 

denaturation for 30 sec at 94˚C, annealing for 45 sec at  64˚C and extension for 1min at 

72˚C, after which the reaction mixture was additionally held at 72˚C for 5 min to 
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complete the extension. The total number of bases amplified from the kl-5 locus 

encompassed 424 bp of coding region. The amplicons kl-5 was sequenced directly using 

an ABI 3730 automated sequencer (Applied Biosystems).    

 

While blast searching the D. pachea new amplicon we retrieved at a lower probability a 

match with a fragment on D. melanogaster 3L chromosome. Three lines of investigation 

were taken in order to establish that we amplified the Y gene exclusively when surveying 

variation of the locus in various populations. First, we further optimized the primers by 

altering annealing temperature conditions such that the amplicon is generated in males 

only, while using female DNA as control. At annealing temperature of 60˚C the locus is 

amplified in females and males equally, however, as the annealing temperature was 

raised, i.e. 62˚C the amplification became less consistent between females and males 

such that at 64˚C the fragment was only amplified in males and absent in the female 

samples. We assume that the autosomal copy of this locus is amplifying at the same 

temperature for females and males; and thus, conclude that the copy observed at higher 

temperature conditions is the Y linked locus and used it in the PCR protocol as described 

above. Second, in order to compare patterns of sequence variation between males’ Y 

linked gene and females’ autosomal copy, we extracted DNA from 30 females from a 

stock population gathered from rots at Ciudad Constitución (CICO), Baja, Mexico. 

Finally, we conducted Real Time PCR in order to establish the number of copies 

amplified in females and males with the expectation that females should have two copies 

(autosomal locus) compared with a single copy (Y linked copy) in males. Six males and 
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six females were chosen following the results of an initial amplification with the kl-5 

primer locus.  

 

The conditions for the Real time PCR included  amplification reaction volume of 25μl 

that comprised of iTaqTM SYBR©  Green super mix (0.4 mM each of dATP, dCTP, and 

dGTP, 0.8 mM dUTP, 50 units per ml hot-start iTaq™ DNA polymerase, 6 mM MgCl2, 

SYBR Green I, ROX reference dye manufactured by Bio-Rad), forward and reverse kl-5 

primers (20ng/μl). We examined the relationship of DNA concentration and temperature 

on number of copies amplified in females and males genome. We added 2 μl of genomic 

DNA ranging in concentration between 0.125ng/ μl and 5ng/μl with three replications per 

concentration. The amplification parameters were denaturation at 95˚C for 30 sec and 

annealing for 15 sec at 60˚C or 64˚C repeating for 40 cycles. The reaction ran on the 

7300 system SDS (Applied BioSystems) and analyzed with the Sequence detection 

software ver 1.2.2 (Applied BioSystems). 

 

Genetic patterns within the Nannoptera species group 

 

Species sampling 

 

Adult flies from the following Nannoptera species were obtained from stock populations 

collected by Dr. William Heed: Drosophila nannoptera collected in 1992, Drosophila 
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wassermani collected in 1998 and Drosophila acanthoptera collected in 1976, all 

samples originated from Oxaca, Mexico. 

 

PCR conditions 

 

DNA was extracted from eight individuals (four females and four males) per species 

following the squish buffer protocol (Gloor et al. 1993). Eight individuals (four males 

and four females) were used in amplifying and sequencing of the fertility gene fragment 

Y linked and autosomal copy respectively. Optimization trial based on annealing 

temperature similar to the one conducted for Drosophila pachea failed to separate 

between males and female amplification of the kl-5 locus sequence among the other 

Nannoptera species. The fragment amplified in males and females at the same annealing 

temperature, which ranged between 60˚C-64˚C. There was little to no amplification of the 

locus from either male or female DNA At 66˚C -68˚C annealing temperature. The ability 

to differentiate between the gene Y and autosomal copies in D. pachea but not in the 

other Nannopteran species might be due to a single nucleotide polymorphism (SNP) at 

the primer’s annealing region. This might promote differences in stringency conditions 

during PCR that translate to a unique annealing temperature for each amplicon type.  

Consequently, we sequenced the locus amplified at annealing temperature of 64˚C 

assuming ambiguity as for the origin of the sequence copy amplified in males, i.e. Y 

chromosome or autosomal. Consequently, we analyzed only the female phased sequence 

data in order to construct a species tree based on the 440bp fragment sequenced. We used 
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D. melanogaster ortholog sequence on the 3L chromosome as an outgroup and explored 

tree reconstruction with Y linked copies of the genes in both D. melanogaster and D. 

hydei. 

 

Data Analysis 

 

DNA sequences were inspected, edited and aligned visually using the program 

Sequencher.  The program DNAsp ver. 4.1 (Rozas et al. 2003) was used to quantify 

levels of intra and interspecific genetic diversity of the sequences. Nucleotide diversity 

per population was estimated by the pairwise number of sequence differences π (Nei and 

Li 1979) and Watterson’s θ (Watterson 1975), which is based on the number of 

segregating sites in a population. At constant population size these statistics are 

estimators for the quantity Neμ (where Ne is the effective population size and μ is the 

mutation rate) for Y chromosome. In a diploid population and for an autosomal gene 

those statistics are estimators of 4Neμ  and 3 Neμ for X-linked gene. 

 

We used the program PHASE to estimate haplotypes of the autosomal unphased data 

sequenced in females prior to constructing the species tree with PAUP* (Swofford 1998) 

and MEGA ver 3.1 (Kumar et al. 2004). PHASE takes unphased DNA sequence and 

generates an estimate of the underling species haplotypes using a Bayesian coalescent-

based method. We compared the effect of using two different models substitution rate 
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(Jukes-Cantor and Kimura -2 parameter models) on the tree topology. Confidence levels 

of the branches were calculated with 10000 bootstrap permutations.   

RESULTS 

 

Genetic patterns among Drosophila pachea populations 

 

A total of 424 base pairs from each of 145 individuals of Drosophila pachea from 11 

populations were sequenced for the Y-linked fertility gene kl-5 (Table 3.1). One 

polymorphic site was identified, a C-T transition at position 275 of the aligned sequence. 

This is a silent mutation that maintains the amino acid Leucine in the coding region of the 

fertility gene. In addition to being polymorphic, this site and the entire amplicon in which 

it resides were found to be duplicated within the Y chromosome such that in some 

chromatograms a double peak of C-T was revealed while the rest of the sequence is clean 

and monomorphic on all remaining sites. Although long considered single copy, recently 

evidence has been gathered for which the Y linked fertility genes have segments that are 

duplicated along the chromosome (Kopp et al. 2006, Carvahlo pers. comm.). 

Consequently, we considered the three types of nucleotide change at the 275 site as three 

haplotypes, i.e. C-C, T-T and C-T. The frequency distribution of these haplotypes differs 

between Baja and Sonora populations (Table 3.7). In Sonora, 68% of the individuals 

sampled are T-T haplotypes and 32% are C-T haplotypes. No C-C haplotypes were 

observed in 59 individuals sequenced from Sonora populations. In Baja, the majority of 

haplotypes are C-T (44%) followed by 36% are T-T haplotypes and 20% were C-C 
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haplotypes, out of 87 individuals sampled. Between populations within each region the 

patterns of haplotypes distribution was consistent among Sonora populations and varied 

among Baja populations. On a geographical scale the frequency of the heterotype 

duplication (C-T) showed a bowl-shaped patterns with the middle of Baja peninsula 

having the lowest frequency of this type (Table 3.3). Two Baja populations (SNFL, 

ENMU) had higher frequency of the C-T haplotype compared to equal frequencies of the 

T-T or C-C haplotypes, two populations were homozygote T-T predominantly (VIRG, 

VIZD) and two had C-T haplotypes mainly (CICO, PUCO) (Table 3.3). In Sonora, the 

main pattern was the absence of the C-C haplotypes and having predominantly the T-T 

haplotype over the C-T haplotype. A geographical gradient was observed in the 

duplication frequency such that the C-T duplication frequency was lowest in the northern 

population (OPNM: 7.7%) and increased towards the southern population (AGBP: 50%) 

(Table 3.3). 

 

As presented above, our results of genetic diversity of the Y-linked locus between D. 

pachea populations are based on the conclusion that we isolated a duplicated region on 

the Y.  Prior to this unique observation and the conclusion that followed, we conducted 

several tests to establish the difference between duplicated segment of the gene on the Y 

and a paralog copy on an autosome. First, the optimization of the Y locus and sequencing 

of all individuals were done with a female DNA sample as a negative control. Second, we 

examined patterns of polymorphism in the fragment to the kl-5 Y gene found in females. 

We sequenced 30 females from the CICO stock population using the conditions in which 
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the autosomal (female) copy is amplified (Table 3.2). This resulted in a different 

distribution of the three haplotypes compared with that observed for the males. Females’ 

frequency distribution for the three haplotypes was 20% and 23% for the C-C and T-T 

haplotypes respectively and the 57% for the C-T haplotype, these frequencies suggested 

genotype frequencies similar to those associated with Hardy-Weinberg equilibrium for an 

autosomal locus with two alleles (Table 3.3). Finally, a third test was Real Time PCR 

(RT PCR), in order to compare the number of copies amplified between males and 

females. Under the amplification optimization conditions, we expected single copy (Y 

chromosome) observed in male DNA and double copy (autosomal) patterns of 

amplification in the female DNA. Unfortunately, the outcome of the RT PCR were 

limited in establishing unambiguously the number of copies of males and females for the 

locus since a strong background genomic DNA amplification presented additional 

unidentified DNA segments. However, we were able to examine the fragment size (bp) 

on an agarose gel in relation to the dissociation temperature curve as presented by the 

system detection software (Bio Analysis systems, Figure 3.2). Four main dissociation 

temperatures were observed 74˚C, 78˚C, 82˚C, 87˚C each refers to a different fragment 

size, 60bp, 150bp, 530bp, 750bp respectively. We sequenced the various fragments that 

amplified under the various conditions of DNA concentration and annealing temperature. 

The results were for the smallest fragment (60bp) being a primer-dimer, the second 

smaller fragment (150bp) and the largest one (750bp) had no readable sequence to 

analyze and the only clean and clear information came from the 530bp fragment that was 

the kl-5 locus (Table 3.4). Figure 3.5 presents the clear association between the single 
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peak at 82˚C (that is comprised of 12 replications of four different DNA concentrations) 

and the Y copy of male 8 from VIRG population amplified at 64˚C. We conducted three 

sets of RT PCR; two were done at various annealing temperature, first the PCR was ran 

at 64˚C, the conditions at which only males amplicons were observed, i.e. the Y linked 

kl-5 locus and another was ran at 60˚C at which both females and males amplify the same 

fragment size (autosomal or Y-linked). The third set was a combination of 64˚C 

annealing temperature and varied DNA concentrations, in order to examine the effect on 

the number of copies or fragment that are being amplified. The results of the RT PCR at 

64˚C were similar to those observed with the regular PCR done while surveying males of 

various D. pachea populations independent of the concentration. A few female samples 

amplified the 530bp fragment, however it was under low DNA concentration 1/5-1/40 

times the concentration used while we surveyed the female and males populations. In 

addition, sequencing these fragments resulted in unreadable sequences (Table 3.4). At 

60˚C as we expect from out initial optimization of the locus, both female and male 

samples amplified a clean 530bp fragment of the locus as related to either the autosome 

or Y chromosome. 

