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ABSTRACT
The cactophilic Drosophila mojavensis species group living in the deserts
and dry tropical forests of the Southwestern United States and Mexico provides a
valuable system for studies in diversification and speciation. My dissertation addresses a
variety of evolutionary genetic questions using this system.
Rigorous studies of the relationships between host races of D. mojavensis and the
relationships among the members of the species group (D. mojavensis, D. arizona, and D.
navojoa) are lacking. I used mitochondrial CO1 sequence data to address the
phylogenetics and population genetics of this species group (Appendix A). In this study I
have found that the sister species D. mojavensis and D. arizonae share no mitochondrial
haplotypes and thus show no evidence for recent introgression. I estimate the divergence
time between D. mojavensis and D. arizonae to be between 0.66 and 0.99 million years
ago. I performed additional population genetic analyses of these species to provide a
basis for future hypothesis testing.
In Appendix B, I report the first example of substantial intraspecific
polymorphism for genetic factors contributing to hybrid male sterility. I show that the
occurrence of hybrid male sterility in crosses between Drosophila mojavensis and its
sister species, D. arizonae is controlled by factors present at different frequencies in
different populations of D. mojavensis. In addition, I show that hybrid male sterility is a
complex phenotype; some hybrid males with motile sperm still cannot sire offspring.
The large degree of variation between isofemale lines in producing sterile hybrid
sons suggests a complex genetic basis to hybrid male sterility warranting quantitative
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genetic analysis. Since the genes underlying hybrid male sterility in these species are not
yet fixed, I am able to perform explicit genetic analysis of this reproductive isolating
mechanism. In Appendix C, I present the results of mapping QTL for hybrid male
sterility within species. The genetic architecture underlying hybrid male sterility when
analyzed directly in the F1 is highly complex. Thus, hybrid male sterility arises as a
complex trait in this system and we propose a drift-based model for the evolution of this
phenotype.
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CHAPTER 1: INTRODUCTION

Explanation of the Problem and Its Context
One overarching motivation for the study of evolutionary biology is the desire to
understand how the broad phenotypic diversity observed in the biosphere came to be.
One crucial element to understanding variation is to develop a sense of the genetic
contributions to observed phenotypic patterns. The pool of genetic material that can be
used to generate phenotypes is contained within the genome. Thus, understanding how a
genome becomes a defined and unique entity is one of the fundamental challenges to
evolutionary biology. The process by which genomes residing in sexually reproducing
organisms become isolated is called speciation. Therefore, the ability to describe the
partitioning of much of the phenotypic diversity observed in the biosphere into finite taxa
resides in understanding the genetic mechanisms of speciation.
In my dissertation research I adhere to the Biological Species Concept (BSC),
which provides a well defined and biologically relevant model for how speciation occurs.
The BSC was proposed by Dobzhansky and Mayr, at the dawn of the genetic era, to
reconcile obvious gene flow occurring within phenotypic groups with the lack of gene
flow occurring between such phenotypic groups, allowing for phenotypic diversification
(Dobzhansky 1937; Mayr 1942). They proposed that species are defined by their ability to

exchange genetic material within their group while being prevented by reproductive
isolating mechanisms, from exchanging genetic material between such groups. These
isolating mechanisms have been the focus of extensive research since their existence was
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proposed, and there is now overwhelming evidence that the BSC is an accurate definition
of species in sexually reproducing organisms. Despite this evidence, a general
understanding of the genetics of these mechanisms has yet to be developed, and there is a
pressing need for additional studies to understand how these mechanisms actually evolve.
Some of the general questions that have yet to be addressed satisfactorially are the
following: How are the genetic mechanisms of speciation related to degree of genetic or
phenotypic divergence? How important is ecology in driving speciation? Is speciation
the result of predominantly neutral (demographic) or non-neutral (selection) processes?
How similar are the primary mechanisms of speciation across taxa?

Literature Review
Levels of isolation
Genetic exchange between two or more groups that is limited and ultimately
completely prevented results in speciation. The barriers to exchange can occur at three
major levels in the continuum of possible hybridization. The first level is prematingprezygotic, where individuals of two groups may be unable to interbreed due to
behavioral, ecological, or mechanical isolation. For example, a female of one population
may be unimpressed by the courtship display of males from another population eg.
(Wiernasz and Kingsolver 1992), or, if she is wooed, perhaps the anatomy of the male’s
mating structures prevents successful copulation eg. (Paulson 1974). The second level of
isolation is postmating-prezygotic. At this stage, if mating occurs, it is possible that male
gametes and/or seminal fluid are incompatible with the female’s reproductive tract or
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eggs. For example, in many Drosophila species, an insemination reaction mass develops
within the female’s reproductive tract (Patterson and Stone 1952) and the severity of this
reaction can vary with genetic distance between the mating partners to the point that the
female may be completely unable to reproduce (Knowles and Markow 2001). Another
example post-mating prezygotic isolation occurs in marine organisms where there is free
mixing of the gametes of many species in the open water. Proper fertilization is at least
partially mediated by proteins on the surface of the egg and sperm allowing for
specificity (Palumbi and Metz 1991; Vacquier, Swanson et al. 1997; Vacquier 1998;
Palumbi 1999). Divergence in these surface proteins lead to reproductive isolation. The
third level is postzygotic, where fertilization of the egg by the allospecific sperm has
occurred, but the resulting hybrid (zygote), or its subsequent progeny, experiences a
reduction in fitness relative to the parental types, preventing genes from one group from
moving into the genomes of the other group. Postzygotic isolation generally takes two
forms; one is hybrid inviability and the other is hybrid sterility.

Basic theories and patterns in postzygotic isolation
The genetics of speciation are likely to be derived in what is described as the
Dobzhansky-Muller model of reproductive isolation (Bateson 1909; Dobzhansky 1937;
Muller 1940; Muller 1942). The challenge to the field of speciation genetics was to
determine how a trait that decreases fitness in hybrids could ever evolve between two
populations sharing a common ancestral genome without either population passing
through a state of reduced fitness. The answer is that with at least two loci it is possible
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to have a genetic incompatibility in hybrids that evolves without reducing the fitness of
either parent. If derived alleles arise in separate populations and become fixed by drift or
selection at the two loci independently, then, upon discovering themselves within the
same genome in a hybrid, the derived alleles at the two loci may be epistatically
incompatible with one another, leading to a decreased fitness in the hybrid. Or, if the two
loci with derived alleles arose and became fixed sequentially in the same species, then the
second derived allele may be incompatible with the ancestral allele at the first locus in the
other species.
Orr (Orr 1995) expanded the Dobzhanksy-Muller model to describe how the
number of incompatibilities between a diverging pair of populations will increase over
time. Essentially, the number of incompatibilities between two populations will increase
as a function of the square of their divergence times. Thus, the genetic incompatibilities
that may initially have defined the two species can quickly become obscured by
subsequent genetic differences, making it difficult for a researcher to discern the original
cause for reproductive isolation. Therefore, if the goal is to understand the dynamics of
speciation, which are only relevant before two incipient species are completely isolated,
one must study a pair of recently diverged populations where the number of
incompatibilities should be relatively small and perhaps not yet fixed.
Two general patterns in the way postzygotic isolation develop have been well
characterized in species pairs studied thus far. The first pattern is known as Haldane’s
rule (Haldane 1922). The rule states that, if there is a decrease in hybrid fitness in only
one sex, the heterogametic sex (the one with differentiated sex chromosomes) is the most
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likely to be affected. This generally holds true for species pairs in which the male is the
heterogametic sex, such as Drosophila and mammals (Coyne and Orr 2004) Table 8.1,
and interestingly, also holds in species pairs, such as in Lepidoptera (Presgraves 2002)
and birds (Price and Bouvier 2002; Tubaro and Lijtmaer 2002; Lijtmaer, Mahler et al.
2003) , where the female is the heterogametic sex. The second pattern, though less
robust, is also intriguingly common; hybrid sterility often appears before hybrid
inviability (Wu 1992; Coyne and Orr 1997). Taken together, these patterns suggest that
the earliest manifestation of postzygotic isolation will be as hybrid sterility in the
heterogametic sex.
These patterns beg several questions. First, what is the genetic basis of hybrid
sterility, and how does it evolve so that it would show similar patterns across the different
heterogametic sexes of varied taxa?

Second, what is the genetic basis of hybrid

inviability and how does it evolve such that it would show such a consistently different
pattern of occurrence than hybrid sterility?

Patterns resulting from previous genetic analyses of postzygotic isolation
In their 2004 book (Table 8.2), Coyne and Orr report the estimated number of
genes underlying hybrid sterility or inviability (hybrids being defined as any posthybridization generation) in 17 Drosophila species pairs, one wasp species pair
(Nasonia), one fish species pair (Xiphophorus), one grasshopper species pair (Podisma),
one toad species pair (Bombina) and two plant species pairs (Mimulus and Helianthus).
All estimates except one (Kaufmann 1940) concluded that there were at least two genes
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underlying the incompatibilities as predicted by the Dobzhansky-Muller model. In all
species pairs where the number of genetic factors for both male and female hybrid
sterility were estimated (3), the number of male factors was greater than the number of
female factors. One might ask, why, if female sterility appears to have a simpler genetic
basis than hybrid male sterility, does female sterility not appear earlier in the speciation
process? There are several possible answers. First, it is possible that differences in their
rates of divergence is driven by stronger divergent selection on male fertility traits in the
parental populations (Wu and Davis 1993; Wu, Johnson et al. 1996). Another possibility
is that female sterility really does have a simpler genetic basis and there are fewer loci at
which detrimental mutations could occur, so the probability that any given mutation will
cause hybrid female sterility is smaller than that which will cause hybrid male sterility.
Finally, it is possible that male fertility is a developmentally delicate genetic trait (e.g. it
is built on many unique genetic interactions) so that, like a house of cards, one small
perturbation to the genetic system leads to collapse.
In addition, in the Coyne and Orr (2004, Table 8.2) summary, in all species pairs
where the number of genes underlying both hybrid male sterility and hybrid inviability
were estimated (5), the number of male sterility factors was greater than the number of
hybrid inviability factors. These studies help us to understand that hybrid male sterility is
indeed affected by more genes than hybrid inviability or female hybrid sterility, at least in
Drosophila, but they do not shed a direct light on how or why hybrid male sterility
behaves this way.
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Problems with previous studies
Little effort has been made to characterize the amount of phenotypic variance that
may occur in postzygotic isolation. Evidence for significant within-species polymorphism
for between-species postzygotic isolation has been found in five systems that I am aware
of thus far, Drosophila pseudoobscura (Macknight 1939), Tribolium beetles (Wade and
Johnson 1994; Wade, Johnson et al. 1997), Drosophila mojavensis (Reed and Markow
2004), Drosophila bipectinata (Kopp and Frank 2005), and Chorthippus parallelus
grasshoppers (Shuker, Underwood et al. 2005). Most studies in Drosophila, the genus
with the greatest potential for actually understanding the genetics underlying speciation,
do not attempt to look for variance within or between populations. They group
individuals in mass matings and mass cultures making it impossible to describe variance
that may occur among individuals. Classical and quantitative genetics depend on the
presence of phenotypic variance (different phenotypes within an interbreeding group) to
allow for the characterization of the genetic nature of the phenotypes. Thus, studies that
focus on characterizing the amount of variance in speciation traits occurring within
species are long overdue. My work will address just these issues in a highly tractable
experimental system. I approach this problem both from phenotypic and genotypic
directions. I characterize the amount of phenotypic variation for interspecies postzygotic
isolation occurring within a species and I determine the number and nature of genetic
elements underlying that variation using QTL analysis.
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Requisites for a good study system
A good system for the study of the genetics of speciation has to have several
important characteristics. 1.) The ecological context of the system must be accessible for
field research on hypothesis testing of ecological causes for population differentiation.
2.) One must have a clear sense of the population genetic structure and relationships
within the two species and be able to account for population specific variation in isolation
and the potential for gene flow to make predictions about the patterns of reproductive
isolation. 3.) The species must be of recent origin to avoid studying genetic differences
that did not contribute to the initial isolation of the species. 4.) There must be variation
within one or both species for the traits of interest to allow for genetic analysis. 5.) The
system must be amenable to laboratory study with reasonably short generation times. 6.)
The system must have the potential for molecular genetic analysis. 7.) The system has to
have some scientific history so that current research can ask more sophisticated questions
rather than characterizing the basic biology. My system bears all of these traits.

Drosophila mojavensis/D. arizonae system
Requisite 1: Drosophila mojavensis is a cactophilic species found in the Sonoran
and Mojave Deserts of North America (reviewed in (Markow and Hocutt 1998)). It was
first described from a collection of flies from the Chocolate Mountains in the Mohave
Desert of southern California (Patterson, Brown et al. 1940). Only later was it
discovered to be widespread in the Sonoran as well as the Mojave Desert. Mettler
(Mettler 1963), based upon morphology and coloration, divided D. mojavensis into two
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races: Race A (D. mojavensis mojavensis) in the Mojave Desert of California, and Race B
(D. mojavensis baja), from the Sonoran Desert in Baja California, southern Arizona, and
Sonora. Based upon allozyme studies, Zouros (Zouros 1973) further subdivided the
Sonoran Desert or B race into B1 in Sonora, and B2 in the Baja California peninsula.
Finally, an additional population was discovered breeding on Santa Catalina Island off
the coast of California. Based upon chromosome inversions, Ruiz et al(Ruiz, Heed et al.
1990) grouped the Santa Catalina Island population with the flies from the Mojave
Desert, or race A, although a subsequent allozyme survey suggested that the Catalina
population was different from those in southern California (Hocutt 2000). These four
geographically separated regional groups of D. mojavensis each specialize on different
local cactus hosts. Sonoran Desert populations use different host plants on the two sides
of the Sea of Cortez. On the Sonoran mainland, including southern Arizona, D.
mojavensis, is primarily associated with organ pipe cactus (Stenocereus thurberi) though
it occasionally uses cina (Stenocereus alamosensis) (Ruiz and Heed 1988). In a small
area near Desemboque, Sonora, they utilize the pocket of pitaya agria (Stenocereus
gummosus). In Baja Californa, these flies utilize agria (Stenocereus gummosus) almost
exclusively, although organ pipe is abundant as are other occasional columnar hosts,
barrel cactus and opuntia. Barrel cactus (Ferocactus cylindraceus), is the host for those
populations found in the Mojave Desert, while on Catalina Island, the a prickly pear
(Opuntia spp.) serves as the host. These four regional groups of D. mojavensis show
various degrees of pre- and postmating reproductive isolation from each other (Zouros
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and D'entremont 1980; Krebs and Markow 1989; Markow and Hocutt 1998; Hocutt
2000; Knowles and Markow 2001; Pitnick, Miller et al. 2003; Massie and Markow 2005).
Drosophila arizonae, the sister species to D. mojavensis, was first described as D.
arizonensis from specimens collected in Pima Country, Arizona (Patterson and Wheeler
1942) and was subsequently redescribed as D. arizonae (Ruiz, Heed et al. 1990)
following misuse of the name, D. arizonensis to refer to D. mojavensis (Vilela 1983).
The species distribution includes southwestern New Mexico, southern Arizona, and
mainland Mexico all the way south into Guatemala (Heed 1982). It also found in
increasing numbers on the tip of the Baja Peninsula (Markow, unpublished) and recently
has been found breeding on citrus in the Anza Borrego desert and in Riverside, CA
(Markow and Reed, unpublished). D. arizonae uses the columnar cina cactus
(Stenocereus alamosensis) as its primary host in the Sonoran Desert but has also been
found using saguaro (Carnegia gigantean), organ pipe (S. thurberi), pitaya agria (S.
gummosus), and various opuntias (Ruiz and Heed 1988), and, as mentioned above, it has
been found using citrus fruits as well. There is little information on its host use in the
southern portion of its range. D. arizonae can be considered a relative host generalist
that is capable of using columnar cacti hosts. D. arizonae is sympatric with its sister
species, D. mojavensis, in the Mexican states of Sonora and Sinaloa and they have some
larval niche overlap in that region having both been raised from rots collected from organ
pipe, cina, and pitaya agria cactuses (Ruiz and Heed 1988).
Requisite 2: Multiple researchers have characterized the population structure for
these two species(Wasserman and Koepfer 1977; Johnson 1980; Wasserman and Koepfer
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1980; Heed 1982; Ruiz, Heed et al. 1990; Etges, Johnson et al. 1999). Early work with
chromosome inversion polymorphisms and later with allozymes shows that D.
mojavensis exhibits much more population structure than D. arizonae. In my dissertation
work I have developed a population phylogeny for these species (Appendix A) based on
mitochondrial DNA sequences for the CO1 gene. I sequenced a large number of flies
from multiple populations of D. mojavensis, D. arizonae, and their sibling species, D.
navojoa. This phylogeny challenges some of the long held beliefs about how and when
the species and their populations evolved (Wasserman and Koepfer 1977; Johnson 1980;
Wasserman and Koepfer 1980; Heed 1982; Ruiz, Heed et al. 1990; Etges, Johnson et al.
1999). The basic pattern shows that the two focal species are completely differentiated
for their mitochondria (they have no shared haplotypes). Contrary to earlier reports (Ruiz
et al. 1990), D. mojavensis that breed on barrel cactus (subspecies mojavensis) are basal,
while the opuntia breeding Catalina Island flies are derived from within the clade of
columnar cacti breeding D. mojavensis (subspecies baja: Baja California and baja:
Sonora). This phylogeny and population genetic analysis provides a historical context for
observations about reproductive isolation.
Requisite 3: Using a molecular clock for the mitochondrial sequence data, we
estimate that D. mojavensis and D. arizonae diverged less than one million years ago,
significantly less than that hypothesized by earlier models of their speciation (driven by
geographic isolation as the Baja Peninsula split off of Mexico about 5 million years ago),
and also significantly less than other Drosophila species pairs in which speciation has
been studied (e.g. D. melanogaster-D. simulans at 2.5 million years). In addition, the
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genetic distance (D) between D. arizonae and D. mojavensis is less than in other popular
systems for the study of the genetics of speciation (Coyne and Orr 1989). Thus, in terms
of absolute time and genetic distance, D. mojavensis and D. arizonae are a very recently
diverged species pair.
Requisite 4: In 1990, Ruiz et al. described the population of D. mojavensis
occurring on Santa Catalina Island, and reported within-species polymorphism for
postzygotic isolation. They claimed that unlike all other D. mojavensis populations,
when females derived from the Catalina Island population were mated to D. arizonae
males, the resulting hybrid male offspring were sterile. Reed and Markow (2004,
Appendix B) endeavored to confirm whether this sterility was indeed fixed within the
Catalina Island population, and whether there was any evidence for hybrid male sterility
in other populations of D. mojavensis. We found significant within- and betweenpopulation variation for this trait. The characterization of this within-species variation
for between-species isolation provides the first opportunity to determine the genetic basis
for postzygotic isolation in the F1 hybrid generation in a species pair that is still
experiencing dynamics of speciation.
Requisites 5 and 6: Drosophila almost automatically meet the requirements for
easy laboratory manipulation and the use of molecular genetic techniques. These species
are easy to establish and maintain in the lab, and their generation time is about three
weeks. Also, we can borrow genetic information and techniques perfected in the popular
D. melanogaster and the D. mojavensis genome is now fully sequenced (Agencourt
Biosciences), providing for genomic analyses.
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Requirement 7: Finally, the requirement that the system have a history of
scientific investigation is also satisfied by D. mojavensis/D. arizonae. A large amount of
research has been done on this system starting in the 1940's when Patterson et al. first
described D. mojavensis (Patterson, Brown et al. 1940). The work most relevant to this
proposal was initiated by Wasserman in 1962 (Wasserman 1962), and important
additional work was conducted by E. Zouros and colleagues starting in 1973 (Zouros
1973). They have qualified the nature of postzygotic isolation occurring between D.
mojavensis and D. arizonae and mapped the genetic basis of hybrid male sterility
resulting from female D. arizonae mated to male D. mojavensis, as well as determining
the chromosomal basis of hybrid inviability and sexual isolation of the two
species(Zouros 1973; Zouros and D'entremont 1974; Zouros and D'entremont 1980;
Zouros 1981; Zouros 1981; Zouros 1981; Zouros and Vigneault 1983; Vigneault and
Zouros 1986; Pantazidis and Zouros 1988; Zouros 1991; Pantazidis, Galanopoulos et al.
1993). In the sterility research, Zouros et al. has isolated factors contributing to hybrid
male sterility to the third, fourth and y chromosomes. The x-chromosome was not been
tested and but the cytoplasm was shown to have no influence on hybrid male sterility.

Explanation of Dissertation Format
My dissertation work focuses on the Drosophila mojavensis/ D. arizonae species
pair which shows great promise for studies in the ecology and genetics of speciation as
discussed above.
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In Appendix A, I give extensive analyses of the population genetics and
phylogenetic relationships of the populations of these two species and their sibling taxa
using mitochondrial sequence data. This work provides a historical context in which
speciation and ecological studies of this system can be placed. I challenge some of the
long held beliefs about how this system evolved that I think will force myself and other
researchers to reconsider the role of geography and ecology in the diversification of this
system. My collaborators on this work were Megan Nyboer and Therese Markow,
though I performed much of the lab work and all of the analyses.
In Appendix B, I present the evidence for substantial within and between
population variation in D. mojavensis for hybrid male sterility when D. mojavensis are
the mothers and D. arizonae are the fathers. This study was one of the first to
systematically search for within species polymorphism for between species postzygotic
isolation. The findings show that there is significant genetic polymorphism for the trait
of hybrid male sterility in D. mojavensis. This work provides the basis for the mapping
study presented in Appendix C. I performed all of the laboratory work and subsequent
analyses in this study.
Appendix C presents the results of a quantitative trait locus (QTL) mapping study
for the hybrid male sterility factors indicated by the study in Appendix B. We find QTL
of major effect as well as evidence for substantial within species epistatic interactions for
this trait. We also find that there is likely to be a substantial X-chromosome or cytoplasm
effect on the genetics of this trait do to differences found in the reciprocal crosses. This
is the first study to characterize the genetic architecture of a postzygotic isolation trait
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within the F1 generation. My collaborators in this study were Brooke A. LaFlamme and
Therese A. Markow. Brooke contributed to the fly maintenance and breeding as well as
the bench work for genotyping. I performed all of the phenotyping, genotype calling, and
subsequent analyses.
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CHAPTER 2: PRESENT STUDY

The detailed methods, results, and findings of this study are presented in the
papers appended to this dissertation. The follow is a summary of the most important
findings in this document.
Appendix A is a detailed study of the population genetics and phylogenetics of
the Drosophila mojavensis species group using the CO1 mitochondrial gene. This group
contains the species D. mojavensis, D. arizonae, and D. navojoa. A fourth enigmatic
species, D. huaylasi, is also considered. I perform population genetic analyses on 15
populations from the four host races of D. mojavensis and 6 populations of D. arizonae.
The host races or regional groups considered in D. mojavensis are the Baja Peninsula, the
Mainland Sonoran Desert, the Mojave Desert, and Santa Catalina Island. The regional
groups considered in D. arizonae are the Baja Peninsula, the Mainland Sonoran Desert,
and Riverside, California. I found significant differentiation within and between regional
groups in D. mojavensis, and within and between all but the Baja regional group in D.
arizonae. Phylogenetic analyses were performed on all of the haplotypes found in the
population survey as well as haplotypes found in older stocks of D. arizonae, D. navojoa,
and D. huaylasi. Including older stocks for D. arizonae allowed me to sample from
regions of the distribution where we had no recent collections, specifically from areas of
Southeastern Mexico. I had several important results from the phylogenetic analyses.
Within D. mojavensis, there is substantial phylogenetic structure. The Mojave regional
group is basal to the rest of species (contrary to other hypothesis about the relationships
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among these groups) and the Mainland Sonoran Desert has its own monophyletic clade as
well as having some haplotypes that group in the predominantly Baja Peninsula clade.
The Catalina Island population is most closely related to the Baja/Sonoran clade rather
than being more closely related to the Mojave flies, and it has been isolated for a fairly
long period of time. D. arizonae also showed substantial phylogenetic structure, with the
major break being between haplotypes from Southeastern Mexico and the rest of the
species’ distribution. A final surprise in the phylogenetic analysis was that D. hauylasi
was found to be the sister species to D. navojoa, and they, in turn, form the sister clade to
D. mojavensis/D. arizonae. I estimate the time of divergence between D. mojavensis and
D. arizonae to be between 0.66 and 0.99 MYA, the isolation of the Mojave clade within
D. mojavensis to be between 0.45 and 0.68 MYA, and the isolation of the Catalina Island
population to be between 0.27 and 0.41 MYA.
Appendix B presents the study of the phenotypic polymorphism for hybrid male
sterility found within D. mojavensis. Ruiz et al. (1990) identified a difference between
the Santa Catalina Island population and other D. mojavensis populations in the presence
of hybrid male sterility when female D. mojavensis are mated to male D. arizonae. I
expanded on this finding by quantifying the variation for this trait within and between
populations using multiple isofemale lines from five populations including Santa Catalina
Island. I used the presence or absence of motile sperm as a surrogate measure for male
fertility. Santa Catalina Island did show the lowest amount average hybrid fertility, but
fertility levels were also reduced from 100% in the other populations. In addition, the
Santa Catalina Island population had some isofemale lines that very high fertility.
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Overall, I found significant variation between populations, within populations, and within
isofemale lines for this trait. This finding shows that there are multiple genes underlying
hybrid male sterility and they are polymorphic within D. mojavensis. A second finding
of this study is that sperm motility does not guarantee that males can produce offspring.
Of those lines that produced males with motile sperm, only about half were able to
produce offspring when mated with any of a variety of different females. This result
shows that hybrid male fertility is a complex trait where in which breakdowns can happen
at multiple levels. This study is the first to systematically characterize within species
polymorphism for between species postzygotic isolation.
Appendix C is the quantitative trait locus (QTL) mapping study that builds off the
exciting observations found in appendix B. Since there is within species variation for the
between species postzygotic isolation, it becomes possible to map the genetic basis of this
isolation within the F1 hybrid generation for the first time. All previous genetic mapping
studies of postzygotic isolation have required designs that may disrupt coadapted gene
complexes and thus may not be showing the genetic basis of the actual phenotype of
interest; sterility or inviability within the F1 hybrid generation. We identified two inbred
lines from the Santa Catalina Island population that differed significantly for their hybrid
male sterility phenotype. These lines were crossed in a classical F2 design to produce
recombinant D. mojavensis mothers that were then mated to D. arizonae fathers. The D.
mojavensis mothers were genotyped at 25 microsatellite makers that differed between the
two parental lines and their hybrid sons were phenotyped for sperm motility. We scored
each testis of each male on a zero to six scale for the amount of motility observed. We
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found QTL of major effect for this trait as well as significant epistatic interactions
between QTL.