 

Phylogeny of the Nannoptera species group using the autosomal copy of kl-5 

 

A total of 440 base pair region was sequenced from females of the four Nannoptera 

species group (four females of D. pachea, single females of D. nannoptera and D. 

acanthoptera,  and three females of D. wassermani). Nucleotide substitutions were 



 

 

102

detected in 17 positions, of which 13 are transitions and five transversions (position 407 

had a transition in D. acanthoptera and a transversion in D. nannoptera). Nucleotide 

composition was similar in the conserved sites and A-T rich in the variable sites      

(Table 3.5).  

 

We identified seven haplotypes among all species, with D. nannoptera having the highest 

number of segregating sites (11) compared to the other three species (1-2). Haplotype 

diversity was relatively low for D. pachea and D. nannoptera (0.57 and 0.6 respectively) 

compared with D. acanthoptera and D. wassermani (0.71 and 0.77 respectively) (Table 

3.6).  We constructed a rooted neighbor joining species tree based on phased sequence 

data of the autosomal (paralog) locus sequenced for females of the Nannoptera species 

group. The tree was rooted with D. melanogaster sequence of 3L autosome copy 

following blast search. Three main clades were identified, at the base D. acanthoptera 

followed by D. nannoptera split and the most derived group that consisted of D. pachea, 

D. wassermani and one D. nannoptera sequences. All branches are highly supported with 

92% at the first split between D. acanthoptera and D. nannoptera followed by 99% 

confidence for the split between D. nannoptera and the last mixed clade of mainly D. 

pachea, D. wassermani and D. nannoptera (Figure 3.3).  
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DISCUSSION 

 

Population structure and sex bias dispersal within Drosophila pachea 

 

In Chapter Two, we examined genetic differentiation among D. pachea populations 

based on six microsatellite loci (three X-linked and three autosomal) and the 

mitochondrial locus COII. We found contrasting patterns between the markers used such 

that with the microsatellites D. pachea is seen as one panmictic population, whereas the 

mitochondrial sequence described a clear divergence in association with the Gulf of 

California. 

The paternally inherited marker kl-5 surveyed here, revealed little polymorphism between 

and within populations. We observed a single mutation that duplicated within the Y 

chromosome. However, the single substitution frequency of the Y chromosome had 

similar patterns to those of the mtDNA in both regions. This was contrary to the sex 

biased dispersal predictions of little differentiation between populations based on the Y 

linked locus. In contrast, we found that one of the three haplotypes (C-C) is absent in 

Sonora and present at 20% in Baja. It is possible that the mutation creating this haplotype 

originated in Baja and if males follow females’ gene flow patterns of little migration in 

the direction from Baja to Sonora, as seen by the number of shared mitochondrial 

haplotypes between the two regions (Chapter 2), than the newly male formed haplotype is 

less likely to spread into mainland populations. At the same, time it is possible that 
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selection might be acting on observed site or one linked to it, which caused the unique 

pattern of no C-C haplotypes in Sonora. 

 

Drosophila Y chromosome and selection 

 

The advantage and disadvantages of the Y chromosome as phylogeographic markers 

come from being haploid, paternally inherited, and the absence of recombination. 

Haploidy and variation in male mating success greatly reduce effective population size 

that leads to rapid coalescence at Y loci. In addition, these features make the Y 

chromosome sensitive to population bottlenecks and founder events. The Y chromosome 

also has a significant effect on male reproductive success and it can undergo frequent 

selective sweeps, which might restrict its diversity in local populations, but increase the 

possibility of geographically isolated populations caring different Y haplotypes. The low 

polymorphism on the kl-5 locus in D. pachea is similar to the degree of limited 

polymorphism observed in other Drosophila species for this locus. In D. melanogaster no 

substitution was observed for the locus, whereas a single substitution was observed in D. 

simulans (Zurovcova and Eanes 1999) and one silent mutation and one replacement 

observed in the Dunni subgroup (Wilder and Hollocher 2003). Zurovcova and Eanes 

(1999) suggested that the lack of variation observed in this locus in D. melanogaster and 

D. simulans is significantly less than the degree of variation observed with loci on the X 

and autosomes even after correcting for effective population size. They invoked adaptive 

hitchhiking as associated with sex ratio chromosomes or large variance in male fertility to 
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explain the reduced polymorphism. Additional evidence for the effect of selection in 

driving Y chromosome degeneration was found in Drosophila miranda where patterns of 

nucleotide variability among 37kb of the recently formed Y chromosome (i.e., neo-Y) 

were investigated. The level of nucleotide variability in this species was 30 times lower 

than in highly recombining portions of the genome. Coalescent simulations suggested 

that the reduced variability could not be explained by deleterious mutation models but 

rather by recent positive selection (Bachtrog 2004).  

 

Although limited evidence can be found, we cannot rule out that the absent of haplotype 

C-C in Sonora is associated with an adaptive selective sweep acting directly or indirectly 

on the kl-5 gene. However, the nucleotide substitution at the site is a silent mutation so 

that any fitness effect that might be considered would be regulatory, rather than 

structural. It is therefore more likely that the lack of variability obsereved in the gene is 

the result of low neutral mutation rate. In addition, we suggest that in our case the 

reduction in genetic variability seen on the Y is due to demographic processes such as 

bottlenecks and limited gene flow, as well as changes in male reproductive potential 

along the mating season. D. pachea populations mating season spans September to May 

in the field, while during three summer months the flies are nowhere to be found (Pers. 

Obser). It is not clear whether they hibernate or persist as viable populations under 

ground during this time; however the disappearance from rots and the lower number of 

available sites for oviposition might suggest annual bottlenecks. In addition, we recorded 

changes in operational sex ratio (OSR) along the mating season such that in the beginning 
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there are more females ready to mate as the mating season progresses the number of the 

OSR equalize and at the end of the mating season more males are available than females 

to mate (Pitnick 1993, Erez, unpublished data). The change in operational sex ratio might 

affect male reproductive success along the season reducing the effective population size 

of males further. We conclude that the reduced variability of D. pachea Y chromosome is 

most likely the consequence of unique demographic processes relating to the species life 

history with limited possibility for selective effects as such were observed in other 

Drosophila species fertility gene. Sequencing additional Y regions among populations 

might clarify further the effect selection and demography on shaping differences between 

populations in this species. 

 

Nannoptera species tree based on autosomal copy of kl-5 

 

Four species were historically assigned to the Nannopteran species group. However, 

resolving the association between them has been complicated and serves as an important 

example for the effect character choice has on estimating a phylogeny.  Ward and Heed 

(1970) first described the relationship of the four Nannoptera species based on 

examination of polytene salivary chromosomes. The karyotype network place D. 

wassermani as derived from a primitive karyotype and giving rise to an intermediate 

karyotype from which the other three Nannoptera species karyotypes evolved. All 

species differ from each other by addition of heterochromatin to the autosomes or Y 

chromosome. A different scheme was adopted later on based on male and female internal 
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reproductive characters as determined by Lynn Throckmorton (Heed 1982). In this case, 

D. nannoptera was placed as the ancestral species while D. pachea and D. wassermani 

are the most derived and anatomically close to each other. D. acanthoptera was placed as 

an intermediate species. The first molecular phylogenetic tree based on mtDNA COII 

locus placed D. acanthoptera as the ancestral species, D. nannoptera and D. wassermani 

as the most derived sister species and D. pachea the intermediate species (Pitnick et al. 

1995) (this result was corroborated in the current study, data not shown).  

 

A species tree is likely to change with the loci under study; this was reported in various 

Drosophila species (O’Grady et al. 1998, Goto and Kimura 2001, Machado and Hey 

2003 and Robe et al. 2005). For example, divergence patterns were examined between 

Drosophila pseudoobscura and close relatives D. persimilis and D. pseudoobscura 

bogotana based on three nuclear genes Adh, period and hsp82. While examining various 

models of speciation the Wang et al. (1997) found that each locus presents a different 

history between the species. Adh showed recent gene flow among taxa, whereas the other 

loci show little to no gene flow. They concluded that natural selection acts against gene 

flow differently at different loci. Furthermore, looking at the evolution of divergence 

among D. pseudoobscura and its relatives based on multilocus DNA sequence data 

revealed that the genomic regions, which exhibit low rates of gene flow among the 

different species, are associated with reproductive isolation (Machado et al. 2002). 
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Comparing the tree inferred with the autosomal copy of the fertility gene amplified with 

that produced with the mtDNA COII locus of the different Nannopteran species (Pitnick 

et al. 1995) reveal both similarities and differences. This further challenges our 

understanding not only of the within species history (as discussed previously), but also 

the between species evolution. In both trees, D. acanthoptera is placed as the ancestral 

species. However, on the autosomal tree D. nannoptera is the intermediate species and 

the most derived clade is undifferentiated and constitutes a mixture of D. pachea, D. 

wassermani and D. nannoptera sequences.  

 

The differences observed in nucleotide polymorphism between the various Nannoptera 

species (Table 3.6) might be explained in relation to differences in the geographical 

distribution and host use of the four Nannoptera. The highest number of substitutions was 

observed in D. nannoptera (11) compared to the other three species that had 1-2 

segregating sites. D. nannoptera was collected in diverse arborescent cacti compared 

with the more derived species D. pachea, which is obligatory feeding and breeding on a 

single cactus species. In addition, D. nannoptera distribution is more extensive 

throughout the highlands of southern Mexico compared with D. wassermani, which is 

limited to the low lands and D. acanthoptera restricted to southern Oaxaca in the region 

of the Isthmus of Tehuantepec (Heed 1982). D. wassermani and D. acanthoptera, 

although limited in distribution relative to D. nannoptera, are considered intermediate in 

relation to host used, since they specialized on various cacti of the genus Stenocereus. 

Finally, the most derived but less differentiated clade based on the autosomal copy 
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include mainly sequences of D. pachea and D. wassermani which are currently disjunct 

geographically by more than 550 km (Heed 1982). If Baja was returned to its place of 

origin at about 4-6 million years ago the disjunction would almost disappear potentially 

explaining them placed together at the same clade. 

 

The evolution of the Y chromosome fertility gene fragment in D. pachea 

 

The origin of Drosophila Y chromosome differs from that observed for mammalian 

species. In the latter, the sex chromosomes originated from pair of autosomes in which 

one acquired a male determining gene and thus became a Y and the homolog became the 

X. Gene loss from the Y resulted in a degenerated chromosome. The evidence for this 

origin of the sex choromomes in mammals come from Y linked genes and pseudogenes 

that are shared with the X chromosome (reviewed in Carvalho 2002). In D. melanogaster, 

none of the nine known single copy Y linked genes have homologs on the X 

chromosome. Rather, their closest homologs are on the autosomes. This observation 

suggests that the evolution of Drosophila Y chromosome has been driven by an 

accumulation of male related genes arising de novo from the autosomes (Carvalho 2002). 

In our study, the frequency distribution of the kl-5 locus copy in females showed classical 

Mendelian frequency patterns that may imply the gene copy resides on an autosome 

similar to the observations in D. melanogaster.  We cautiously conclude based on a single 

fragment the Y chromosome of D. pachea is at least partially homolog to the ancestral 

Drosophila Y. However, detailed research in the future is necessary as it was done 
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recently for Drosophila pseudoobscura (Carvalho and Clark 2004, Charlesworth and 

Charlesworth 2005) to examine the above suggestion. 

 

In addition, although regarded as single copy genes, the Y linked fertility genes are 

known to have sections duplicated along the Y chromosome (Carvahlo per. comm., Kopp 

et. al 2006). Whether these duplications are associated with a specific function is not 

known. It is likely that the duplications on the Y are consequence of multiple insertions 

during the chromosome genesis from the autosome as many repetitive and transposable 

elements are found to comprise the extensive size of the regions that harbor the fertility 

genes (Hackstein and Hocstenbach 1995).  