We also found a significant epistatic contribution of the X-chromosome

and possible effects of the cytoplasm due to differences found between reciprocal
crosses. Taken together, these results show that F1 hybrid male sterility is a highly
complex genetic trait even very early in its evolution.

An additional and unexpected

finding of this study is that there appear to be loci throughout the genome that influence
the ability of D. mojavensis females to produce hybrids, with an overall pattern of
heterozygote advantage.
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ABSTRACT
The cactophilic Drosophila mojavensis species group living in the deserts and dry
tropical forests of the Southwestern United States and Mexico provides a valuable system
for studies in diversification and speciation. Rigorous studies of the relationships
between host races of D. mojavensis and the relationships among the members of the
species group (D. mojavensis, D. arizona, and D. navojoa) are lacking. We used
mitochondrial CO1 sequence data to address the phylogenetics and population genetics of
this species group. In this study we have found that the sister species D. mojavensis and
D. arizonae share no mitochondrial haplotypes and thus show no evidence for recent
introgression. We estimate the divergence time between D. mojavensis and D. arizonae
to be between 0.66 and 0.99 million years ago. D. arizonae shows little structure in our
population genetic analyses but there is phylogenetic differentiation between southeastern
and northern populations of D. arizonae. D. mojavensis shows significant population and
phylogenetic structure across the four geographic regions of its distribution. The
mitochondrial data support an origin of D. mojavensis on the mainland with early
differentiation into the populations now found in the Mojave Desert and the Mainland
Sonoran Desert and later colonization of the Baja Peninsula, in contrast to previous
models. Also, the sister clade to D. mojavensis/D. arizonae includes D. navojoa and D.
huaylasi. By defining the genetic relationships among these populations, we provide a
foundation for more sophisticated hypothesis testing regarding the timing of early
speciation events and host switches in this species group.
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INTRODUCTION

Among the unresolved issues in speciation genetics is the relative timing of the
appearance of various reproductive isolating mechanisms relative to degree of genetic
differentiation. A preponderance of speciation genetics studies have employed
Drosophila and have focused primarily upon closely related pairs of species; estimating
genetic differentiation from allozyme data and relating pre- and postzygotic isolation in
species pairs with varying levels of divergence (Coyne and Orr 1989; Coyne and Orr
1997). This approach has been immensely informative regarding the relationship
between genetic differentiation and the strength of a given isolating mechanism after
speciation has occurred, but is unable to address questions about the earliest appearance
of reproductive isolation relative to genetic differentiation. Detecting early events in
speciation and relating them to genetic divergence requires that we examine populations
of the same species that are just beginning to exhibit reproductive isolation.

An exceptional model system for such studies is the group of cactophilic
Drosophila species endemic to North America, in particular D. arizonae and its sister
species D. mojavensis. The two species have been the subject of numerous studies of
interspecific and intraspecific reproductive isolation (reviewed in Markow and Hocutt
1998) and between them and their various geographic populations, provide a continuum
of reproductive incompatibilities. For example, the degree and nature of reproductive
isolation between D. arizonae and D. mojavensis depend largely on the population of
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origin of D. mojavensis (Wasserman and Koepfer 1977; Ruiz et al. 1990; Reed and
Markow 2004; Massie and Markow 2005). Second, geographic populations of D.
mojavensis differ significantly in the strength of reproductive isolation that exists among
them (Zouros and D’Entremont 1980; Markow 1991; Hocutt 2000).

The two species have different distributions within North America. Drosophila
arizonae has a widespread distribution: from southwestern New Mexico, southern
Arizona, and mainland Mexico all the way south into Guatemala (Heed 1982). It also
found in increasing numbers on the tip of the Baja Peninsula (Markow, unpublished) and
recently has been found breeding in citrus in the Anza Borrego desert and in Riverside,
CA (Markow and Reed, unpublished). Drosophila arizonae uses the columnar cina
cactus (Stenocereus alamosensis) as its primary host in the Sonoran Desert but has also
been found using saguaro (Carnegiea gigantea), organ pipe (S. thurberi), pitaya agria (S.
gummosus), and various opuntias (Ruiz and Heed 1988), and, as mentioned above, it has
been found using citrus fruits as well. There is little information on its host use in the
southern and eastern portions of its range. Drosophila arizonae can be considered a
relative host generalist that is capable of using columnar and opuntia cacti hosts. It is
sympatric with D. mojavensis in the Mexican states of Sonora and Sinaloa where they
have some niche overlap (Ruiz and Heed 1988).

Drosophila mojavensis is found in four different geographic areas and utilizes a
different host cactus in each (Figure 1). Based upon population differences in color and
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morphology (Mettler 1963), in ADH allele frequencies (Zouros 1973; Heed 1982) and
chromosomal inversion frequencies among its populations, D. mojavensis is considered
to occur as two races: Race A (D. mojavensis mojavensis) in the Mojave Desert of
California, Race B (D. mojavensis baja), from the Sonoran Desert in Baja California,
southern Arizona, and Sonora. Based upon allozyme studies, Zouros (Zouros 1973)
further subdivided the Sonoran Desert or B race into B1 in Sonora, and B2 in the Baja
California peninsula. Finally, an additional population was discovered on Santa Catalina
Island off the coast of California. Based upon chromosome inversions, Ruiz et al., (1990)
grouped the Santa Catalina Island population with the flies from the Mojave Desert, or
race A. There are reasons, however, to question the lumping of the Santa Catalina Island
population with the Race A flies found in the Mojave Desert. First, an allozyme survey
suggested that the Santa Catalina Island population was different from those in southern
California (Hocutt 2000). Second, the nature of reproductive isolation between female D.
mojavensis from Santa Catalina and male D. arizonae, is quite different from what is
observed when the same cross is made with D. mojavensis females from the other
localities (Ruiz et al., 1990; Reed and Markow 2004).

Populations of D. mojavensis are separated by areas in which there are no host
plants and thus potentially reduced gene flow (Turner, Bowers et al. 1995). For example,
the Sea of Cortez, approximately 70 miles wide, separates the populations in Baja
California from those in the mainland Mexican states of Sonora and Sinaloa. Similarly,
the 26-mile Catalina Channel separates Santa Catalina Island from the mainland of
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California. At the same time that we have geographic barriers to gene flow between
these regions, we see the utilization of different host cacti in each. These four
geographically separated regional groups of D. mojavensis each specialize on different
local cactus hosts. Sonoran Desert populations use different host plants on the two sides
of the Sea of Cortez. On the Mexican mainland, including southern Arizona (here after
referred to as Mainland Sonoran Desert regional group) D. mojavensis, is primarily
associated with organ pipe cactus (Stenocereus thurberi) though it occasionally uses cina
(Stenocereus alamosensis) (Ruiz and Heed 1988). In a small area near Desemboque,
Sonora (DE), they utilize the few pitaya agria (Stenocereus gummosus) found there. In
Baja California, these flies utilize agria (Stenocereus gummosus) almost exclusively,
although organ pipe is abundant as are other occasional columnar hosts. Barrel cactus
(Ferocactus cylindraceus), is the host for those populations found in the Mojave Desert
and Grand Canyon, while on Catalina Island, prickly pear (Opuntia spp.) serves as the
host because columnar cacti are absent.

Despite the importance of the D. mojavensis model system for speciation studies,
and the need to place observed levels of reproductive isolation in the context of genetic
divergence, existing levels of genetic differentiation among the four D. mojavensis
populations has never been examined using high resolution techniques. All published
relationships are inferred from chromosome polymorphisms and allozyme studies on
limited samples, and these are subject to conflicting interpretations. In addition, for D.
mojavensis a major contributor to the levels of allozyme based differentiation is the ADH
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locus. Because this locus is likely to be under selection (Matzkin and Eanes 2003), the
evolutionary relationships among the populations based upon allozyme studies may be
biased. Thus the degrees to which the different populations are genetically differentiated
remain unknown.
Here we utilize sequence variation in the mitochondrial CO1 gene to ask the following
questions: 1. What is the degree of genetic differentiation among the regional host areas
of D. mojavensis ?, 2. What is the degree of differentiation among regional populations
of D. arizonae?, and, 3. What are the evolutionary relationships among D. mojavensis,
D. arizonae, and D. navojoa, the third member of the mojavensis group?

MATERIALS AND METHODS

Population Samples
Population genetic variation was examined in two species of the Drosophila
mojavensis species group: D. mojavensis and D. arizonae. We collected 174 genetic
individuals from 15 populations of D. mojavensis and 102 genetic individuals from 8
populations of D. arizonae (Table 1, Figure 1, Supplement 1). Genotyped individuals
were either single flies from isofemale lines established from wild inseminated females or
individual wild-caught males. All collections were made between October 2000 and May
2003.
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For the phylogenetic analyses, we augmented the population samples with stocks
of D. arizonae, D. navojoa, and D. huaylasi (Fontedvila et al. 1990) from the Tucson
Drosophila Species Stock center and mass cultures of D. arizonae from our own lab for
locations where we were not able to take recent population samples (Table 2, Figure 1,
Supplement 2). D. huaylasi was included in this study because it was found to group
with the D. mojavensis species group in another phylogenetic study (Durando et al.
2000). At least two flies from each mass culture were sampled. These samples were not
included in any population genetic analyses.

DNA data collection
We used the manufacture’s protocol for the DNEasy kit (Qiagen, Inc., Valencia,
CA) to extract total DNA from single whole flies. A 710-base-pair fragment of the
mitochondrial encoded CO1 gene was amplified by polymerase chain reaction (PCR) for
each fly from raw genomic DNA. PCR primers (LCO and HCO) and PCR conditions are
described in Folmer et al. (Folmer, Black et al. 1994). PCR products were sequenced in
both directions using the PCR primers in an ABI3700 analyzer. Sequences were
proofread and aligned using SEQUENCHER 4.1 (GeneCodes Corp.). Sequences were
truncated to remove the primer binding sequence and ambiguous sites leaving a high
quality 658-base-pair sequence for all individuals used in this study. Sequences were
translated into amino acids and no stop codons or indels were found. They are also
similar to CO1 sequences reported for other Drosophila species thus we are confident
that our sequences represent the functional mitochondrial CO1 and not a pseudogene.
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We also re-amplified and sequenced any samples that had singleton haplotypes to rule
out PCR or sequencing error producing excess variation.
Population genetic analyses
We calculated the following CO1 genetic diversity indices, as implemented by
ARLEQUIN ver 2.000 (Schneider, Roessli et al. 2000), for each species and for the
regions within species as defined by Table 1: heterozygosity (h) (equation 8.6 in (Nei
1987)), the mean number of pairwise differences (π) (Tajima 1983), and θs (Watterson
1975) (Table 3). ARLEQUIN 2.000 was also used to calculate all pairwise genetic
differentiation (Fst) values between populations of D. arizonae and between populations
of D. mojavensis (Reynolds, Weir et al. 1983; Slatkin 1995) and significance was
determined by permutation at the 0.05 and the Bonferroni corrected levels. The
corresponding average number of historical migrants between populations (Nm) was
calculated using the equation for haploid data [(1/Fst)-1]/2 (Wright 1951). This estimate
is the number of migrants between two populations each generation required to generate
the observed Fst values assuming mutation-drift equilibrium within each population.
Analysis of molecular variance (AMOVA) (Excoffier, Smouse et al. 1992) was also
calculated using ARLEQUIN 2.000 for D. arizonae and D. mojavensis. AMOVA
identifies the amount of total genetic differentiation that can be attributed to
differentiation between groups (regions) (Fct), differentiation between populations within
regions (Fsc), and within populations (Fst).
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Statistical parsimony haplotype networks of the unique haplotypes represented
in the population genetic sample were constructed by TCS program (Clement, Posada et
al. 2000).

Phylogenetic analyses
Phylogenetic analyses were conducted on all on the unique haplotypes from
population genetic samples of D. mojavensis and D. arizonae as well as additional
samples from lab-maintained samples for D. arizonae, D. navojoa, D. hauylasi (Tables 1
&2). The outgroup sequence was D. nigrospiracula (GenBank Accession number
AY533813) from Hurtado et al. 2004. In the phylogenetic analyses, each haplotype was
represented by a single sequence (Supplement 1 & 2). Phylogenetic reconstructions were
conducted using PAUP* 4.0 (Swofford 2000) and Mr. Bayes (Huelsenbeck and Ronquist
2001). PAUP was used to perform heuristic parsimony and maximum likelihood
searches. Heuristic searches were conducted using 100 independent random addition
trees and TBR branch swapping. The parsimony trees were also confirmed with
bootstrapping. Bayesian analysis using Mr. Bayes was conducted using 6 chains (1 cold,
and 5 hot) and was run for 10,000,000 generations with a burn-in of 10,000 trees,
sampling every 100 generations. Results of the original Bayesian analysis were
confirmed with four additional analyses with 4 chains each, run for 6,000,000 generations
with a burn-in of 6000 trees.
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Since maximum likelihood and Bayesian analyses suggested that D. arizonae was
paraphyletic, parametric bootstrapping (Huelsenbeck, Hillis et al. 1995; Huelsenbeck,
Hillis et al. 1996; Swofford, Olson et al. 1996; Goldman, Anderson et al. 2000) was
conducted to test for the rejection of monophyly of D. arizonae. The likelihood models
used for the parametric bootstrapping were estimated using both ModelTest (Posada and
Crandall 1998) in conjunction with PAUP* and DT-ModSel (Minin, Abdo et al. 2003) in
conjunction with PAUP*. The reason for using both model selection methods is that it is
argued (Minin, Abdo et al. 2003) that the Akaike Information Criterion (AIC; (Akaike
1974) and hierarchical Likelihood ratio tests (LRT; (Huelsenbeck and Crandall 1997)
selection criterion used by ModelTest tend to select overparameterized models while DTModSel using the Bayesian Information Criterion (BIC) modified by inclusion of a
decision-theory framework (Bernardo and Smith 1994) selection criterion, tends to select
likelihood models with a more reasonable number of parameters. We wanted to be
certain that the model selection criteria did not bias the results of our parametric tests.
Once the likelihood models were selected, heuristic maximum likelihood analyses under
each model for the unconstrained and constrained trees were conducted using 20 random
addition sequences in PAUP*, and the parsimony scores for each tree was calculated.
Mesquite ver. 1.05 (Maddison and Maddison 2004) was used to efficiently simulate data
matrices on the constrained maximum likelihood trees estimated by PAUP*, generate
batchfiles for PAUP* to estimate the topology of those matrices with and without
constraint using parsimony, and then to determine the distribution of differences in tree
length between the constrained and unconstrained trees (Maddison 2004). When the
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difference in tree length of the constrained and unconstrained trees for the real data is
compared to the distribution of differences from the simulated data, one can determine if
there is significant support for rejection of monophyly in the real data. We choose to use
monophyly as the null hypothesis due to the controversial phylogenetic species concept
(Cracraft, 1989) which states that species are by definition monophyletic. We were
interested if the apparent paraphyly of D. arizonae was indeed inconsistent with the
phylogenetic species concept.
Divergence times from important nodes on the phylogeny of these species was
estimated using the average of all pairwise synonymous site changes (Ks) between
haplotypes on each side of the node calculated in DnaSP (Rozas, Sanchez-DelBarrio et
al. 2003). We choose to used average pairwise Ks values as opposed to more complex
methods of divergence estimation such as net nucleotide divergence (Nei 1987, equation
10.21) or methods that account for population size (eg. Arbogast et al., 2002), for two
reasons. First, the phylogenetic dataset used for these analyses contained stock center
samples that could not be used in population based analyses. And second, an accurate
estimate of divergence estimates relative to absolute time is only available for this gene in
Drosophila using Ks. A divergence rate of between 12.3% and 18.5% per million years
was assumed based on the percent synonymous divergence at CO1 between D.
melanogaster and D. simulans of 36.9% (Moriyama and Powell, 1997) and the estimated
divergence time between D. melanogaster and D. simulans of 2 to 3 million years
(Lachaise, Cariou et al. 1988).
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RESULTS
Population Genetics
Diversity Indices
We found a lower level of diversity in D. arizonae than in D. mojavensis (Table
3). We found 14 distinct haplotypes in our overall sample of 100 individuals of D.
arizonae (GenBank # DQ383668-DQ383684) and 46 haplotypes out of 174 individuals
of D. mojavensis (GenBank # DQ383685-DQ383730) D. mojavensis and D. arizonae
had no haplotypes in common. The overall number of polymorphic sites, heterozygosity,
pairwise differences, and theta were greater for D. mojavensis (49, 0.90, 6.31 & 8.55
respectively) than for D. arizonae (16, 0.72, 2.15 & 3.09 respectively).

Genetic differentiation
Drosophila arizonae showed relatively little genetic differentiation between
regions and populations (Table 4). There was no evidence for significant pairwise Fst
values within the Baja Peninsula, and the only significant pairwise Fst values within the
Mainland Sonoran Desert region was between the most northern population included,
Tucson (TUC), and the other two populations. TUC also showed differentiation from the
two Baja Peninsula populations. The recently discovered Riverside (RVSD) population
showed significant differentiation from all other populations, presumably due to the high
frequency of a Riverside unique haplotype (az47, Supplement 3). The Analysis of
Molecular Variation (AMOVA) for D. arizonae (Table 6) showed that there is significant
differentiation between populations within regions (Fsc = 0.344) but not between regions
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(Fct = 0.020). Most of the total variation (64.3%) is harbored within populations of D.
arizonae (i.e. shared across all populations) while only 2.0 % of the total variation is
partitioned by region.

Drosophila mojavensis showed substantially greater population structure than D.
arizonae. The pairwise population Fst comparisons revealed significant differentiation
within each of the regions having more than one population (Table 5). Within the
Mainland Sonoran Desert region one population showed significant differentiation from
the others (MAG) as did one population within the Baja Peninsula (SANQ). The two
populations from the Mojave Desert were significantly different from each other (Fst =
0.27) at the 0.05 level. There were substantial differences between regions; all but one of
the pairwise comparisons between the Baja Peninsula and the Mainland Sonoran Desert
were significant at the either the 0.05 or the Bonferroni corrected levels. The Mojave
Desert populations were significantly different from all other populations at the
Bonferroni corrected level and the one Santa Catalina Island population was significantly
different from all others at the Bonferroni corrected level. The especially high levels of
differentiation between Santa Catalina Island and other populations (average Fst = 0.84),
and between the Mojave Desert populations (average Fst = 0.84) and other regions is
observed because each of these regions has only unique haplotypes not shared with any
other region. There is lower average genetic differentiation between the Baja Peninsula
and the Mainland Sonoran Desert (0.41) which makes sense due to some shared
haplotypes between the regions and a close phylogenetic relationship among those
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haplotypes that are not shared. The AMOVA is consistent with the pairwise Fst’s for D.
mojavensis (Table 5). There is significant variation within populations (Fst = 0.683,
31.7%), between populations within regions (Fsc=0.208, 8.3%), and between regions
(Fct=0.60, 60%).

Haplotype Networks
For D. arizonae (Figure 2a), the Mainland Sonoran Desert region is represented
by two groups, labeled Tucson (just the TUC population) and Mainland Sonoran Desert
(NAVA and SC populations combined) because Tucson showed significant
differentiation from the rest of the Mainland Sonoran Desert. One individual D. arizonae
from Anza Borrego is also included in the haplotype network. For D. arizonae, the two
most common haplotypes were az46 and az50. There is no obvious clustering of
haplotypes by region with the exception of Riverside, where its two haplotypes only
differ by one mutational step. Both Mainland Sonoran Desert and Baja Peninsula derived
individuals were found with each of the common haplotypes and as well as ones within a
few mutational steps of the common haplotypes.

The picture is quite different for D. mojavensis (Figure 2b). The two populations
from the Mojave Region (Whitmore Canyon and Anza Borrego) are represented
separately since they showed significant differentiation from each other. Also, San
Quintin is represented separately from the rest of the Baja Peninsula populations and
Magdalena is represented separately from the rest of the Mainland Sonoran Desert
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populations for the same reason. The haplotype network for D. mojavensis shows, very
clearly, five clusters of haplotypes. One cluster (C1) is made up exclusively of
haplotypes derived from the Mojave Desert (Whitmore Canyon and Anza Borrego). C1
is separated from the next closest cluster by 9 mutational steps. There are two clusters
that contain only individuals from Mainland Sonoran Desert (the common haplotype of
one is moj29 (C2) and the common haplotype of the other moj39 (C3)). C2 is separated
from the next cluster by 6 mutational steps. The fourth and largest cluster is composed of
two sub-clusters; one (C4a) that contains the two most common haplotypes (moj63 and
moj66) and is composed of individuals derived from both the Baja Peninsula (including
San Quintin) and Mainland Sonoran Desert (including Magdalena), and the second (C4b)
that contains the haplotypes moj70 and moj71 and is composed of individuals from
primarily Baja Peninsula populations (including San Quintin) along with one individual
from Magdalena. These two sub-clusters are completely linked by two extant, singleton
haplotypes (moj73 and moj64). The final cluster (C5) is composed of only one haplotype
(moj60), is derived entirely from Santa Catalina Island, and is 6 mutational steps away
from the next closest (sub)cluster (C4b).

We estimate, based on average divergence between D. mojavensis and D.
arizonae sequences derived from DnaSP (Rozas, Sanchez-DelBarrio et al. 2003), that
about 20 mutational steps would separate the haplotype networks of the two species. The
TCS program (Clement, Posada et al. 2000) is not capable of connecting the two
networks over such a distance.
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Tests for population expansion were conducted using Tajima’s D (Tajima 1989),
Fu’s Fs (Fu 1996), and mismatch distribution (Harpending 1994; Schneider and Excoffier
1999). Neutrality could not be rejected generally and the details of the analyses are given
in Supplement 4.
Phylogenetic analyses
Some, but not all phylogenetic patterns of the relationships in the D. mojavensis
species cluster mitochondrial CO1 were robust to the method of analysis (parsimony,
maximum likelihood, and Bayesian). The Bayesian results are shown in Figure 3 and
results of the parsimony analysis are shown in Figure 4. Maximum likelihood results are
not shown due to their similarity to the Bayesian results. First, D. huaylasi, an enigmatic
species described from Peru (Fontedvila et al., 1990), came out as the consistent sister
taxon to D. navojoa. D. navojoa forms a monophyletic group, and along with D.
huaylasi, is the sister group to D. mojavensis and D. arizonae. The relationship among
D. arizonae lineages is less well resolved (which we will explore below) but one clear
pattern in D. arizonae is that three haplotypes derived from Stock Center samples of
collections for southeastern Mexico (az53, az54, and az92) form a monophyletic group
on a long branch. D. mojavensis forms a monophyletic group and is composed of three
major monophyletic clades. The first major D. mojavensis clade is composed of
haplotypes from the Mojave Desert and is equivalent to C1 in the D. mojavensis
haplotype network. The second major D. mojavensis clade is composed of only
haplotypes found in the Mainland Sonoran Desert and is equivalent to the haplotype
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network clusters C2 and C3. C3 forms its own monophyletic group within this Mainland
Sonoran Desert only clade. The last major monophyletic clade of D. mojavensis is
composed of haplotypes found in the Mainland Sonoran Desert, all of the haplotypes
found on the Baja Peninsula (C4), and the one haplotype found on Santa Catalina Island
(C5).