 

Little variability was observed between the autosomal and Y linked copy within D. 

pachea although a difference in frequency distribution of the single polymorphic site 

observed. This might suggest that the reduced variability in the gene could have occurred 

prior to the origin of the Y chromosome which raises the question as for the functionality 

of the gene region on the autosome. It is less likely to have the same function in females 

when it is known to be associated specifically with male fitness. Lack of kl-5 causes the 

loss of the outer arm of the sperm tail axoneme, a structure that contains the molecular 

motor protein dynein in other organisms; a mutant for these genes produce immotile 

sperm (Carvalho 2002). We suggest that the most likely scenario to explain the similarity 

between the Y and the autosomal copy is gene conversion between them that occurred 

after the establishment of the Y chromosome. It is likely that mutation on the Y was later 
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inserted into the autosome due to the homology of the DNA copy. Support for the 

hypothesis  is the similarity in frequencies between the Baja females and Baja males 

surveyed for this region.  
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Table 3.1 The number of individuals sequenced per population for each genetic marker 

 

Region Locality No. 
Individuals 
Sequenced 

kl-5  (424bp) 
OPNM 13 

DSBQ 5 

SNJN 9 

SNCR 21 

 
 

SONORA 

AGBP 11 

SNFL 14 

RCOR 0 

VIZD 20 

VIRG 13 

CICO 17 

PUCO 12 

 
 
 

BAJA 

ENMU 11 
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Table 3.2 Amplification properties of the kl-5 Y linked and autosomal copy           

The kl-5 primers were developed in this study 

 

Locus Location DNA amplification primers Tm 

kl-5 
 Y chromosome kl-5F: GGGAAGGTTGATGGGTGG 

kl-5R: ATCTGTGAGTCGGGTGATTA 60˚C 

kl-5 paralog Autosome kl-5F: GGGAAGGTTGATGGGTGG 
kl-5R: ATCTGTGAGTCGGGTGATTA 64˚C 
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Table 3.3 Patterns of differentiation between D. pachea populations based on single 

polymorphic site at the Y fertility gene region, kl-5 (424bp) 

 

Geographic 
Locality/Region 

Nucleotide Composition at the single 
polymorphic site (%) 

         T-T                     C-C                      T-C 

Number of 
Sequences 

OPNM 92.3 0.0 7.7 13 
DSBQ 80.0 0.0 20.0 5 
SNJN 55.6 0.0 44.4 9 
SNCR 61.9 0.0 38.1 21 
AGBP 54.5 0.0 45.5 11 
SNFL 21.4 28.6 50.0 14 
VIRG 46.2 30.8 23.1 13 
VIZD 50.0 15.0 35.0 20 
CICO 35.3 5.9 58.8 17 
PUCO 33.3 16.7 50.0 12 
ENMU 27.3 27.3 45.5 11 

SONORA 67.8 0 32.2 59 
BAJA 36.8 19.5 43.7 87 

CICO (females) 23.3 20 56.7 30 
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Table 3.4 Real Time PCR sequencing results for males and females that amplified 

the 530bp fragment at different annealing temperature and DNA concentration 

 

Real Time PCR conditions 
(Anealing temperature- 

DNA concentration) 

Individual 
(Population, 

Sex, ID#) 

Sequencing 
result 

64˚c – Low: 1,0.5,0.25,0.125 ng/μl VIRG male 8 Clean: C-T at 274 site 
64˚c – Low: 1,0.5 ng/μl CICO male 26 Clean: C-T at 274 site 
64˚c – Low: 1,0.5 ng/μl ENMU male 1 Clean: C-T at 274 site 
64˚c – Low: 0.125 ng/μl CICO female 24 Dirty sequence  
64˚c – Low: 1,0.5 ng/μl CICO female 11 Dirty sequence 
64˚c – High: 5,2.5,1.25,0.625 ng/μl PUCO male 3 Clean: C-T at 274 site 
64˚c – High: 1.25,0.625 ng/μl CICO female 16 Dirty sequence 
60˚c – Low: 1,0.5,0.25,0.125 ng/μl VIRG male 8 Clean: C-T at 274 site 
60˚c – Low: 1,0.5,0.25,0.125 ng/μl VIZD male 24 Clean: T-T at 274 site 
60˚c – Low: 1,0.5,0.25,0.125 ng/μl CICO female 11 Clean: C-T at 274 site 
60˚c – Low: 1,0.5,0.25,0.125 ng/μl CICO female 24 Clean: T-T at 274 site 
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Table 3.5 Number of substitutions and nucleotide composition of the Nannopteran 

 

Site type No. of sites (out 

of 440) 

Nucleotide Composition 

(%) 

       A+T             C+G 

Conserved 423 52 48 

Variable 
17 

(13 Transitions,       

5 Transversions) 
69 31 
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Table 3.6 Sequence diversity data for the four Nannoptera species 
 
 

Species 

S 
No. of 

segregating 
sites 

π 
Nucleotide 
Diversity  

(SD) 

θ            
Pairwise  
Sequence 

Divergence     
(per site) 

 (SD) 

H  
No.  

Haplo. 

Hd 
Haplo. 

Diversity

D. acanthoptera 2 0.002  
(0.0004) 

0.0017  
(0.001) 

3 0.71 

D. nannoptera 11 0.013  
(0.003) 

0.009  
(0.005) 

3 0.6 

D. wassermani 2 0.002  
(0.005) 

0.002 
 (0.003) 

3 0.77 

D. pachea 1 0.001 
 (0.0002) 

0.0009  
(0.000001) 

2 0.57 
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Figure 3.1 D. pachea populations sampled and sequenced for the kl-5 Y-linked loci 

(Population abbreviations in parentheses, populations with different host type are 

marked with star). 
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Figure 3.2 Dissociation curve of  kl-5 Y linked locus following RT PCR of male  

#8 from VIRG population at 64˚c and 5ng/μl DNA concentration 
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Figure 3.3 Neighbor-Joining rooted Nannopteran species tree based on phased data 

of the fertility gene autosomal paralog and D. melanogaster as an outgroup  
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CHAPTER 4: MULTIPLE MATING, SPERM USE AND REPRODUCTIVE 

SUCCESS IN DROSOPHILA PACHEA 

 

ABSTRACT 

 

Sperm competition depends on the presence of multiple ejaculates from various males at 

the same time and space. In this study, we examined the potential for sperm competition 

in the cactophylic fly Drosophila pachea as manifested by the frequency of female 

remating and sperm use as estimated by offspring allocation per mate. In addition, we 

examined the relationship between broods of known genetically and ecologically 

diverging populations and female remating frequency and sperm use. We found that 

females mated multiply, independent of their geographical origin, with up to nine males 

identified in one brood. Despite having a unique mating system in which male gamete 

investment is high and small ejaculate size, we find that Drosophila pachea males 

equally partition their gamete contribution among many mates. This result suggests that 

currently sperm competition is limited within populations of this species. 

 



 

 

126

INTRODUCTION 

 

In their classical models of speciation, Dobzhansky (1937) and Mayr (1942) suggested 

that reproductive isolation and subsequent speciation are generated by differences in 

sexual traits and behaviors. Divergence in those traits between allopatric populations was 

considered to result either from drift, pleiotropy or adaptation to environmental 

conditions, or following secondary contact between individuals of separated populations. 

Researchers further suggested that changes in sexual traits between populations can be a 

result of sexual selection; a process that may lead to rapid divergence between 

populations (Coyne 1992). Sexual selection is the consequence of differential mating 

success among individuals within a population. This may occur when competition for 

fertilization occurs directly (competition between individuals of the same sex) or through 

the preference exhibited by one sex, usually females, for individuals of the other 

(reviewed in Panhuis et al. 2001). The potential for sexual selection to promote speciation 

was recognized by Parker (1970), through the process of sperm competition.  Sperm 

competition occurs when sperm from different males compete within the female 

reproductive tract for the fertilization of eggs. This usually requires that viable sperm 

from different mates occur contemporaneously within a female storage organ at the time 

of fertilization (Reviewed in Birkhead and Møller 1998). Changes in traits that relate to 

the competitive ability of sperm, or to the female’s use of sperm, can result in nascent 

reproductive isolation and ultimately lead to divergence among populations. For example 

if remating behavior differs among populations it is likely that the intensity of sperm 
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competition within each population will vary. Consequently, if the populations came into 

contact, then one might have males from one population that are better sperm competitors 

then males from the other. This may lead either to overall panmixia or divergence 

between the populations. These outcomes depend on the rate at which better sperm 

competitive genotypes spread through a new populations compared with the rate at which 

adaptive mechanism develop within that population. 

 

The first step in evaluating sperm competition within a population is to examine remating 

frequency and sperm allocation among offspring under natural settings. Paternity analysis 

is often used, in the lab and in the field to examine the potential for sperm competition 

and individuals reproductive success in various mating systems and species by 

determining differential sperm use among individuals (for example: Gemmel et al. 2001, 

Bonizzoni et al. 2002, Ortega et al 2003, Tennessen and Zamudio 2003). Originally, the 

methods for paternity inference used were limited to laboratory conditions, such as 

irradiating one of two competing males, and using morphological markers that are 

uncommon in natural samples. The development of molecular tools, such as allozymes, 

single nucleotide polymorphism and codominant markers has facilitated research of 

sperm competition in natural settings (Wigby and Chapman 2004). Recently, 

microsatellites have become the preferred tool for estimating sperm competition and 

female remating behavior (Jones and Ardren 2003).  
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However, multiple mating by females and the presence of sperm from different ejaculates 

within the female reproductive tract does not necessarily mean that sperm competition is 

occurring. For example, females may be remating only when sperm stores are depleted 

resulting in minimal sperm overlap. In addition, sperm might be compartmentalized 

within the female sperm storage organ and not mix, or sperm might be discarded by 

females subsequent to use in fertilization (Snook and Hosken 2004). Also, females can 

produce a sufficient number of eggs, such that competition for fertilization is minimized. 

Additional factors, such as the availability of females in the population ready to mate at a 

given time, interactions among sperm within the female reproductive tract, mechanisms 

of female sperm usage and longevity (male and female),  are important factors in 

estimating whether sperm competition indeed occurs. Currently, a commonly employed 

approach in sperm competition research attempts to account the various potentially 

complex scenarios (Birkhead and Parker 1997).  

 

Many models of sperm competition assume that the number of sperm allocated by 

different males was the major factor in sperm competition such that males that transfer 

greater number of sperm sire more offspring (Parker 1970). Hence, the degree of 

investment in sperm per mating is expected to evolve with the intensity of sperm 

competition (Wedell et al. 2002). As a consequence males are predicted to allocate more 

sperm in each mating as the degree of sperm competition increases across (Parker et al. 

1996). In addition, sperm displacement was observed in numerous species as an 

adaptation to sperm competition when large amount of sperm is transferred as a mean for 
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males to increase their fitness (examples from Birkhead and Moller 1998, Singh et al. 

2002).  For example, in Drosophila melanogaster the mechanism of sperm displacement 

involves incapacitation of stored sperm, which leads to the last male siring the majority 

of offspring within a single brood (Price et al.1999). Clark further demonstrated that 

sperm displacement varies with both male and female genotype (Clark and Begun 1998) 

and it has been shown both empirically and theoretically that natural populations can be 

polymorphic for sperm displacement traits (Prout and Clark 1996, Clark 2002). However, 

an important question remains with regard to whether male strategy differs when 

ejaculate size is relatively small and the amount of male investment in gametes is high.    