Several relationships were less clear from the analyses. In the parsimony
analyses, the consensus of 864 most parsimonious trees (MPT) found a tritomy, with two
D. arizonae clades and one D. mojavensis clade, each with 100 percent support (Figure
4). One of the D. arizonae clades is composed of the three southeastern Mexico
haplotypes and the other is composed of the remaining D. arizonae haplotypes found in
both southeastern and northern populations. Bootstrapping the parsimony analysis
produces strong support (87.9%) for the monophyly of the southeastern Mexico clade and
moderate support (80.3%) for the monophyly of the other D. arizonae clade. The
maximum likelihood and Bayesian analyses tell a different story. They find that the three
southeastern haplotypes form a monophyletic group that is the sister group to D.
mojavensis with a Bayesian support value of 99%. The rest of the D. arizonae
haplotypes fall out as many paraphyletic lineages basal to the Southeastern clade (Figure
3). We were surprised by the suggestions in these analyses that D. arizonae may be
paraphyletic and were also surprised that the Southeastern D. arizonae lineage might be
the sister group to D. mojavensis. Thus, we conducted parametric bootstrapping analyses
to test for monophyly of D. arizonae. We estimated the likelihood models for DNA
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substitution on the neighbor-joining tree for the data, ModelTest, using both LRT and
AIC choose the Transversional Model with invariant sites and a gamma shape parameter
of among site rate variation (TVM+I+G) as the best fit of the data with base frequencies:
A=0.3162, C=0.1517, G=0.1463, T=0.3858, substitution rates: A-C=0.00, A-G=13.58, AT=2.38, C-G=0.00, C-T=13.58, G-T=1.00, proportion invariant sites (I) = 0.524, and
gamma distribution shape parameter = 0.382. D-TModSel, using BIC, chose the less
parameter rich model, HKY+I+G with base frequencies: A=0.3289, C=0.1398,
G=0.1356, T=0.3956, transition-transversion ratio=6.221, proportion invariant sites (I)=
0.3269, and gamma distribution shape parameter (G) = 0.1550. Each model was used to
test two hypotheses of monophyly, one in which all D. arizonae haplotypes are forced to
be monophyletic and a second where the haplotypes not included in the southeastern
clade are forced to be monophyletic (as was suggested by the parsimony analysis). We
found that regardless of the substitution model, the constrained trees were not
significantly less likely than the unconstrained. The threshold for rejection of monophyly
of D. arizonae was a difference in tree length of 10 and 7 for each model respectively
when the actual difference was 4 and the threshold for rejection of monophyly of the nonsoutheastern haplotypes was a difference in tree length of 10 and 8 for each model
respectively when the actual difference was 6. So, we cannot reject monophyly of D.
arizonae despite the maximum likelihood and Bayesian suggestions of paraphyly.

The precise relationship among the three major clades of D. mojavensis differs
between the methods of phylogenetic analysis. All three analysis methods (parsimony,
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maximum likelihood, and Bayesian) find some support for the initial split of the Mojave
clade from the rest of the species, followed by a subsequent split between the Mainland
Sonoran Desert-only clade and the Sonoran-Baja-Catalina Island clade. The Bayesian
support value for the first split is fairly weak (63%) and, though the consensus of the 864
MPT finds 100% support for the first split, the bootstrap parsimony analyses finds a
tritomy between the three major D. mojavensis clades. Thus, while there clearly are three
major D. mojavensis clades, their exact relationships remain somewhat unresolved.

Of particular interest is the relationship of the D. mojavensis Santa Catalina Island
haplotype to the rest of the Sonoran-Baja-Catalina clade. The Bayesian analysis finds
that the first split within the clade is between Santa Catalina Island and the rest of the
clade with a support value of 100%. The consensus of the 864 MPT also finds 100%
support that initial split. The bootstrap parsimony analysis, in contrast, finds that all 26
haplotypes in that clade collapse into a polytomy, so there is no information on the
relative position of the Santa Catalina Island haplotype.

Divergence Times
Significant nodes for which divergence times are estimated are indicated in Figure
3 and Figure 4. Divergence times were based on a molecular clock and average Ks
values of all pairwise comparisons across the node (Table 7). The first comparison (A)
between D. navojoa and the D. arizonae-D. mojavensis clade estimates the nodes age as
between 2.91 and 4.38 MYA. The second comparison (B) is treating all of D. arizonae
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as a monophyletic group (as supported by parametric bootstrapping) and comparing it to
D. mojavensis and the node’s age is estimated at between 0.66 and 0.99 MYA, this value
is inconsistent with the divergence time estimate of 2.4 million years from ADH
sequence data (Matzkin and Eanes 2003). The third comparison is within D .arizonae,
treating the three Southeastern haplotypes as one clade and the other D. arizonae
haplotypes as the other monophyletic clade (as supported by parsimony and parametric
bootstrapping) estimates the node’s age at between 0.61 and 0.91 MYA. The fourth
contrast (D) is comparable to B but is only comparing the D. arizonae haplotypes from
Southeastern Mexico to D. mojavensis (this node is supported by the Bayesian analysis)
and is estimated to be 0.68 to 0.69 MYA. Nodes E, F & G are within the D. mojavensis
clade. The Mojave clade verses all other D. mojavensis (E) is 0.45 to 0.68 MYA. The
Mainland Sonoran Desert only clade verses the Sonoran-Baja-Catalina clade (F) node is
0.34 to 0.51 MYA. And the final comparison of the Santa Catalina Island haplotype to
the rest of the Sonoran-Baja-Catalina clade (G) is 0.27 to 0.41 MYA.

DISCUSSION
Within each species, D. arizonae and D. mojavensis, there is evidence of
significant genetic differentiation. D. arizonae has received less attention than has D.
mojavensis with respect to studies of differentiation and reproductive isolation. Contrary
to initial impressions based upon allozyme (Hocutt 2000) and ADH sequence data
(Matzkin and Eanes 2003), however, D. arizonae exhibits significant genetic structure
among a portion of the geographic populations sampled.
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What is the degree of genetic differentiation among the regional host areas of D.
mojavensis?
Significant genetic structure among D. mojavensis geographic host populations
was expected, based upon earlier studies. Our data suggest, however, that the degree to
which particular geographic host populations are differentiated, are more complex than
what has been assumed (Wasserman and Koepfer 1977; Johnson 1980; Wasserman and
Koepfer 1980; Heed 1982; Ruiz et al. 1990; Etges et al. 1999). Most striking is that
contrary to the suggestion by Ruiz et al 1990 that populations from Santa Catalina Island
and from the Mojave Desert belong to the same race, the Santa Catalina Island population
actually exhibits significant differentiation from all three of the other geographic regions
and appears to be most closely related to Baja Peninsula and Mainland Sonoran
populations. Despite being derived from the Baja/Mainland Sonoran clade the Santa
Catalina Island population(s) appears to have been small and isolated for a long period of
time since it exhibits no variation and a high degree of divergence from its closest
relatives. Another surprise is that rather than being a recent arrival to the Mojave Desert,
the populations from this area form a lineage that is basal to the other D. mojavensis
populations, suggesting that it could have existed in the region for some time. Finally,
while elevated chromosomal polymorphism in the Baja peninsula led to the conclusion
that this area served as the site of origin of D. mojavensis, phylogenetic analysis of
mtDNA sequence data suggest that the Mexican mainland is more likely to be the area
where D. mojavensis first arose.
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It is difficult to disentangle the impact of geographic isolation versus host use in
the explaining patterns of differentiation among regional populations of D. mojavensis.
Three of the host taxa for D. mojavensis, organ pipe (S. thurberi), agria (S. gummosus),
and prickly pear (Opuntia spp.) have been characterized with respect to their chemistry
(Kircher 1982) and major differences found to exist. Ferocactus cylindraceus has not
been analyzed for its chemical composition. Both species of Stenocereus contain
triterpene glycosides but are low in alkaloids, while the opposite is true for Opuntia. If
adaptation to these differences in host chemistry plays a role in differentiation of D.
mojavensis, we would expect to see the greatest levels of genetic divergence between
populations utilizing the least similar host plants. In fact, while all geographic host
populations of D. mojavensis are significantly different from each other, the greatest
differences are between the Santa Catalina population (which breeds in Opuntia) and the
Mojave population (which breeds on Ferocactus cylindraceus) and the other regional
populations. In contrast, the lowest Fst’s are between the Baja and Sonora populations,
which breed in the closely related species of Stenocereus. While such an observation
does not prove that host chemistry drives of genetic divergence in D. mojavensis, it
certainly is consistent with the predictions. The alternative explanation is that the
physical isolation between regions allows for the genetic differentiation and there is
simply higher gene flow between the Baja and Mainland Sonoran Desert populations,
than among any other regional pairs.
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What is the degree of differentiation among regional populations of D. arizonae?
D. arizonae shows significant differentiation between its Sonoran Desert Tucson
population and all other populations and between the Riverside population and all other
populations. There is not however consistent evidence of isolation between the Baja
Peninsula populations and the Mainland Sonoran Desert populations (Table 4). In the
AMOVA analysis, only 2% of the total variation can be attributed to regional groups and
the majority (64.3%) of the genetic variation is contained within populations (Table 6).
Unfortunately, we were unable to obtain population samples from the full distribution of
D. arizonae (e.g. Southeastern Mexico and New Mexico), and thus we cannot determine
if there is significant population genetic differentiation between those regions and the
populations that were sampled. But, we can surmise that there is likely to be some
significant population genetic differentiation between Southeastern Mexico and the
Sonoran populations of D. arizonae due to the deep divergence between haplotypes from
Southeastern Mexico found in Tucson Stock Center stocks and the haplotypes in the
Sonoran population samples (Figures 3 &4). These findings suggest that additional
sampling be undertaken in those regions as it is likely to reveal evolutionarily important
patterns of differentiation in this species.

What are the evolutionary relationships among D. mojavensis, D. arizonae, and D.
navojoa, the third member of the mojavensis group?
In an earlier study using a different population sample, Oliveira et al. (2003)
reported evidence for introgression at the mitochondrial level, but we did not find this

58
result in our sampling and analyses. It is possible that there has been ancient
introgression between the species that might explain the grouping of D. arizonae from
Southern Mexico with D. mojavensis in the Bayesian analyses with 99% support values,
but that can also be explained as a more recent divergence of D. mojavensis from
Southern Mexico populations than from more Northern populations. If introgression
occurs or has occurred between the species more recently it is not reflected in our
mitochondrial data. The discrepancy between these studies requires further analyses of
this system. The phylogenetic analyses show clearly that there is no sharing of
haplotypes between the species. Drosophila mojavensis is monophyletic by all analyses
and the parametric bootstrapping cannot reject the monophyly of D. arizonae; though, it
is important to emphasize, that the actual data support paraphyly of D. arizonae. If there
is no active introgression occurring between the species, then the reproductive barriers at
work in areas of sympatry must be highly effective. Also, the evidence for reinforcement
in sympatric populations (Wasserman and Koepfer 1977; Markow 1981; Massie and
Markow 2005) is probably due to selection against hybridization in the past since barriers
appear to be sufficient to prevent recent introgression. It is possible that there is active
introgression in other portions of the genome and the permeability of the mitochondria is
somehow reduced, perhaps due to mitochondria-nuclear interactions in hybrids (Reed et
al. unpublished).

It has been argued that D. mojavensis and D. arizonae first began to speciate as
allopatric populations separated by the Sea of Cortez. (Wasserman and Koepfer 1977;
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Johnson 1980; Wasserman and Koepfer 1980; Heed 1982; Ruiz, Heed et al. 1990; Etges,
Johnson et al. 1999). The population on the Baja Peninsula turned into D. mojavensis
and the population on the Mainland turned into D. arizonae. There are two forms of
genetic evidence from the nuclear genome that generally support this notion of a Baja
Peninsula origin of D. mojavensis, the centers of diversity for both chromosomal
inversions (Johnson 1980) and ADH sequence variation (Matzkin and Eanes 2003) for D.
mojavensis is on the Baja Peninsula. Phylogenetic studies of nuclear sequence for these
regions of D. mojavensis have not been performed. The phylogenetic evidence from the
mitochondria though, does not support the origin of D. mojavensis on the Baja Peninsula.
There are three major clades of D. mojavensis, only one of which has haplotypes found
on the Baja Peninsula and that one clade also has representatives on the mainland. We
believe that a more plausible explanation for the origin of D. mojavensis is that it
occurred on the mainland with a very early lineage colonizing the Mojave Desert and
another occupying in the Mainland Sonoran Desert, and followed by a later colonization
of the Baja Peninsula.