 

In this paper we examine the potential for sperm competition in Drosophila pachea, a 

species that exhibits genetic divergence based on mtDNA loci, has a unique mating 

system and populations that exist under different ecological conditions. Specifically, we 

examine the relationship between sperm size, quantity, female sperm use and the number 

of males siring a single female’s brood. D. pachea males are characterized by having a 

large sperm size (17mm on average) and a small ejaculate size (44 sperm on average) as 

compared to D. melanogaster, which exhibits a sperm size of 2mm and several thousand 

sperm per ejaculate (reviewed in Markow 1996). The time required for D. pachea male to 

develop their testes is correlated with delayed maturation (Pitnick et al.1995). The delay 

in maturation has been suggested as a trade off to the high investment in gametes 

development that males allocate their sperm among as many females as possible as 

means to increase their life time reproductive success. We sampled two populations of D. 
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pachea from the two main regions of the fly’s distribution (Sonora and Baja, Mexico, 

Figure 4.1) for differences in female remating frequency and sperm use. We previously 

found (based on mtDNA locus data) a distinct genetic structure between the two regions 

likely due to the gulf of California serving as a geographical barrier (Hurtado et al. 2004, 

Erez T. chapter 2). In addition, the two populations differ in ecological factors, including 

the host plant used by the fly to feed and breed. The following questions are examined:  

1) Do females mate multiply in the wild, and if so, how many males sire a single female’s 

brood? 2) If multiple males sire a single female’s offspring, does sperm displacement 

occur and, if so, to what degree? 3) Do geographically divergent populations exhibit the 

same mating behavior in relation to female remating frequency and offspring allocation 

among sires?  
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MATERIALS AND METHODS 

 

Sampling 

 

Females D. pachea were collected from two different localities in Mexico in October 

2000 and January 2001. Females were sampled from a Sonoran population located near 

Navojoa City (27’10N, 108’55W) and a Baja peninsula population localized near Bahia 

de Los Angeles (28’95, 113’55W) (Figure 4.1). In addition, we collected 53 adult flies 

(20 males and 33 females) from the vicinity of the Sonoran female samples. The adult 

sampling was in order to compare the genetic representation between broods and the 

population. The Baja and Sonora localities differ in the cactus host type used by the flies 

for feeding and breeding. In Sonora females were collected directly from the rotting 

tissue arms of the cactus Lophocereus schotti tenus, whereas in Baja, females were 

collected from necroting arms of the cactus Lophocereus schotti schotti. The two cactus 

hosts differ in number of ribs as well as in the thickness and number of arms (Lindsay 

1963, Felger and Charles 1967). These values may affect rot size and sustainability, 

which in turn might affect oviposition and feeding opportunities. Upon collection, 

females were placed in 8’’ oviposition vials containing a banana-Opuntia medium, pieces 

of autoclaved senita cactus and commercial yeast at 25˚C and 12 hours daylight cycle. 

Three weeks later emerging offspring were collected and sexed by anaesthetizing with 

CO2 and preserving separately at -20º C. The known mothers were preserved after a week 

in the oviposition vials until DNA extraction. We used first generation female progeny of 
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the wild-caught females to estimate female remating frequency and the number of males 

siring each female brood. Out of 20 initial ovipositing females from Sonora and 30 

females from Baja, 11 and 8 females respectively had sufficient number of offspring per 

female for the paternity analysis (n>10 offspring). Out of 520 emerging Sonoran 

offspring and 257 Baja offspring, 251 offspring were genotyped from the Sonoran brood 

(21 individuals on average) and 122 offspring were genotyped from the Baja brood (14 

individuals on average).  

 

Microsatellite analysis 

 

DNA extractions from single flies were made following a squish prep protocol (Gloor et 

al. 1993). Three autosomal microsatellite loci (AGC12, AC19, AGC 11) were used in 

genotyping the Sonoran females and their offspring. Two microsatellites loci (AC19 and 

AGC11) were used in genotyping Baja females and their offspring. In addition, we 

genotyped the Sonoran offspring with an X-linked locus (AC13), as it was suggested that 

using an X linked locus in addition to autosomal loci increases the accuracy of the 

Bayesian statistical method used to analyze the data (Jones and Clark 2003). 

Microsatellite loci were developed and characterized previously from enriched clonal 

libraries of D. pachea (Ross et al. 2003). For each locus, one primer was fluorescently 

tagged with either ABI dyes 6-FAM or HEX. Each reaction of 15μl contained a mix of 

(1x) PCR buffer (Invitrogen), 1.5mM MgCl2, 0.4μl of each primer, 0.5 units TAQ 

(Invitrogen), 0.2 mM dNTPs and 1μl DNA sample added. PCR temperature profile 
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included initial 3 min at 95ºc and then a cycle of 35 times run for denaturation 

temperature of 94ºc for 20sec, annealing temperature specific for each primer (52ºc, 58ºc, 

56.8ºc or 54ºc)  for 45sec and hybridization temperature of 72ºc for 90sec, followed by 

10min extension period at 72ºc. PCR products were genotyped using an ABI 3100 

genetic analyzer (Applied Biosystems – ABI, California) and the program GeneScan ver. 

2.1 at the Genomics and Technology Core (GATC) facility of the University of Arizona. 

Fragment sizes were scored using the program Genotyper ver 1.1 and translated into 

repeat size based on known samples previously sequenced for each locus and repeat size 

to fragment size comparison was made. 

 

Data analysis 

 

Microsatellite summary statistics, which included allele frequencies, observed and 

expected heterozygosity and deviations from Hardy-Weinberg expectations were 

computed using FSTAT ver. 2.9.3 (Goudet 2001) for the Sonoran adults and the Sonoran 

and Baja broods. The approaches, Parental genotype reconstruction, a likelihood-based 

approach, and a Bayesian framework for parentage analysis, were used to analyze and 

estimate female remating frequency and the number of sires represented in each female 

brood. All methods use multilocus data, and assume no linkage disequilibrium, no 

inbreeding and no mutation. The software GERUD 2.0 (Jones 2005) was used to 

reconstruct unknown parental genotypes by subtracting the known maternal genotype 

from the known progeny array. For each potential maternal genotype the program follows 
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a stepwise procedure to determine the minimum number of sires necessary to explain the 

entire progeny array. Since several solutions can potentially arise, the program chooses 

the most likely outcome based on patterns of Mendelian segregation of alleles in the 

progeny. Specifically a binomial probability that a given genotype would produce the 

observed number of copies of each of its alleles in the progeny array is computed, 

assuming random segregation. These probabilities are multiplied across all parents and 

loci to produce the probability of the entire solution. The program ranks the solutions by 

their relative probabilities. In addition, the program GERUD 2.0 was used to calculate the 

paternity exclusion probabilities for each locus and cumulatively values for the Sonoran 

adult sample and the Sonoran and Baja broods under the assumption that the maternal 

genotype is known. The exclusion probability refers to the probability, given the mother 

and offspring results, that a non-father would be excluded from paternity by the paternity 

test made. 

KINSHIP 1.2 (Queller and Goodnight 1989) software was used to calculate the 

likelihood ratio (LOD score) between the likelihood of an individual (or pair if both 

parents unknown) being the parent (or parents) of a given offspring (the primary 

hypothesis) and the likelihood of these individuals being unrelated (the null hypothesis). 

A high value of the ratio favors the primary hypothesis and a low value rejects it in favor 

of the null hypothesis. The program attaches a significance level to the likelihood 

measure based on a simulation procedure in which pairs of individuals are generated 

based on the hypothesis settings and the allele frequencies of the data set. The program 

enables one to specify a hypothesis regarding pedigree relationship. This is done by 
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defining two variables rp and rm.  These parameters designate the probabilities that 

potential offspring share an allele by direct descent from their father or mother, 

respectively. In our case, the maternal genotype is known therefore the probability of  the 

offspring to share an allele by direct descent from their mother is half and rm=0.5. 

However, the paternal genotype is unknown and the hypothesis is that each offspring 

might have a different father and there is no allele sharing through the paternal linage and 

rp=0. The null hypothesis set for this test is that offspring have the same probability to 

receive one allele from each parent rm=0.5 and rp=0.5, thus having equal probability to 

share a paternal as well as maternal alleles among themselves. The statistical significance 

of 10,000 simulation runs of multilocus pair individual’s genotype was determined as the 

likelihood ratio needed to reject the null hypothesis at a 95% confidence level. If 80% of 

the pairwise Likelihood ration score (LOD) were significant at the 95% confidence level 

we considered the pair a full-sibling. When individuals failed to meet this rule, a unique 

father was inferred only if the individual LOD scores were significant with less than 20% 

of any other full-sibling groups. In cases were none of the criteria were met, the 

individual was excluded. 

 

SCARE (Jones and Clark 2003) is a computer program based on Bayesian approach to 

estimate parameters of multiple mating and sperm displacement.  Specifically, the 

parameter α refers to the number of sires observed within a female single brood and the 

parameter β describes the fraction of sperm attributed to the last male to mate. The 

program uses Monte Carlo Markov chain (MCMC) to generate 10,000 samples from the 
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joint posterior of the probability distribution of the two above quantities. The model 

explores and generates the distribution around the maximum for the two parameter 

values. The prior for the remating estimator α is number of potential mates, which do to 

current program restrictions has an upper bound of six males that can be estimated from 

the data. The prior for the sperm displacement is 0<β<1. This analysis was used on the 

Navajoa City broods which had larger a sample size of the two populations. 
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RESULTS 

 

Population and broods allele frequencies and exclusion probabilities 

 

Genetic diversity calculations of the three microsatellite loci genotyped for the Sonoran 

adult flies revealed high polymorphism over all loci (Table 4.1). The genetic variability is 

represented by the expected heterozygosity (He), as high values of heterozygosity imply 

lots of genetic variability. In this study, the dimer locus AC19 was the most polymorphic 

locus (He=0.94) and the trimer locus AGC12 the least polymorphic (He=0.74). These 

results were in concordance with the degree of polymorphism observed in the offspring 

of both Baja and Sonora localities (Table 4.1). None of the loci were in significant 

departure from Hardy-Weinberg equilibrium based on the adult sample. The mean FIS 

value was 0.072 over all loci with AC19 locus having a relative high value (FIS=0.2) 

compared with the other two loci AGC12 and AGC11 (FIS=-0.02). In addition, no 

significant linkage disequilibrium occurred between all marker loci. The exclusion 

probabilities calculated for each locus were high both for the adult and the offspring 

samples, indicating a high probability of excluding a non-father from the paternity 

analysis of mother and her offspring (Table 4.1). Finally, a comparison between the allele 

frequency of the adult samples and the offspring of the Sonoran locality revealed similar 

patterns of distribution for all three loci used in the analysis. No significant difference 

was observed in the uni-model frequency distribution of the trimer loci  as well as in the 

bi-modal frequency distribution of the dimmer locus between offspring and adults of the 
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Navajoa locality (Kolmogorov-Smirnov test, AGC11 locus: p=0.37, n=11, AGC12 locus: 

p=0.83, n=11, AC19 locus: p=0.77, n=20, Figure 4.2).  

 

Female remating behavior 

 

The remating frequency pattern of D. pachea was similar between the two localities 

sampled based on the paternity analysis methods used. Female D. pachea were observed 

to mate multiply with all surveyed broods, having at least two inferred sires per brood. 

There was no significant difference in female remating behavior between the Baja and 

Sonoran localities despite the genetic and ecological differences previously described 

between the two regions. While high concordance occurred in the results of the remating 

frequencies across the different methods, some differences were observed. All broods in 

the two localities had at least two sires based on both methods. The majority of the Baja 

brood (63%) had more than two sires per brood (independent of the program used 

GERUD or KINSHIP, Table 4.2, Figure 4.3). In the Sonoran brood, 73% had more than 

two sires based on the genotypic reconstruction method (GERUD program) and all the 

broods had three and more sires based on the likelihood method (KINSHIP program). 

The number of broods with two, three, four and five distinct male gametes in the Baja 

samples were three, one, two and two, respectively, based on the genotype reconstruction 

method (GERUD) and three, one, two, one and one, respectively, based on the likelihood 

method (KINSHIP) (Table 4.2a). Except for one brood in which KINSHIP estimation 
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was six males compared with five estimated by GERUD. The number of sires detected 

was consistent between the two methods in the Baja broods. 

 

In Sonora, more offspring were genotyped, and an additional locus was used, resulting in 

more sires detected per brood compared with the Baja sample. The number of broods 

with two, three, four, five and six male gametes in Sonora were three, one, three, three 

and one respectively based on the genotype assignment method (GERUD) and zero, one, 

three, four and one respectively based on the likelihood method (KINSHIP) (table 4.2b). 

A single brood had seven males and another which had the largest sample size of 

offspring (n=42) had nine sires. On average similar number of fathers was estimated in 

Baja based on the two methods (Mean±SE, GERUD: 3.4±0.46 males and KINSHIP: 

3.5±0.53 males). In Sonora the average detected numbers of fathers was higher with 

increased offspring sample size and genetic information in both methods. However, the 

genotypic reconstruction was more conservative related to the likelihood method 

(Mean±SE, GERUD: 3.8±0.42 males and KINSHIP: 5.2±0.5 males).  

 

The remating frequency value based on the Bayesian method (SCARE) estimation was 

the highest among the three methods. The parameter α distribution that represents the 

number of sires ranged between 4 and 6 fathers following 10,000 runs of the MCMC. 

The average number of fathers was 5.8±0.1 fathers overall for the Sonoran broods 

(Figure 4.5).  
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Offspring allocation among fathers 

 

The null hypothesis for gamete use within each brood assumed no differential allocation 

of gametes, such that all males had an equal probability to sire offspring, independent of 

mating order. We found no significant difference in the fraction of offspring sired by 

individual males across all potential fathers in either Baja or Sonoran broods based on the 

likelihood method (Baja: χ2=0.16, df=5, p=0.9, n=99; Sonora: χ2=10.3, df=8, p=0.24, 

n=224, Figure 4.3). At the same time, some variation was observed around the mean 

number of offspring allocated to each sire that might be due to the current sample size 

(Figure 4.4). Offspring allocation among males was consistent between the two localities 

based on the genotype reconstruction and likelihood paternity analysis methods used.  

 

Applying D. pachea data set to the Bayesian framework of the program SCARE resulted 

in posterior mean distribution of the sperm displacement parameter β=0.178±0.002 

(Figure 4.5). The value of 18% is associated with sperm displacement together with 

posterior mean of 5.8 for remating frequency. This fraction of sperm associated with the 

last male to mate multiple by at least six males that sire a single female brood suggests 

that D. pachea males allocate equal quantities of sperm among all matings. At the same 

time, the analysis might underestimate the number of males female mates with since it is 

confounded by an upper bound of six males in the current program. Consequently some 

minor sperm displacement might have occurred. However, no significant differential 
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sperm use is observed in D. pachea despite the high number of female remating 

observed. 
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DISCUSSION 

 

The main objective of this research was to examine the potential for sperm competition in 

Drosophila pachea as manifested by remating frequency and offspring allocation among 

potential sires in the field and how it might pertain to sperm displacement behavior. 

Previous laboratory experiments found that male D. pachea transfer an average of 44 

sperm per mating with a female sperm storage organ capacity estimated at 264 sperm, 

indicating that the average sperm complement of up to 6 males can be represented within 

a single female reproductive tract (Pitnick and Markow 1994).  Our field estimates of two 

to nine males per brood are generally concordant with these laboratory findings.  For 

example, in Sonora all of the females sampled mated more then twice and in Baja the 

majority of broods (63%) had more than two potential sires. In previous lab mating 

experiments, Pitnick and Markow (1994) showed that the amount of sperm allocated did 

not diminish across four successive copulations. In the field, the number of offspring 

allocated among potential sires represents the gamete contribution across different males. 

No significant difference was observed in the number of offspring assigned to a potential 

sire within a brood. 

 

Two potential strategies have been posited to explain remating frequency and sperm 

allocation in D. pachea in relation to male reproductive success: sperm conservation and 

bet-hedging (Pitnick and Markow 1994). The first hypothesis argues that males might 

conserve the amount of sperm allocated among mating to increase paternity assurance 
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and consequently fitness if they face sperm competition. Alternatively, due to limited 

amount and high investment in sperm production (prolonged maturity), males will 

partition their number of gametes across many possible mates. In the lab, females were 

observed to oviposit fertilized eggs between matings, a behavior that might relax the 

intensity of sperm competition (Pitnick 1993, pers. obsr. Erez 2003). We found that 

offspring allocation did not significantly differ among potential fathers (Figure 4.3a and 

3b). Further, our (SCARE) estimation of the fraction of sperm associated with the last 

male to mate was estimated at 18% suggesting little sperm displacement. Together with 

estimated 6 sires on average , and hence 16.7% under equal allocation, these results 

suggest that sperm competition might not likely be occurring in D. pachea. Although 

both lab and field experiments represent only part of the life time reproductive success of 

both males and females, the results imply that males partition their gametes among 

matings in order to increase their reproductive success as suggested previously by the 

bet-hedging hypothesis (Pitnick and Markow 1994).  

 

Female reproductive success is maximized by mating multiply and maintaining a full 

complement of sperm available to fertilize eggs. In the lab, females produce an average 

of about 35 eggs per day (Pitnick 1993). The supply of 44 sperm acquired from a single 

mating will therefore be quickly exhausted, necessitating that females mate multiply to 

increase their reproductive success.  
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Our study provides an important example in which offspring allocation among sires and 

sperm displacement behavior estimations revealed limited potential of sperm competition 

to occur within a population although high remating frequency. In comparison, multiple 

mating was observed to occur much less frequently in four other Drosophila species: the 

average number of mating for D. melanogaster females was estimated at 1.8 (Imhof et al. 

1998, Harshman and Clark 1998), 2.2 for D. buzzatii (Bundgaard and Barker 2000, 

Bundgaard et al. 2003), 3.1 for D. mojavensis (Ross pers. comm.) and 1.3 for D. simulans 

(Schlötterer et al. 2005). All four species were also found to have relatively high sperm 

displacement, measured as the proportion of sperm derived from the last male to mate 

(between 0.5 and 0.75 in 3 to 2 matings respectively). Compared to D. pachea, sperm 

size is much smaller in these species (around 2mm compared with 16mm in D. pachea) 

and the quantity of sperm contributed is much higher (for example: 4600 in D. 

melanogaster) (reviewed in Markow 1996). 

 

The two brood sets analyzed here, Baja and Sonora, represent two genetically diverging 

populations based on mtDNA loci (Hurtado et al. 2004, Chapter 2). The two localities are 

also characterized by ecological differences in that the host plant used by the flies differs 

in morphological characters such as rib number and thickness. This might affect necrosis 

size in the plant and consequently the fly population size that is sustained on the rot. This 

raises the possibility that the genetic and ecological differences between the sampled 

localities correlate with differences in male and female mating behavior. As mtDNA 

traces the maternal linage of the fly, a correlation might exist between the genetic 



 

 

145

patterns and female behavior found in the two areas. However, no such relationship was 

observed; females remated at similar frequencies in Baja and Sonora. Although the 

sample size in the Baja locality was half the number of that in Sonora, genotypic 

representation of males in the offspring indicated multiple mating occurred as frequently 

in that region as in Sonora. The difference in the number of offspring available to 

genotype is mainly attributed to difficulties in rearing the flies in laboratory conditions 

and maintaining all potential offspring from a single brood.  

 

The type of host plant used at each locality differs in morphological characteristics, such 

as rib number, thickness and number of cactus arms -properties that can potentially affect 

the amount rotting tissue, which corresponds to fly oviposition sites. These 

morphological differences between localities, however, did not correlate with female 

remating behavior or male offspring allocation between the sites. 

 

Three different methods were used in this study to estimate remating frequency and 

offspring allocation among sires. Although all three approaches resulted in similar 

outcomes, some differences were observed. In general, using more offspring and loci will 

result in more accurate paternity assignment. This is in concordance with our results, as 

the number of estimated fathers increased between Baja and Sonora broods with the 

increase in offspring sample size and number of loci. However, this is under the 

assumption that those higher estimates of paternity are more accurate and sampling 

additional individuals reduces the frequencies of missing sires to which offspring cannot 
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be assigned with smaller sample size. Currently, we are limited in evaluating the full 

extent of accuracy and validity compared between the three methods. Calculating 

paternity assignment based on the genotypic reconstruction approach (which is the most 

conservative), estimates the least number of males across all broods and localities 

compared with the other methods applied. A problem with this approach was the 

difficulty in assigning a significance level to the results because applying the simulation 

option of the program was computationally challenging under the scenario of more then 

three potential sires. For this reason, the likelihood method proved more useful in our 

study. However, the program does not correct for multiple tests when evaluating the 

statistical significance of the likelihood ratio value of the number of sires and their 

corresponding offspring allocation. The likelihood method does not have an upper limit 

on the number of fathers detected compared with the genotypic reconstruction, while the 

Bayesian approach which were limited to up to six sires. This might suggest that the 

KINSHIP program might be overestimating the number of fathers compared with the 

underestimation of GERUD and SCARE programs, due to and upper bound of estimating 

the number. However, while using KINSHIP around 10% of the offspring were excluded 

since they could not be assigned reliably to a potential father. In addition, the confidence 

interval around the likelihood measure of offspring allocation and to potential sires did 

not differ between the two localities although the change in sample size and genotypic 

data. At present, we are developing a simulation model in which our data will be run with 

the various methods and a comparable significance value will be attached to each 

approach in order to evaluate its accuracy and reliability.  



 

 

147

 

Finally, the Bayesian approach can be considered reliable in estimating the number of 

sires as it was comparable with the likelihood method estimations. However, some major 

assumptions of the method hinder it in evaluating the sperm displacement component. 

The program assumes a multinomial distribution of sperm, which imply no sperm 

depletion by males. Hence, each male has the same probability of transferring sperm 

independent of his resources, which are assumed to be endless. Another major 

assumption of the model is that female success does not change with increase number of 

mates. Rather, it is the male reproductive success that is being examined. These two 

assumptions are at odds with our specific study (and potentially other mating systems). 

This method was specifically developed for the mating system of D. melanogaster and 

although was widely used ever since, its reliability was only partially evaluated for other 

mating systems (Jones and Clark 2003, Bundgaard et al. 2003, Schlötterer et al. 2005). 

The variation observed in number of offspring between males among broods is more 

likely attributed to the number of mates a male had previous to the observed female and 

gamete survival from mating to zygote adulthood. Since we have no knowledge of the 

male’s previous mating it is likely that, in some cases, males experience sperm depletion 

resulting in fewer sperm transferred to some mates. Another laboratory study found that 

males were found to experience sperm depletion after four matings (Pitnick and Markow 

1994).   
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Given the above caveats, Bayesian estimate of 18% gamete fraction is more likely to be 

associated with the amount contributed by the last male to mate coupled with the 

estimation of approximately 6 mates, indicates that sperm is allocated equally among D. 

pachea males.  