D. mojavensis could have originated on the Baja Peninsula as nuclear data
suggests, or the nuclear data could be reflecting a complicated demographic and selective
history that the mitochondria have resisted. A phylogenetic analysis of nuclear markers
is needed to determine the actual evolutionary history of the nuclear genome. The second
argument cited by others (Johnson 1980; Heed 1982) for D. mojavensis’ origin on the
Baja Peninsula is the preference of all populations of D. mojavensis for the Baja host
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plant, agria, and the presence of all “secondary” hosts on the Baja peninsula (Johnson
1980). Using extant host plant distributions as evidence for a historical event is
dangerous. The Sonoran Desert’s distribution has been dynamic over the time scale of
the evolution of D. mojavensis due repeated glaciation events during the Pleistocene (Van
Devender 1990; Van Devender 2002) and there is no reason to expect that the current
Baja host, agria, could not have been at one time distributed throughout the Mainland
Sonoran Desert, especially since agria is found now on the mainland at Desemboque,
Sonora. D. mojavensis’ preference for agria could have just as easily evolved from
historical use of agria on the mainland. If D. mojavensis originated on the mainland, then
it either had to undergo sympatric speciation with D. arizonae, or D. arizonae had to be
living somewhere else. From the data we have here we cannot determine whether these
two species speciated in sympatry but more extensive population sampling of D. arizonae
throughout the rest of its range might provide some insight on this issue.

The third member of the D. mojavensis species group, D. navojoa, is diverged
from the D. mojavensis/D. arizonae clade by 53.9% at silent sites (Table 7) estimating an
2.91 to 4.38 million year divergence from these two species. Interestingly, D. huaylasi,
the obscure species from Peru that has only been collected on one occasion, is grouping
as a sister species to D. navojoa. In the analyses done by Durando et al. (2000) which
included nuclear genes, D. huaylasi was found to be the sister group to D. mojavensis/D.
arizonae species pair. D. huaylasi may be a key understanding the origin of the D.
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mojavensis species group and requires, if additional strains can be collected, further study
of its ecology, genetics, and reproductive isolation from the other species.

Finally, D. mojavensis is one of four cactophilic species considered to be endemic
to the Sonoran Desert. Evolutionary relationships among populations of the other three,
D. nigrospiracula, D. mettleri, and D. pachea, across similar geographic regions, have
been examined previously using sequence variation in CO1 (Hurtado et al 2004). With
respect to genetic differentiation in the Sonoran Desert proper, D. mojavensis is most
similar to D. pachea, in that they both show differentiation across the Sea of Cortez,
while D. nigrospiracula and D. mettleri do not. The similarity between D. mojavensis
and D. pachea, ends there, however. Unlike D. mojavensis, D. pachea does not switch
host cacti between the two regions and is a poor disperser (Markow and Castrezana
2000). D. mettleri is the only other species of the four found on Santa Catalina Island,
off the southern California coast. Like D. mojavensis, on the island it is associated with
Opuntia owing to the absence of columnar cacti. Interestingly, it is the only population
of D. mettleri that exhibits significant genetic differentiation from the other regions.

Summary
In this study we have found that the sister species D. mojavensis and D. arizonae
do not share mitochondrial haplotypes and thus show no evidence for recent
introgression. We estimate the divergence time between D. mojavensis and D. arizonae
to be between 0.66 and 0.99 million years ago. D. arizonae shows little population
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structure in our population genetic analyses but there is phylogenetic differentiation
between southeastern and northern populations of D. arizonae. D. mojavensis shows
significant population and phylogenetic structure across the four geographic regions of its
distribution. We believe the mitochondrial data support an origin of D. mojavensis on the
mainland with early colonization of the Mojave Desert and later colonization of the Baja
Peninsula, in contrast to previous models. Also, the sister clade to D. mojavensis/D.
arizonae includes D. navojoa and D. huaylasi. By defining the genetic relationships
among these populations, we provide a foundation for more sophisticated hypothesis
testing regarding the timing of early speciation events and host switches in this species
group.
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FIGURE LEGENDS
Figure 1. Collection sites for populations and mass cultures used in this study.
MAZA=Mazatlan; AGPO=Agiabampo; NAVA=Navajoa City; SC=San Carlos;
DE=Desemboque; MAG=Magdalena; SARO=Santa Rosa Mountains; TUC= Tucson;
ANZA=Anza Borrego; WC = Whitmore Canyon; COLN= Punte Colnett; SANQ= San
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Quintin; ROSO=El Rosario; PRIE=Punta Prieta; VZ= Vizcaino Desert; TO=Torete;
EC=El Cien; CAPE=Cape; ENMU=Ensenada de los Muertos; LS=Los Mochis;
HI=Hildalgo; PERA=Peralta Canyon; SLP=San Luis Potosi; TJ=Tomatlan; TGC=Tuxtla
Gulierrez; CBS=Chamela Biological Station; TEH=Tehuantepec.

Figure 2. Haplotype networks for Drosophila mojavensis (A) and D. arizonae (B) for
haplotypes found in wild caught individuals. Circles at nodes are proportional in size to
the number of individuals with that haplotype. Where one haplotype was found in more
than one location the circle is divided into a pie diagram where the slices correspond to
the proportion of individuals from a given location. Circles are shaded based on the
location(s) where that haplotype is found. The origin of the haplotypes is designated by
region or by population within a region if that population showed significant
differentiation (Fst, Tables 4 &5) from other populations in the same region. Numbers at
nodes indicate the haplotype designation. Each line segment represents one mutational
step.

Figure 3. Bayesian consensus tree of all haplotypes. Posterior probability values are
shown below the branch for each clade. Letters indicate nodes at which date of
divergence is estimated (Table 7). Haplotype designation given at each twig (e.g. moj57)
followed by the localities and numbers of individuals from each locality having that
haplotype (e.g. B(2)). S= Mainland Sonoran Desert (minus Magdalena and Tucson); S-
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M= Magdalena; S-T= Tucson; C= Catalina Island; B = Baja Peninsula (minus San
Quintin); B-Q= San Quintin; T=Tuxtla Gulierrez; V=Venados; L=San Luis Potosi;
J=Tomatlan; R=Riverside; W=Whitmore Canyon; A=Anza Borrego. Clades or
haplotype groups that correspond to the clusters in Figure 2 are given as C# and are
discussed in the text. The model of evolution used in the Bayesian analysis GTR + Γ + I,
where codon positions were partitioned.

Figure 4. Majority rule consensus tree of 864 most parsimonious trees. All support
values are 100 unless otherwise noted. Letters indicate nodes at which date of divergence
is estimated (Table 7). Haplotype designation given at each twig (e.g. moj57) followed
by the localities and numbers of individuals from each locality having that haplotype (e.g.
B(2)). S= Mainland Sonoran Desert (minus Magdalena and Tucson); S-M= Magdalena;
S-T= Tucson; C= Catalina Island; B = Baja Peninsula (minus San Quintin); B-Q= San
Quintin; T=Tuxtla Gulierrez; V=Venados; L=San Luis Potosi; J=Tomatlan; R=Riverside;
W=Whitmore Canyon; A=Anza Borrego. Clades or haplotype groups that correspond to
the clusters in Figure 2 are given as C# and are discussed in the text.
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Table 1 Populations and number of individuals collected.
Populations
Mainland Sononan Desert
Mazatlan (MAZA)
Agiabampo (AGPO)
Navojoa City (NAVA)
San Carlos (SC)
Desemboque (DE)
Magdalena (MAG)
Santa Rosa Mountains (SARO)
Tucson (TUC)
Mojave Desert
Anza Borrego (ANZA)
Whitmore Canyon (WC)
Baja Peninsula
Punta Colnett (COLN)
San Quintin (SANQ)
El Rosario (ROSO)
Punta Prieta (PRIE)
Vizcaino Desert (VZ)
Torete (TO)
El Cien (EC)
Cape (CAPE)
Ensenada de los Muertos (ENMU)
Other
Riverside (RVSD)
Santa Catalina Island (CI)
Total

D. arizonae

D. mojavensis

1
6
20
10

9
8
17
24

12

1

9
12

7
18
9
10
13
13
5
35
10

18
102

9
174
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Table 2. Species and localities of additional stocks from the Tucson Drosophila Species
Stock Center.
Species
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. navojoa
D. navojoa
D. navojoa
D. navojoa
D. huaylasi

Locality
Los Mochis, Sinaloa, Mexico (LS)
Navojoa Airport, Hildalgo, Mexico (HI)
Peralta Canyon, Arizona, USA (PERA)
San Luis Potosi, Mexico (SLP)
Tomatlan, Jalisco, Mexico (TJ)
Tuxtla Gulierrez, Chiapas, Mexico (TGC)
Venados, Hildalgo, Mexico (HI)
Chamela Biological Station, Jalisco, Mexico (CBS)
Navojoa, Sonora, Mexico (NAVA)
Tehuantepec, Oaxaca, Mexico (TEH)
Tomatlan, Jalisco, Mexico (TJ)
Quives, Peru

Stock Number
NA
15081-1271.07
NA
15081-1271.06
NA
15081-1271.14
15081-1271.05
NA
15081-1374.00
15081-1374.01
15081-1374.11
15081-1303.00

Table 3. Diversity Indices
Species

N

Haplotypes
Observed

Polymorphic
Sites

Heterozygosity
(h)

Mean Number
of Pairwise
Differences (π)

θs

Overall

100

14

16

0.72+/-0.03

2.15+/-1.20

3.09+/-1.05

Baja Peninsula

40

7

10

0.59+/-0.06

1.78+/-1.05

2.35+/-0.98

Mainland Sonoran
Desert (overall)

42

10

10

0.74+/-0.06

2.32+/-1.31

2.32+/-0.97

Mainland Sonoran Desert
(minus Tucson)

30

8

9

0.59+/-0.10

1.82+/-1.08

2.27+/-1.00

Tucson

12

4

5

0.70+/-0.09

1.20+/-0.82

1.66+/-0.93

Riverside

18

2

1

0.47+/-0.08

0.47+/-0.43

0.29+/-0.29

Overall

174

46

49

0.90+/-0.01

6.31+/-3.01

8.55+/-2.21

Mainland Sonoran
Desert (overall)

64

18

24

0.80+/-0.04

5.58+/-2.72

5.08+/-1.66

Mainland Sonoran Desert
(minus Magdelena)

47

16

21

0.87+/-0.03

5.51+/-2.70

4.76+/-1.65

Magdelena

17

4

13

0.33+/-0.14

1.82+/-1.10

3.85+/-1.67

Mojave Desert (overall)

21

7

6

0.70+/-0.11

1.34+/-0.87

Region
Partitioned by Fst Groups

D. arizonae

D.
mojavensis

1.67+/-0.85
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Anza Borrego

9

1

0

0.00+/-0.00

0.00+/-0.00

0.00+/-0.00

Whitmore Canyon

12

7

6

0.89+/-0.06

1.96+/-1.19

1.99+/-1.07

Baja Peninsula (overall)

80

22

25

0.75+/-0.05

1.81+/-1.05

5.05+/-1.60

Baja Peninsula
(minus San Quintin)

62

21

24

0.71+/-0.06

1.64+/-1.00

5.11+/-1.68

San Quintin

18

5

6

0.77+/-0.05

1.61+/-1.00

1.74+/-1.00

Catalina Island

9

1

0

0.00+/-0.00

0.00+/-0.00

0.00+/-0.00

76

77
Table 4. Pairwise Fst values (below diagonal) and Nm (above diagonal) for Drosophila
arizonae. Significant pairwise differences after bonferroni correction for multiple
comparisons (p<0.0033) shown in bold italics. * is Nm undefined and approaches
panmixia.
Baja Peninsula

Baja Peninsula
Mainland
Sonoran Desert
Riverside

Mainland Sonoran Desert

Riverside

EC
CAPE
NAVA
SC
TUC

EC
0.00
0.00
0.06
0.37

CAPE
*
0.03
0.07
0.37

NAVA
*
14.60
0.01
0.45

SC
7.50
6.65
46.40
0.64

TUC
0.86
0.84
0.60
0.29
-

RVSD
0.33
0.54
0.36
0.14
1.45

RVSD

0.60

0.48

0.58

0.78

0.26

-

Table 5. Fst values (below diagonal) and Nm (above diagonal) for Drosophila mojavensis. Significant pairwise differences
(p<0.05) shown in italics and significance after bonferroni correction for multiple comparisons (p<0.00048) is shown in bold
italics. * is Nm undefined and approaches panmixia.
Mainland Sonoran Desert

Mainland
Sonoran
Desert

Mojave
Desert

Baja
Peninsula

Catalina
Island

AGPO

SC

DE

AGPO

-

*

SC

0.00

-

Mojave Desert
ANZA

WC

Catalina
Island

Baja Peninsula

MAG

SARO

COLN

SANQ

ROSO

PRIE

VZ

TO

ENMU

CI

126.73

0.45

98.12

0.15

0.20

0.80

0.39

0.57

0.56

0.42

0.51

0.63

0.18

9.49

0.34

*

0.13

0.18

0.48

0.29

0.37

0.36

0.29

0.34

0.41

0.16

DE

0.00

0.05

-

1.39

*

0.16

0.23

1.73

0.69

1.25

1.25

0.92

1.06

1.69

0.25

MAG

0.53

0.59

0.26

-

0.78

0.05

0.09

1.20

0.57

1.32

1.85

1.16

1.20

4.62

0.10

SARO

0.01

0.00

0.00

0.39

-

0.24

0.26

1.01

0.62

0.85

0.81

0.72

0.77

0.92

0.31

ANZA

0.77

0.79

0.75

0.91

0.68

-

1.38

0.04

0.05

0.03

0.04

0.03

0.05

0.05

0.00

WC

0.71

0.73

0.69

0.85

0.65

0.27

-

0.10

0.08

0.08

0.08

0.07

0.09

0.09

0.05

COLN

0.38

0.51

0.22

0.29

0.33

0.92

0.84

-

10.61

*

15.64

10.40

*

11.21

0.07

SANQ

0.56

0.63

0.42

0.47

0.45

0.91

0.86

0.05

-

1.58

1.22

1.11

2.61

1.18

0.09

ROSO

0.47

0.58

0.29

0.27

0.37

0.94

0.86

0.00

0.24

-

*

*

*

113.40

0.05

PRIE

0.47

0.58

0.28

0.21

0.38

0.93

0.86

0.03

0.29

0.00

-

18.79

159.24

*

0.06

VZ

0.54

0.63

0.35

0.30

0.41

0.95

0.88

0.05

0.31

0.00

0.00

-

*

21.19

0.04

TO

0.49

0.59

0.32

0.29

0.39

0.92

0.85

0.00

0.16

0.00

0.00

0.00

-

12.09

0.07

ENMU

0.44

0.55

0.23

0.10

0.35

0.91

0.84

0.04

0.30

0.00

0.00

0.02

0.04

-

0.08

CI

0.74

0.76

0.67

0.84

0.62

1.00

0.91

0.87

0.85

0.91

0.89

0.92

0.87

0.86

-
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Table 6. AMOVA analyses for Drosophila arizonae and D. mojavensis grouped by
region. Fct represents genetic differentiation between groups, Fsc represents genetic
variation among populations within groups, and Fst represents overall genetic variation
among populations. Bold values indicate significant (p<0.05) genetic differentiation.
D. arizonae

D. mojavensis

2.0%

60.0%

33.7%

8.3%

Within Populations

64.3%

31.7%

Fct

0.020

0.600

Fsc

0.344

0.208

Fst

0.357

0.683

Source of Variation
Among Groups
Among Populations within
Groups
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Table 7. Estimates of Divergence Times. Node on phylogeny corresponds to labeled
node in Figures 3 &4. Mean Ks for all pairwise comparisons of haplotypes in the
contrasting clades. Estimated time since last common ancestor assuming 0.123 (low) and
0.185 (high) synonymous changes per million years.
Node on
phylogeny

Contrast

Mean Ks

Range of Time since
Last Common Ancestor
(MYA)
low

high

A

nav vs moj/az

0.5390

4.38

2.91

B

az vs moj

0.1222

0.99

0.66

C

SE az vs other az

0.1120

0.91

0.61

D

SE az vs moj

0.1270

1.03

0.69

E

Mojave moj vs. other
moj

0.0840

0.68

0.45

F

pure Sonoran moj vs.
mixed moj

0.0630

0.51

0.34

G

CI moj vs. mixed
Baja/Sonoran moj

0.0506

0.41

0.27

Figure 1

81

Figure 2
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Figure 3
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Figure 4
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Appendix 1 Haplotype distribution in populations of Drosophila arizonae and D. mojavensis.
Populations

Number

Haplotypes Observed (N)

D. arizonae
Anza Borrego

1

46(1)

Cape (CAPE)

35

15(1)

41(1)

El Cien (EC)

5

46(2)

50(3)

43(1)

45(1)

46(10)

46(1)

50(12)

52(3)

50(20)

Mazatlan (MAZA)

1

41(1)

Navojoa City (NAVA)

20

40(1)

42(3)

Riverside (RVSD)

18

46(12)

47(6)

San Carlos (SC)

10

44(1)

48(1)

50(7)

51(1)

Tucson (TUC)

12

41(5)

46(5)

50(1)

85(1)

Agiabampo (AGPO)

6

24(1)

36(1)

39(2)

66(2)

Anza Borrego (ANZA)

9

17(9)

Catalina Island (CI)

9

60(9)

Desemboque (DE)

8

25(1)

30(1)

32(1)

34(1)

63(3)

El Rosario (ROSO)

9

66(7)

69(1)

80(1)

Ensenada de los Muertos (ENMU)

10

56(1)

63(3)

66(4)

74(1)

81(1)

Magdalena (MAG)

17

38(1)

63(14)

66(1)

76(1)

Punta Prieta (RRIE)

10

58(1)

63(1)

66(4)

68(1)

70(1)

73(1)

Punta Colnett (COLN)

7

55(1)

66(2)

67(1)

70(1)

71(1)

75(1)

San Carlos (SC)

9

29(4)

39(3)

63(2)

San Quintin (SANQ)

18

23(1)

66(5)

70(6)

71(5)

83(1)

Santa Rosa Mountains (SARO)

24

27(1)

29(7)

30(1)

31(1)

33(2)

35(2)
72(1)

52(1)

D. mojavensis

Torete (TO)

13

23(1)

57(2)

66(7)

70(1)

71(1)

Vizcaino Desert (VZ)

13

61(1)

62(1)

66(9)

70(1)

71(1)

Whitmore Canyon (WC)

12

16(3)

17(3)

18(2)

19(1)

20(1)

78(1)

21(1)

82(1)

39(1)

63(7)

64(1)

66(1)

22(1)

85
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Appendix 2 Haplotype distribution in additional stocks.
Species
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. navojoa
D. navojoa
D. navojoa
D. navojoa
D. huaylasi

Location
Los Mochis, Sinaloa, Mexico (LS)
Navojoa Airport, Hildalgo, Mexico (HI)
Peralta Canyon, Arizona, USA (PERA)
San Luis Potosi, Mexico (SLP)
Tomatlan, Jalisco, Mexico (TJ)
Tuxtla Gulierrez, Chiapas, Mexico (TGC)
Venados, Hildalgo, Mexico (HI)
Chamela Biological Station, Jalisco, Mexico (CBS)
Navojoa, Sonora, Mexico (NAVA)
Tehuantepec, Oaxaca, Mexico (TEH)
Tomatlan, Jalisco, Mexico (TJ)
Quives, Peru

Haplotypes
50
50
46
92
50
50
54
53
89
90
87
88
91

Appendix 3 Species and population distribution for haplotypes.

Haplotype

15
16
17
18
19
20
21
22
23
24
25
27
29
30
31
32
33
34
35
36

D. arizonae
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis

GenBank
Accession
Number

DQ383668
DQ383685
DQ383686
DQ383687
DQ383688
DQ383689
DQ383690
DQ383691
DQ383692
DQ383693
DQ383694
DQ383695
DQ383696
DQ383697
DQ383698
DQ383699
DQ383700
DQ383701
DQ383702
DQ383703
DQ383704

Number

Population(N)

1

CAPE(1)

3

WC(3)

12

ANZA(9)

2

WC(2)

1

WC(1)

1

WC(1)

1

WC(1)

1

WC(1)

2

SANQ(1)

1

AGPO(1)

1

DE(1)

1

SARO(1)

11

SARO(7)

SC(4)

2

DE(1)

SARO(1)

1

SARO(1)

1

DE(1)

2

SARO(2)

1

DE(1)

2

SARO(2)

1

AGPO(1)

1

MAG(1)

WC(3)

TO(1)

87

38

Species

39
40
41
42
43

D.
mojavensis
D. arizonae
D. arizonae
D. arizonae
D. arizonae

44

D. arizonae

45

D. arizonae

46

D. arizonae

47
48
50
51
52
53
54
55
56
57
58
60
61
62
63
64
66

68

D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D. arizonae
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis

DQ383669
DQ383670
DQ383671
DQ383672
DQ383673
DQ383674
DQ383675
DQ383676
DQ383677
DQ383678
DQ383679
DQ383680
DQ383681
DQ383682
DQ383706
DQ383707
DQ383708
DQ383709
DQ383710
DQ383711
DQ383712
DQ383713
DQ383714
DQ383715
DQ383716
DQ383717

6

AGPO(2)

1

NAVA(1)

7

MAZA(1)

3

NAVA(3)

1

CAPE(1)

SC(3)

SARO(1)

CAPE(1)

TUC(5)

EC(2)

CAPE(10)

NAVA(1)

RVSD(12)

TUC(5)

PERA(1)

NAVA(12)

SC(7)

TUC(1)

LS(1)

HI(1)

ENMU(3)

MAG(14)

SARO(3)

PRIE(1)

SC(2)

SARO(4)

ROSO(7)

ENMU(4)

MAG(1)

PRIE(4)

COLN(2)

SANQ(5)

1

SC(1)

2

CAPE(1)

31

ANZA(1)

6

RVSD(6)

1

SC(1)

SLP(1)

43

EC(3)

CAPE(20)

1

SC(1)

4

CAPE(1)

1

HI(1)

1

TGC(1)

1

COLN(1)

1

ENMU(1)

2

TO(2)

1

PRIE(1)

9

CI(9)

1

VZ(1)

1

VZ(1)

30

DE(3)

1

SARO(1)

43

AGPO(2)

1

COLN(1)

1

PRIE(1)

TJ(1)

TGC(1)

SARO(1)

TO(7)

NAVA(3)

VZ(9)

88

67

D. arizonae

DQ383705

69
70
71
72
73
74
75
76
78
80
81
82
83
85
87
88
89
90
91
92

D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D.
mojavensis
D. arizonae
D. navojoa
D. navojoa
D. navojoa
D. navojoa
D. huaylasi
D. arizonae

DQ383718
DQ383719
DQ383720
DQ383721
DQ383722
DQ383723
DQ383724
DQ383725
DQ383726
DQ383727
DQ383728
DQ383729
DQ383730
DQ383683
DQ383663
DQ383664
DQ383665
DQ383666
DQ383667
DQ383684

1

ROSO(1)

10

PRIE(1)

COLN(1)

SANQ(6)

TO(1)

8

COLN(1)

SANQ(5)

TO(1)

VZ(1)

1

TO(1)

1

PRIE(1)

1

ENMU(1)

1

COLN(1)

1

MAG(1)

1

DE(1)

1

ROSO(1)

1

ENMU(1)

1

PRIE(1)

1

SANQ(1)

1

TUC(1)

1

TEH(1)

1

TJ(1)

1

CBS(1)

1

NAVA(1)

VZ(1)

1
1

SLP(1)
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Appendix 4 Demographic tests to population expansion.
We also tested for whether populations were in mutation-drift equilibrium or, if instead they showed evidence for
recent population expansion. Demographic testes for population expansion were conducted using ARLEQUIN 2.000. We
calculated Fu’s Fs (Fu 1996)and Tajima’s D (Tajima 1989), and their corresponding p-values, to test for departures from
neutrality which can be due to either demographic, mutation rate heterogeneity, or selective forces (Aris-Brosou and Excoffier
1996; Tajima 1996; Fu 1997; Ray et al. 2003). Also, we determined the mismatch distributions, or distributions of the number
of pairwise differences among all DNA sequences for each the regions (or populations within regions when there was
significant population structure) for D. arizonae and D. mojavensis (Harpending 1994; Schneider and Excoffier 1999).
Multimodal distributions are expected for stable populations due to a stochastic distribution of possible gene trees, while a
unimodal distribution is expected for a population having experienced a recent expansion (Rogers and Harpending 1992).
ARLEQUIN 2.000 was used to estimate the parameters of population expansion such as τ (where τ = 2µt, µ is mutation rate, t
is the number of generations since the expansion), θ0=2µN0 and θ1=2µN1 (where N0 and N1 are the population sizes before and
after the expansion), and the confidence in those parameters was estimated by parametric bootstrapping. Population expansion
is assumed to be the null model if τ>0 and θ1>θ0. In contrast, the null model is population stasis if τ =0 or θ1=θ0. The null
model is tested by comparing the sum of squared deviations (SSD) of the observed relative to the expected mismatch for the
real data to the distribution of the SSD of simulated data. If the observed SSD lies in the tail of the simulated SSD distribution
(i.e. SSDreal is greater then 95 or more percent of the simulated SSDs) then the null demographic model can be rejected.
There is no consistent evidence of population expansion in D. arizonae (Table). Tajima’s D and Fu’s Fs both fail to
depart significantly from neutrality in D. arizonae. The mismatch distributions support a model of range expansion (weakly)
in only one region of D. arizonae, the Baja Peninsula, and as already stated, that region’s Fu Fs and Tajima’s D show no
evidence for a departure from neutrality. There is mixed evidence for population expansion in D. mojavensis (Table). Only
the Baja Peninsula region shows consistent evidence for population expansion since both Fu’s Fs and Tajima’s D depart from
neutrality and the mismatch distribution test supports a null model of range expansion. The other D. mojavensis populations
show evidence for departures from neutrality at Fu’s F or Tajima’s D or support for a null model of range expansion, but they
do not show any more than one of those pieces of evidence each. The lack of genetic variation in the Anza Borrego and Santa
Catalina Island populations prevented estimates of any demographic parameters.
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Table: Demographic tests to population expansion. D = Tajima’s D, Fs = Fu’s Fs, SSD = sum of squared deviations between
the observed and expected mismatch distribution. Bold values indicate values consistent with population expansion.
Species