 

The role of sperm competition in the mating system of D. pachea, however, cannot be 

completely ruled out. The present allocation of sperm among mates can be viewed as the 

ghost of competition past in which multiple mating by females caused the presence of 

multiple ejaculates within the female reproductive tract and consequently the evolution of 

investment in sperm production as a strategy to reduce the competition. We cannot 

distinguish whether multiple mating by females caused the evolution of male high 

investment in gamete production and the equalized allocation among mates or whether 

the latter was a selective pressure driving multiple mating by females to secure 

reproductive success. One way to address this challenging question is examining sperm 

use in mate crosses between the genetically diverging populations. This might indicate 

whether sperm characteristics and interaction within the female reproductive tract is 

influenced by the differences in spatial and temporal presence of various male sperm.  
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Table 4.1  Number of alleles, expected heterozygosity, exclusion probability per 

locus, population and brood. 

 
 

Locus No. 
alleles 
adult 

sample 

He 
adult 

sample

He 
Sonora 
broods 

He 
Baja 

broods

FIS 
adult 

sample

Ep  
adult 

sample 

Ep 
Sonora 
brood 

Ep 
Baja 

brood

AC19 11 0.94 0.91 0.9 0.2 0.848 0.819 0.798 
AGC11 11 0.83 0.83 0.84 -0.02 0.658 0.661 0.666 
AGC12 19 0.74 0.75 - -0.02 0.538 0.556 - 
Average 

Overall 
loci 

 0.83 0.83 0.87 0.05  

0.976 

 

0.972 

 

0.982 
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Table 4.2 Number of fathers per brood at each locality estimated with genotype 

assignment procedure (GERUD) and likelihood estimation method (KINSHIP). 

a. Bahia de los Angeles 
 

Brood No. 
Offspring 

No. Allels 
at amost 

polyallelic 
locus 

No. Sires 
(GERUD)

No. Sires 
(KINSHIP) 

Program 
comparison 

(Least #males) 

1 15 5 4 4 Same 
2 19 4 5 5 Same 
3 15 4 4 4 Same 
4 14 8 2 2 Same 
5 11 9 2 2 Same 
6 16 6 5 6 Gerud 
7 11 4 2 2 Same 
8 13 9 3 3 Same 

 
 
b. Navojoa City 
 

Brood No. 
offspring 

No. Allels 
at most 

polyallelic 
locus 

No. Sires 
(GERUD)

No. Sires 
(KINSHIP) 

Program 
comparison 

(Least #males) 

1 41 10 6 9 Gerud 
2 13 6 3 4 Gerud 
3 14 4 2 3 Gerud 
4 24 8 5 5 Same 
5 16 6 4 5 Gerud 
6 20 5 4 5 Gerud 
7 24 4 2 4 Gerud 
8 21 9 5 7 Gerud 
9 22 7 4 6 Gerud 
10 21 8 5 5 Same 
11 24 3 2 4 Gerud 
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Figure 4.1 Sampling localities of mated females. 
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Figure 4.2 Allele distribution compared between Navojoa population and brood for 

the three microsatellite loci. 
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 Figure 4.3 Fraction of offspring per potential sire for each brood and locality based 

on the likelihood method scores (KINSHIP) 
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Figure 4.4 The number of offspring (Mean and SE) per sire (n= the number of 

broods with 1st, 2nd etc. males, shown in white) 
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Figure 4.5 The joint posterior distribution of sperm displacement and number of 

sires based on 10,000 samples from the Navojoa brood sample.  
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CHAPTER 5: PRODUCTIVITY, SPERM USE AND REPRODUCTIVE 

ISOLATION IN DROSOPHILA PACHEA 

 

ABSTRACT 

 

Various species show population differentiation; however the cumulative effects of 

within species divergence, i.e., speciation event, can only be addressed in view of the 

evolution of reproductive isolation mechanisms. Whether the population structure of 

Drosophila pachea reported previously has prompted the evolution of reproductive 

isolation will be addressed in this chapter. Specifically, the potential for post-mating 

prezygotic reproductive isolation is studied by examining patterns of sperm use in 

relation to male geographic origin. Asymmetrical sperm use was observed between 

Sonora and Baja population such that Sonoran male sperm is preferentially used 

independent of mating direction. In addition, we studied the potential of post-mating 

reproductive isolation by measuring patterns of reproductive output between cross 

matings of geographically different populations. Productivity did not change based on 

male geographical origin, suggesting the absence of apparent post-mating reproductive 

isolation. In addition, the observed fertilization advantage of Sonoran males was not 

associated with increased reproductive output, which suggests the possible evolution of 

within female reproductive tract interactions is geographically unidirectional, i.e. between 

Sonora and Baja flies.
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INTRODUCTION 

  

Identifying reproductive isolating mechanisms is a key element in determining the 

potential for species divergence when some genetic structure is observed. When 

examining the interaction between a species mating system and genetic differentiation, 

two main isolating mechanisms are typically considered. Pre-mating isolation occurs 

prior to copulation and includes courtship behavior and various manifestations of 

individual competition for mates. Another mechanism that hinders successful 

hybridization is postzygotic reproductive isolation. It takes place following mating and 

fertilization of the egg. This can be detected by examining female fecundity (i.e., number 

of offspring produced) and offspring fitness (e.g., male sterility) for individuals mated 

within vs. across-populations.  

 

While historical studies of reproductive isolation have focused on either behavioral pre-

mating or postzygotic developmental mechanisms, there is increasing evidence in recent 

years that postmating-prezygotic interactions play a critical role in preventing successful 

hybridization (Price et al 1999, Howard 1999, and Knowles and Markow 2001). In the 

latter case, the female internal reproductive organs and the male’s seminal fluid and 

sperm are the environments in which reproductive incompatibilities can arise. 

Biochemical and morphological features of each of these components may determine the 

degree of compatibility between two populations (Markow 1997, Palumbi 1999, Clark 

and Begun 1998, Clark 2002). While these within-female reproductive tract processes 
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were observed in various species; the degree to which they promote and maintain 

differentiation among populations is unknown. In a survey of Drosophila pair taxa, 

prezygotic reproductive isolation was found to be more prominent between sympatric 

than between allopatric pairs during the early stages of divergence (Coyne and Orr 1989). 

However, that survey could not assess whether these mechanisms were present at the 

origin of the divergence event. In addition, the role of post-mating pre-fertilization 

mechanisms in promoting and maintaining genetic differentiation was not addressed. The 

importance of this type of reproductive isolation mechanism was further examined by 

Markow (2002), who explored the relationship between mating frequency, male 

secondary sex characters and sexual selection intensity. Markow suggested that in species 

which mate frequently, and are characterized by exaggerated sexual male characters, 

sexual selection acts most intensively at the post-mating pre-zygotic arena. The mating 

system of Drosophila pachea is an excellent opportunity to examine this hypothesis. The 

species is characterized by an exaggerated sexual male character which is a large sperm 

size (17mm long on average) and frequent remating in both males and females (up to six 

males were observed to sire a single wild caught female offspring; (see chapter 3)). These 

characteristics, together with some genetic structure difference between populations 

across the Gulf of California warranted examining the potential for post-mating 

prezygotic isolation evolving in this species. Past studies have found no evidence for the 

presence of pre-mating isolating mechanism. When joint isolation indices were calculated 

following cross matings between different populations, no behavioral differences were 

found (Markow et al. 1983). The isolation index refers to the ratio between the numbers 
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of successful matings within (n11, n22) and between (n12, n21) different populations, and 

the total number of mating (I = (n11+n22)-(n12+n21)/n). Positive or negative values indicate 

assortative mating such that individuals tend either to outbreed or interbreed 

correspondingly. Drosophila pachea values were zero and slightly negative depending on 

the populations crossed, indicating no mating preference but some tendency for 

outbreeding between certain populations. These researchers interpreted these findings as 

lack of pre-mating reproductive isolation (Markow et al. 1983). The courtship behavior 

of Drosophila pachea was found to confirm with similar basic pattern across all 

nannopteran species group (Heed per, comm.). Thus, the little diversity in courtship 

behavior observed across species might suggest that such differences might be even less 

likely within species.  

 

As for the presence of post-mating reproductive isolation, preliminary observations in the 

lab following mating of offspring emerging from various cross mating experiments had 

no apparent fitness effects. In order to research post-mating prezygotic reproductive 

isolation in Drosophila pachea, we initially looked at patterns of sperm use across 

genetically diverging and non-diverging populations. Females were predicted to use 

sperm of males within their own locality first, followed by their region and less 

frequently, that of males across the Gulf, thus assuming physical distance relates to 

relatedness values. The closer geographically the male’s population is relative to the 

female’s population; the more genetically close he is predicted to be to her.  
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Patterns of sperm use are commonly measured by calculating P2; the proportion of 

progeny sired by the last male to mate (Boorman and Parker 1976). When females are 

doubly mated, the P2 value of 0.5 indicates that the sperm of two males mix equally 

within the female reproductive tract and hence is not preferentially used or no sperm 

competition is likely occurring. Any deviation of this value from the equal division might 

indicate preferential sperm use assuming ejaculates overlap within the female 

reproductive tract (Simmons and Siva-Jothy 1998).  

 

The potential for post-mating reproductive isolation was examined by measuring 

productivity of cross matings between the same genetically diverging and non-diverging 

populations for which sperm use was studied. If reproductive isolation depends on male 

geographic origin, females are predicted to produce more offspring with males of their 

own population and region compared with mating to males across the gulf. 
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MATERIALS AND METHODS 

 

Stocks 

 

Five population stocks were used for the cross mating and productivity experiments 

(three from Sonora and two from Baja). We previously reported genetic differentiation 

based on mtDNA loci between populations of the two main regions Sonora mainland and 

Baja peninsula of the fly’s distribution, (Hurtado et al. 2004, chapter 2). We used 

population stocks that originated with individuals collected during several sampling trips 

and represented each of these regions. Flies were sampled directly from rots in these 

localities and kept in the lab in several stock bottles to reduce crowding and inbreeding. 

The culture populations used in the cross mating experiments were, from Sonora: Organ 

Pipe National Monument, Arizona (OPNM) collected in October 2000; San Carlos, 

Mexico (SNCR) collected in November 2000 and; San Juanico, Mexico (SNJN ) 

collected in November 2000. The culture populations collected in Baja peninsula were: 

San Felipe, Maxico (SNFL) collected May 2003 and from Ciudad Constitución, Mexico 

(CICO) collected January 2001. An eye color mutant culture originating from an 

isofemale line was isolated from the San Carlos population collected on November 2000. 

This mutant stock was homozygous for the autosomal recessive marker vermillion (ver). 

All stock bottles started by placing wild caught flies in a culture bottle made of banana-

opuntia medium, commercial yeast and pieces of autoclaved senita. Table 5.1 shows the 

initial numbers of males and females in each culture bottle following collection in the 
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field. Once larvae were seen in the culture bottles (about a week following the start of the 

stock bottle) adults were transferred to a new bottle. Larvae in the first culture bottle 

developed into pupae and then into adults. Emerging adults were removed from the stock 

bottle, sexed and kept separated in storage vials for females and males till maturation. 

The vials contained cornmeal medium with additional commercial yeast. Approximately 

15 individuals were kept in each vial. Four and fourteen days post eclosing females and 

males matured, respectively, and were ready to mate. A developing culture took three 

weeks from egg to adult and another two weeks for adult flies to be ready for the cross 

mating experiments. Most cultures used in these matings were 22-24 generations old 

except the SNFL culture which was 10 generations old at the start of the experiments 

started. 

 

Experimental conditions 

 

All cross mating experiments were carried out at 25ºC with a 12 hr light-dark cycle. The 

matings took place in 8’’ oviposition vials containing inert agar medium (in order to 

prevent feeding and release of eggs) during the early morning hours of 6:30am-10:00am. 

This experimental time period equates the top activity time of the flies as observed in the 

field. All matings were sequential with the second mating done the following day. 

Females were ready to mate within 12-24hr following the last mating (Pitnick and 

Markow 1994, pers. obs).  
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Sperm use experiments with Sonora females 

  

At the start of the experiment a four day old virgin female from the vermillion stock was 

gently aspirated from storage vials into a mating vial. Then a single 14 days old virgin 

male from the same or of a different geographic origin stock was aspirated into each 

mating vial and the mating sequence was observed. The sequence of mating was reversed 

in all cases such that the vermillion male was both first and second to mate and the same 

for any male originating from the various geographical populations examined. Following 

copulation, males were aspirated from the mating vial and females were left in it untill 

the next day when a second male was introduced from the same or different locality. 

Females were kept in the inert agar medium mating vials to avoid oviposition prior to the 

second mating, which might bias our observation of sperm use. Following the second 

mating, females were placed in an oviposition vial containing banana-opuntia medium, 

commercial yeast and pieces of autoclaved senita cactus. We measured copulation 

duration for each mating event. This procedure was repeated three times with 20-30 

individuals at the start of each replication. On average about 2/3 of the first mating vials 

were successful and another 2/3 of the second mating had occurred. In addition, some of 

the oviposition vials were discarded due to mold growth. Hence, the success rate of the 

different replications required us to pool all cases of matings that yielded more than 10 

offpring to be used in the final analysis. Furthermore, previous experiments have shown 

that D. pachea larval development depend greatly on crowding, hence transferring 

females from one vial to another each day, reduced the productivity yield of offspring 
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rather then increasing it (pers. obs.). Consequently, females were given a week to 

oviposit after which they were removed from the vial. Two weeks later offspring started 

to emerge and were collected for five consecutive days by which time the eclosing period 

ended. The number of offspring, sex and morphological state, i.e. whether vermellion or 

wild-type eye color, were recorded. The number of wild type compared with vermillion 

flies together with the total number of offspring was used in calculating P2. 

 

Sperm use experiments with Baja females  

 

Sperm use by females originating from Baja peninsula were carried out with fly stock 

collected in San Felipe (SNFL) locality at the north-east portion of the peninsula at the 

gulf of Califonia coast (Figure 5.1). A SNFL female was doubly mated to males of their 

own locality and a day later to males originating from the Sonoran locality San Carlos, 

Mexico. The order of matings was reversed with SNCR males being the first and the 

SNFL males second to mate such that the interaction between mating sequence and 

sperm use was examined. We recorded copulation duration for each cross. The success 

rate of the mating experiments was similar to that described for the Sonoran females and 

hence we similarly pooled the results of the two replications conducted for this 

experiment. We used a highly variable autosomal microsatellite dimmer locus AC19 to 

identify female and male genotypes. The degree of polymorphism for this locus was 

established in Chapter 1 when population genetic analysis was done on wild caught 

individuals which prior to the genetic analysis were the starting population for the 
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cultures used in our experiments (mean expected heterozygosity was 0.9 overall the 

various original populations). Following mating, males were removed from the vials and 

frozen in -20ºC till DNA extraction. Females were frozen after a week in oviposition 

vials. DNA extractions from all samples, i.e. males, females and offspring were made 

following a squish prep protocol (Gloor et al. 1993). We extracted male and female DNA 

while offspring were developing in the oviposition vials, in order to determine which of 

the copulations had different mother and father genotypes such that the identity of the 

offspring can be unambiguously determined. After establishing the identity of potential 

parents we scored offspring number and genotype to assess their allocation among the 

two fathers. This in turn enabled calculating P2, the fraction of offspring attributed to the 

last male to mate in each cross mating.  

 

Productivity experiments 

 

Three mating experiments were carried out to evaluate productivity in Drosophila 

pachea. Two control experiments were done in order to evaluate any effects lab 

conditions might have on productivity. In the first, we compared the reproductive output 

between wild and lab inseminated females. During October 2000 we collected females in 

Navajoa city, Mexico. Immediately following capture, females were placed in oviposition 

vials and brought to the lab. After three weeks of development eclosing offspring were 

counted and sexed. We compared the number of offspring produced by the wild caught 
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females that mated multiply (we estimated 3-6 fathers in their broods, (Chapter 3)) to that 

of the doubly mated lab females.  

 

In a second experiment we examined the potential for larval competition within the 

oviposition vials especially in regards to differences between wild type and mutant 

stocks. Singly mated females (males originated from the same stock as the female) of 

Vermillion and wild-type were placed at the same time in the same oviposition vials. 

After a week in which females shared oviposition site, they were removed and two weeks 

later emerging offspring were sexed, counted and identified as for their origin using the 

morphological eye trait difference.  

 

The third experiment examined relationship between mating with males of various 

geographical origin and female productivity. Females from Baja stock represented by the 

San Felipe (SNFL) locality and the Sonora stock represented by the San Carlos (SNCR) 

locality (Figure 5.1) were mated sequentially over two days to males from their own 

locality or to males from the other locality. All females were placed in oviposition vials 

containing banana-opuntia medium, commercial yeast and pieces of autoclaved senita for 

a week post-copulation. Females were then removed and two weeks following copulation 

offspring emerged, sexed and counted to be compared between the four treatment groups. 
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Statistical analysis 

 

Statistical analysis was done with the software JMP Version 4.0.3. Parametric tests were 

used following data transformation when deviations from normal distribution were 

observed. For example, in the case of the Baja female sperm use cross mating 

experiments, mating duration was Box-Cox transformed and P2 values were arcsinSQRT 

transformed prior to analysis. 
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RESULTS 

 

Sperm use 

 

Genetic variation for copulation duration has been observed among inbred lines of D. 

melanogaster, D. buzattii and between karyotypes of D. pseudoobscura (Bundgaard and 

Barker 2000). Prior to examining the interaction between male geographical origin, 

mating order and sperm use we evaluated whether mating duration varied among crosses 

of Drosophila pachea and whether it had any effect on P2. Such interactions might bias 

total number of offspring produced and hence the fraction sired by the last male to mate. 

Comparing mating duration between first and second mating of most Sonoran crosses 

revealed no significant difference (regression: R2 = 0.0014, p = 0.56, n = 244, Figure 5.2). 

One exception was observed with the Organ pipe national monument (OPNM) culture 

population First mating duration was significantly prolonged compared with the second 

mating duration (p = 0.0001, n = 69, average 1st and 2nd mating duration correspondingly: 

43 ± 1.4 min and 35 ± 1.4min). However, this difference did not translate into variation in 

sperm use patterns, since no significant difference was observed between second mating 

duration and P2 values of the various crosses (regression: R2 = 0.002, p = 0.47, n = 251, 

Figure 5.3). The lack of apparent mating duration effect allowed continuing and 

analyzing the relationship between male geographical origin, mating order and sperm use 

(P2). Within Sonora mainland, no significant difference was observed between P2 values 

male origin and mating order. However, a significant difference was observed in sperm 
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use between Sonora and Baja populations and based on the interaction between order and 

population (ANCOVA: population: F = 3.5, p = 0.04, df = 9, n = 266, order p > 0.05, 

order x population p = 0.02, Figure 5.4). Tukey-Kramer test comparing all pair crosses 

revealed significant differences within CICO and SNFL crosses (V/SF compared with 

SF/V and V/CC compared with CC/V crosses, Figure 5.4) and between Baja and Sonora 

crosses (OP/V compared with V/SF and CC/V compared with V/SF crosses, Figure 5.4). 

The average P2 within Sonora matings was 0.55 ± 0.05 independent of the mating order. 

Between Baja and Sonora matings the average P2 was 0.66 ± 0.04 when a vermillion 

male was last to mate and 0.38 ± 0.05 when the last male to mate originated from a Baja 

population (Table 5.2). Thus sperm of Sonoran males was preferentially used when Baja 

male sperm co-occurred with a vermillion male sperm but not when vermillion and 

another Sonoran male sperm were present within the female reproductive tract. This 

observation might suggest that some reproductive isolation take place across the Gulf of 

California. In order to study this further, we examined Baja female mating behavior when 

presented with similar mating opportunity as the sonoran females.  The prediction being 

that if partial reproductive isolation exists, then Baja females will preferentially use 

sperm of Baja males when mated additionally to a Sonoran male.  

 

However, an opposite trend to our prediction was found. Baja females preferentially used 

Sonoran male sperm over Baja sperm, independent of the mating order (ANOVA:              

F = 5.3, p = 0.03, n = 22, Figure 5.5). In addition, we examined the relationship between 

mating duration and P2, however, no interaction was found. First and second mating 
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duration were not significantly different (regression: r2 = 0.008, p = 0.7, n = 19, Figure 

5.6) and there was no statistically significant influence of second mating duration on P2 

(regression: r2 = 0.16, p = 0.07, n = 22, Figure 5.7). We should note that although a 

tendency for shorter mating duration was observed in these matings, it was independent 

of male origin and is more likely affected by smaller sample size compared with the 

female Sonoran crosses. P2 values were on average 0.74 ± 0.09 when the last male to 

mate was a SNCR males and 0.38 ± 0.09 on average, when the last male to mate was a 

SNFL male (Table 5.2).  

 

Productivity 

 

Several aspects of reproductive success in specific productivity should be taken 

considered before conclusions are reached regarding sperm use in Drosophila pachea.  

Due to difficulties in rearing the flies in the lab (frequent presence of mold had caused 

oviposition vials that yielded no offspring), we initially aimed to evaluate whether the 

number of offspring scored is a good representation of progeny size compared with 

females inseminated in the field. Previously, we estimated that wild caught Sonoran 

females mated 3-6 times, based on the number of identifiable paternal genotypes within 

their broods (Chapter 3). The total number of offspring in these broods was 45 

individuals on average (11 females originating from Navajoa city locality, Sonora). In our 

lab experiments we estimated P2 based on average brood size of 20 individuals and two 
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matings, thus compared to natural conditions we find our sample size to be adequate 

measure to continue and analyze productivity and sperm use patterns in D. pachea.  

 

The number of offspring produced with Sonora females mating experiments varied 

significantly between different crosses (ANOVA: F = 11, P = 0.0001, n = 267). In all 

cases average offspring number was higher when last male to mate originated from the 

vermillion stock, independent of whether the first male was from Sonora or Baja (Table 

5.2). At the same time, Drosophila pachea development success depends on relatively 

crowded culture vials compared with other Drosophila species (per. obs.). This might 

cause competition among larvae which was found to influence development time under 

such semi-starvation conditions in other Drosophila species (Miller 1964). As 

consequence, bias in productivity can cause misinterpretation of the observed P2 values. 

We measured vermillion and wild type female progeny counts following shared 

oviposition vials independent of cross mating, as well as compared eclosing time between 

these stocks. No significant difference was observed in progeny counts between 

vermillion and wild type stocks (ANOVA: F = 0.07, p = 0.8, df = 1, n = 62, Figure 5.8). 

Vermillion and SNCR females had on average similar numbers of offspring emerging 

with a slight tendency for higher productivity by the mutant strain similar to the outcome 

of the cross mating experiments. Average progenty size for vermillion females was         

38.8 ± 2.3 and 34.4 ± 2 for the SNCR (wild type) females. Eclosing patterns were similar 

between wild type and vermillion males as shown in the cross examples of OP/V and 
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V/OP (Figure 5.9a,b). Thus, the differences in reproductive output between the Sonoran 

matings did not affect the unique patterns of differential sperm use in these crosses.  

 

In contrast to any beneficial productivity attributes vermillion females might had in the 

Sonora females cross matings, using both wild type stocks in the Baja female cross 

matings (a genetic marker was used to differentiate between the populations) revealed no 

significant difference in progeny number (ANOVA: F = 0.01, p = 0.9, n = 22, table 5.2). 

Mean number of offspring for these crosses was the same, 26 individuals.  

 

The differential use of Sonoran male sperm both by Sonora and Baja females raised the 

possibility that more sperm might be transferred by Sonoran males compared with Baja 

males. As consequence, the higher productivity of Sonoran males might explain the bias 

in P2. When we compared the progeny number of Baja females (SNFL) and Sonora 

females (SNCR) that mated twice to either contypic (same region) or heterotypic (across 

the gulf) males, no significant difference was found between all four crosses (ANOVA:  

F = 0.29, p = 0.83, df = 3, n = 103; Figure 5.10). Thus, Sonora males did not have higher 

productivity compared with Baja males although their sperm was preferentially use by 

females from both regions. 
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DISCUSSION 

 

In the past 30 years a growing conviction in evolutionary biology research is that the 

genetics of speciation is much more subtle than simply measuring genetic differentiation 

between and within species. Rather the focus has shifted to finding the traits responsible 

for reproductive isolation. Identifying such traits is a prelude to more meaningful genetic 

studies of speciation (Howard et al.1998). Understanding patterns of sperm utilization by 

females is critical to evaluate the isolation potential of intra and inter populations and of 

species. Post-mating prezygotic isolation mechanisms show an increasing role in species 

divergence as more information has been gathered on various plants and animal mating 

systems. A common observation of mating between sister taxa reveals preference of 

conspecific male sperm in fertilization when both conspecific and heterospecific sperm 

are present. For example, when female Drosophila simulans were mated to D. simulans 

and D. mauritiana male; the conspecific male fathered the majority of offspring 

produced. Similar observations were reported in ground crickets, Allonemobius fasciatus 

and A. socius when matings between a female and both a conspecific and a heterospecific 

male resulted in mostly conspecific progeny, independent of the mating order (Howard et 

al. 1998). At the same time, multiple intraspecific matings resulted most often in the last 

male to mate typically siring the majority of the female’s offspring (Simmons and Siva-

Jothy 1998).  
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In Drosophila pachea, initial observations of intertypic matings (between populations) 

suggested female preference for contypic sperm, similar to the phenomenon of 

conspecific (between species) sperm precedence. When Sonora females mated with both 

Sonora and Baja males, the majority of offspring originated from the Sonoran male. 

However, when the direction of crosses was reversed and Baja females mated with both 

Baja and Sonora males, a different pattern was observed in which the heterotypic male 

was siring most offspring. Hence, preference for outbreeding and hybridization occurs 

together with differential sperm use in this species depending on mating direction. 

Previously, asymmetrical reproductive isolation was reported in Hawaiian Drosophila in 

relation to pre-mating isolation mechanism, i.e. courtship behaviour (Kaneshiro 1980, 

Watanabe and Kawanishi 1979). In both studies it was suggested that mating preferences 

predicted the direction of evolution such that either courtship elements were lost or 

gained in derived populations following drift during founder event; hence, causing lack 

of mating recognition between the derived and ancestral populations. A later study 

showed that mating preferences are not predictive of evolutionary trajectory (Markow 

1981). Drosophila pachea originated in south Baja, spreading northward through Baja 

and Sonora while splitting between the peninsula and the mainland as the sea way 

trajectory spreads further north (Heed 1982). Consequently, as ancestral origin Baja 

populations might have maintained certain post-mating prezygotic recognition 

characteristics, Sonora females and males might be in the process of evolutionary change 

that affects sperm interactions within the female reproductive tract. Whether this is a 
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plausible scenario for this species can be evaluated by studying mate choice experiments 

in contrast to the sequential mating experiments conducted here. 

 

A complementary explanation to the above is that on evolutionary and geographical 

scales, Sonoran males have experienced higher intensity of sperm competition compared 

with Baja males. Multiple mating and the presence of multiple ejaculates within the 

female reproductive tract have long been viewed as the primary condition for sperm 

competition to evolve. High female remating frequency was observed both in Baja and 

Sonora as paternity analysis comparison revealed (Chapter 3). However, this observation 

is limited to a specific point in time and it is unclear how variation in remating frequency, 

population size, evolutionary and geographical scales might affect the manifestation of 

sperm competition between males of the two regions.   

 

In order to further study the potential for differences in sperm competition intensity we 

need to explore potential mechanisms sperm competition in addition to identifying 

patterns of sperm use. For example, patterns of seminal proteins transfer in relation to 

male geographical origin might change and consequently affect female receptivity and 

oviposition behavior (reviewed in Swanson and Vacquier 2002). Measuring the amount 

of seminal proteins transferred by males of different geographical origin when females 

are doubly mated to contypic and heterotypic males might explain the fertilization 

preference by the Sonoran male sperm of both Sonora and Baja females. In addition to 

possible sperm competition within the female reproductive tract, benefits for female 
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fitness can further explain patterns of differential sperm use. Recently, Peng et al. (2005) 

have shown that Drosophila sex-peptide stimulates female innate immune system in the 

first 6 hours after mating which prevent encounter of putative immunogenic attacks.  

Post-mating reproductive isolation mechanism was primarily studied though measuring 

productivity outcome of cross matings between geographic different populations. Prior to 

these, we established that lab conditions are a good representation of the natural mating 

conditions in relation to number of offspring produced. In addition, we found that using a 

mutant stock in the cross mating experiments did not affect productivity and 

consequently P2 values, although previous studies suggested that the very low 

frequencies of morphological mutants in natural populations indicate that these mutations 

generally confer a lower fitness on their carriers compared to wild type (reviewed in 

Powell 1997). 

 

The productivity outcome in the various cross matings did not differ in relation to male 

geographical origin. Furthermore, no differences were found in progeny numbers of Baja 

and Sonora females that were doubly mated either to males of their own region or the 

across the Gulf. Thus, the preferential sperm use of Sonoran males independent of the 

female mating direction might be a consequence of within female reproductive tract 

interactions rather than productivity differences that if present indicate post-mating 

isolation. 
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The significance of sperm use asymmetry in D. pachea is heightened when compared 

with studies of conspecific sperm precedence in other Drosophila species. Little to no 

sperm precedence was found between two subspecies of Drosophila pseudoobscura and 

between two Drosophila melanogaster races (Dixon et al. 2003). The researchers 

concluded that conspecific sperm precedence does not evolve prior to other isolation 

mechanisms such as hybrid sterility or behavioral mating discrimination in these species. 

Cautiously stated, Drosophila pachea might be an important example for which sperm 

precedence mechanism evolve prior to any other isolating mechanism if indeed the 

species will continue and differentiate both genetically and reproductively.  
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Table 5.1 Initial stock bottles conditions following collection of flies in the field 

 
Geographical 

region 
Population Females Males Total 

number of 
adults 

Collection 
period 

OPNM 23 17 40 Oct 2000 
SNJN 28 28 56 Nov 2000 

SONORA 

SNCR 14 23 37 Nov 2000 
SNFL 11 34 45 May 2003 BAJA 
CICO 57 29 86 Jan 2001 
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Table 5.2 Copulation duration, offspring number and sperm use (P2) values for 

cross mating experiments between females and males of different geographical 

distance. 

 
Mating sequence 

       
                                      
Female   1st male   2nd male 

Geogrphic 
origin of 

the 2nd male 
to mate 

1st  
copulation 
duration 

(min) 
Mean 
(SE) 

2nd 
copulation 
duration 

(min) 
Mean 
(SE) 

Number 
of 

offspring 
Mean 
 (SE) 

P2 
Mean 
 (SE) 

n 

ver ver OPNM 40.9±1.6 33.9±1.4 38±3.5 0.5±0.05 35 
ver OPNM ver 40.5±1.9 35.8±1.9 48.6±4.4 0.57±0.05 38 
ver ver SNJN 40.1±2.5 35.7±1.1 34.4±4.6 0.6±0.05 20 
ver SNJN ver 40.9±1.7 43.4±2.5 61.8±4.4 0.55±0.03 22 
ver ver SNCR 

SONORA 

40.1±1.2 31.3±2 23±1.6 0.53±0.07 20 
ver SNCR ver 32±2 33.7±1.8 29.3±3.2 0.054±0.06 23 
ver ver SNFL 45.3±1.4 33.1±1.8 30.5±3.2 0.33±0.04 23 
ver SNFL ver 39±2 42.2±1.7 39±4 0.62±0.05 19 
ver ver CICO 40.2±2.4 34.2±2.1 22.7±1.8 0.45±0.06 22 
ver CICO ver 

BAJA 

35.5±8.7 38.2±1.4 29.4±2.3 0.7±0.04 40 
SNFL SNFL SNCR SONORA 36.1±3.5 31±2.8 26.2±2.6 0.74±0.09 11 
SNFL SNCR SNFL BAJA 30.1±2.3 24.4±2.1 26.6±3 0.38±0.09 11 
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Figure 5.1  The geographical origin of the stock populations used in the cross mating 

and productivity experiments. 
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Figure 5.2 First and second mating duration of Sonoran female cross mating 

experiments independent of cross type. 
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Figure 5.3 P2 values of Sonoran female cross matings as function of second mating 

duration. 
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Figure 5.4 Crosses that examined P2 values between Sonoran and Baja localities 

using mutant strains originating from Sonoran populations. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

V/OP OP/V V/SJ SJ/V V/SC SC/V V/CC CC/V V/SF SF/V

Mating Order

P2

35 38 22 40 20 27 23 19 20 23

SONORA BAJA



 

 

189

Figure 5.5  Crosses that examined P2 values between Sonoran and Baja localities 

using genetic marker. 
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Figure 5.6 First and second mating duration of Baja female cross matings 

independent of cross type. 
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Figure 5.7  P2 values of Baja female cross matings as function of second mating 
duration. 
 
 

R2 = 0.16
p=0.07

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
0.8

0.9

1.0

0 10 20 30 40 50 60

2nd Mating duration (min)

P2

 



 

 

192

Figure 5.8  Mean and SE offspring number in doubly occupied oviposition vials with 

Vermillion and San Carlos inseminated females. 
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Figure 5.9  Number of offspring as function of emergence day. Panel a shows the 

eclosing time compared between vermillion and wild type offspring from ver/OPNM 

cross. Panel b shows the eclosing time compared between vermillion and wild type 

offspring from OPNM/ver cross. 

a. 

0

50

100

150

200

250

0 1 2 3 4 5 6 7

Eclosing day

N
um

be
r 

of
 o

ffp
ri

ng

Vermillion
Wild type

 
 
b. 
 

0

50

100

150

200

250

300

350

0 1 2 3 4 5 6Eclosing day

N
um

be
r 

of
 o

ffs
pr

in
g

Vermillion
Wild type

 



 

 

194

Figure 5.10 Number of offspring compared between Sonora and Baja females mated 

to males of the same or different geographic origin. 
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