Locality

D (p)

Fs (p)

τ

Θ0

Θ1

SSD (p)

D. arizonae

Baja Peninsula

-0.727 (0.276)

-0.376(0.452)

4.281

0.003

2.183

0.110 (0.058)

Mainland Sonoran Desert (minus
Tucson)

-0.623 (0.305)

-1.623 (0.158)

6.023

0.008

1.57

0.0381 (0.527)

Tucson

-1.021 (0.161)

-0.234 (0.423)

1.056

0

991.094

0.0290 (0.163)

Riverside

1.166 (0.914)

1.215 (0.617)

0.715

0

385.859

0.0162 (0.067)

Mainland Sonoran Desert (minus
Magdalena)

0.514 (0.749)

-1.604 (0.294)

10.467

0

9.795

0.0395 (0.092)

Magdalena

-1.993 (0.014)

1.266 (0.771)

3

0.369

0.378

0.0375 (0.101)

Whitmore Canyon

-0.062 (0.498)

-2.630 (0.021)

*

*

*

*

Baja Peninsula (minus San Quintin)

-2.146 (0.001)

-19.70 (0.000)

2.669

0.002

2.817

0.002 (0.869)

San Quintin

-0.258 (0.437)

-0.055 (0.487)

2.181

0.001

6.69

0.0103 (0.492)

D.mojavensis
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APPENDIX B:
EARLY EVENTS IN SPECIATION: POLYMORPHISM FOR HYBRID MALE
STERILITY IN DROSOPHILA
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THE GENETIC ARCHITECTURE OF MALE STERLITY WITHIN DROSOPHILA
MOJAVENSIS IN F1 HYBRIDS BETWEEN D. MOJAVENSIS AND D. ARIZONAE
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ABSTRACT
There is substantial intraspecific polymorphism for genetic factors contributing to
hybrid male sterility between Drosophila sister species, D. arizonae and D. mojavensis.
The large degree of variation between isofemale lines in producing sterile hybrid sons
suggests a complex genetic basis to hybrid male sterility warranting quantitative genetic
analysis. Until now, genetic studies of postzygotic reproductive isolation have been
hampered by the fact that hybrid sterile or inviable typically is fixed within species and
thus cannot be used directly in the genetic crosses requisite for their analysis. Since the
genes underlying hybrid male sterility in these species are not yet fixed, we are able to
perform explicit genetic analysis of this reproductive isolating mechanism. Here we
present the results of mapping QTL for hybrid male sterility within species. The genetic
architecture underlying hybrid male sterility when analyzed directly in the F1 is highly
complex. There are multiple QTL and their nature varies with the type of cross. In
addition, there are significant epistatic interactions between QTL indicating a highly
complex genetic architecture underlying this trait. Thus, hybrid male sterility arises as a
complex trait in this system and we propose a drift-based model for the evolution of this
phenotype.

INTRODUCTION
Capturing the process of speciation early enough to determine the initial genetic
causes of reproductive isolation is a major challenge in evolutionary biology. During the
modern synthesis, Dobzhansky and Mayr proposed the Biological Species Concept
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(BSC) defining species by their ability to exchange genetic material within their group
while being prevented by reproductive isolating mechanisms from exchanging genetic
material between groups (DOBZHANSKY 1937; MAYR 1942). Reproductive isolating
mechanisms have been the focus of extensive research since their existence was
proposed, and there is now overwhelming evidence that the BSC is an accurate definition
of species in most sexually reproducing organisms. An understanding of the genetics of
reproductive isolation has yet to be developed, however, and there is a pressing need for
studies of how these mechanisms actually evolve.
The Dobzhansky-Muller model of reproductive isolation (BATESON 1909;
DOBZHANSKY 1937; MULLER 1940; MULLER 1942), solves the problem of how a trait
that decreases fitness in hybrids could ever evolve between two populations sharing a
common ancestral genome without either population passing through a state of reduced
fitness. The simplest form of the model involves two loci in two populations. If derived
alleles arise and become fixed by drift or selection at the two loci independently in each
population, then, upon meeting in a hybrid, the derived alleles at the two loci may be
epistatically incompatible with one another, leading to a decreased fitness in the hybrid.
Expanding the Dobzhanksy-Muller model, ORR (1995) proposed that the number of
incompatibilities between two populations will increase as a function of the square of
their divergence times at a minimum. Thus, the genetic incompatibilities that may
initially have defined the two species can quickly become obscured by subsequent
genetic differentiation, making it difficult to discern the original cause for reproductive
isolation. Therefore, if the goal is to understand the origin of isolation one must study a
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pair of recently diverged populations or incompletely diverged sibling species, where the
number of incompatibilities may be relatively small and, hopefully, not yet fixed between
the populations. This study focuses on a young species pair (see below).
Our study focuses on postzygotic isolation where a hybrid, or its progeny,
experiences a reduction in fitness relative to the parental types, reducing gene flow. Two
general patterns in the way postzygotic isolation develops have been well supported in
species pairs studied thus far. Haldane’s rule, the first pattern (HALDANE 1922), states
that, if decreases in hybrid fitness in only one sex are observed, they will most likely
occur in the heterogametic sex, the sex with differentiated sex chromosomes (XY, XO, or
WZ). The second pattern is that hybrid sterility often appears earlier in species
divergence than hybrid inviability in species pairs where the existence of both traits has
been evaluated (COYNE and ORR 1997; WU 1992). Taken together, these two patterns
suggest that the earliest manifestation of postzygotic isolation will be hybrid sterility in
the heterogametic sex. These patterns hold for species pairs in which the male is the
heterogametic sex, such as Drosophila (COYNE and ORR, 2004, Table 8,1), and
interestingly, also hold for species pairs, such as in Lepidoptera, where the female is the
heterogametic sex (PRESGRAVES 2002). Although, Haldane’s rule is robust, and theories
exist about what might be causing it (ORR and PRESGRAVES 2000; TURELLI and ORR
1995), its actual genetic basis remains elusive.
A handful of genes causing hybrid incompatibilities have been identified and all
show evidence of being under positive selection (OdsH in Drosophila mauritiana (TING
et al. 1998), Xmrk-2 in Xiphophorus (SCHARTL et al. 1999), Nup96 in the Drosophila
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melanogaster/D. simulans species pair (PRESGRAVES et al. 2003) and Hmr in Drosophila
melanogaster:(BARBASH et al. 2003). These genes were identifiable because they had a
large phenotypic effect and were easy to isolate, thus biasing the sample toward genes
under strong positive selection. Despite these findings, many studies that attempt to map
or estimate the number of fertility or inviability factors in hybrids across a variety of taxa
find evidence that many loci are contributing (BARTON 1981; BARTON and HEWITT 1981;
MACDONALD and GOLDSTEIN 1999; PRESGRAVES 2003; RIESEBERG et al. 1998;
RIESEBERG et al. 1999; SZYMURA and BARTON 1991; TAO and HARTL 2003; TAO et al.
2003a; TAO et al. 2003b; TRUE et al. 1996). Actually isolating any given locus identified
in such a study is difficult because the locus contributes smaller portion of the total effect
than those genes already identified as speciation genes. These loci are less likely to be
under strong positive selection individually since it is the cumulative action of multiple
loci that generates the incompatibility phenotypes. Thus, we expect that most loci
contributing to hybrid incompatibilities early in speciation are actually drifting or are
nearly neutral in their respective parental species.
A disadvantage to all studies of the genetic basis of hybrid inviabilities thus far is
that they have used species pairs that are sufficiently diverged such that in at least one
direction of the cross (female from one species and male from the other) the hybrids
exhibit complete sterility or inviability. As a result, mapping requires using the
reciprocal cross and introgression or backcrossing schemes to work around the limiting
hybrid phenotype. These studies, though generally informative, cannot properly
characterize the genetic basis for the inviability in the actual F1 hybrid, since the crossing
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schemes can disrupt co-adapted gene complexes that might be critical to the F1
phenotype.
Despite all of the studies of genetics of species several important questions
remain. First, what is the genetic basis of hybrid male sterility occurring at the early
stages of speciation? Second, how do the evolutionary forces of selection and drift
contribute to the development of hybrid male sterility? We answer these questions with
the study described below by using the within-species variation for hybrid male sterility
(HMS) in a young species pair to perform Quantitative Trait Locus (QTL) mapping that
will accurately reflect the genetics of the F1 hybrid phenotype. The primary purpose of
this study is not the immediate identification of the actual genes underlying hybrid
sterility, but rather the elucidation of the genetic architecture (number, effect size,
genomic location, and interactions of genetic factors) of HMS for the first time in an F1
hybrid. Additionally, the study seeks to provide early insight into whether selection or
drift are playing an important roles in the HMS phenotype.
Drosophila mojavensis and D. arizonae are a model system for speciation. These
species breed in the necrotic tissues of cacti in the deserts of the southwestern United
States and Mexico. Drosophila mojavensis is a regional specialist using different cacti
species as its host in particular regions. In mainland Sonoran desert it uses mainly the
columnar organ pipe cactus (Stenocereus thurberi), while on the Baja Peninsula it uses
agria cactus (Stenocereus gummosus). In southern California and Northern Arizona it
uses California barrel cactus (Ferocactus acanthodes), and an isolated population on the
channel island, Santa Catalina Island, off of the coast of Southern California, uses
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opuntia (Opuntia “demissa”), or prickly pear cactus (HEED and MANGAN 1986). Its
sister species, D. arizonae, in contrast, is more of a generalist for host choice using the
columnar cina cactus (Stenocereus alamosensis), as well as other cacti species and even
rotting citrus fruits (FELLOWS and HEED 1972).
These two species exist in both sympatry and allopatry with each other. They are
sympatric through much of Sonora as well as in the cape region of the Baja Peninsula.
Drosophila mojavensis is the only member of the pair that exists in northern Arizona,
Southern California, much of the Baja Peninsula, and on Santa Catalina Island, while D.
arizonae is allopatric south and east of the states of Sonora and Sinaloa, Mexico and in
parts of central Arizona. Based on mitochondrial data, the two species are estimated to
be diverged by between 0.60 and 0.99 million years (REED et al. in press). Their
divergence is thus more recent than the Drosophila pair D. melanogaster-D. simulans at
2-3 million years and similar to the species pairs D. simulans-D. sechellia (0.41 MY,
KLIMAN et al. 2000) and D. pseudoobscura-D. persimilis (0.59 MY, HEY and NIELSEN
2004) in which speciation has been studied. In addition, the genetic distance (D)
between D. arizonae and D. mojavensis is only 0.212 in contrast to D. melanogaster-D.
simulans at 0.550 and D. pseudoobscura-D.persimilis at 0.410, and on par with D.
sechellia-D. simulans at 0.280, other popular systems for the study of the genetics of
speciation (COYNE and ORR 1989). Thus, in terms of absolute time and genetic distance,
D. mojavensis and D. arizonae are a recent species pair.
Reciprocal crosses between these two species had been believed to produce fertile
hybrids of both sexes when D. mojavensis is the mother but HMS when the mothers were
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D. arizonae. In 1990, however, RUIZ et al. (1990) described a population of D.
mojavensis discovered on Santa Catalina Island, California and reported the first example
of within-species polymorphism for postzygotic isolation. They claimed that unlike all
other D. mojavensis populations, when females derived from the Catalina Island
population were mated to D. arizonae males, the resulting hybrid male offspring were
sterile. Inspired by this finding, REED and MARKOW (2004) endeavored to confirm
whether this sterility was indeed fixed within the Catalina Island population and whether
there was any evidence for HMS in crosses with other populations of D. mojavensis. We
used isofemale lines (lines resulting from wild inseminated females) from five D.
mojavensis populations representing the four host races of D.mojavensis to characterize
the amount of within- and between-population variation for the phenotype of HMS when
D. mojavensis females were crossed to D. arizonae males from a single population. We
found substantial and significant within- and between-population variation for presence
of the HMS phenotype suggesting a high degree of polymorphism at multiple loci. The
characterization of this within-species variation for between species isolation provides the
first opportunity to determine the genetic basis within the F1 hybrid for postzygotic
isolation in a species pair that is still experiencing the dynamics of speciation. E. Zouros
and colleagues have mapped the genetic basis of HMS resulting from female D. arizonae
mated to male D. mojavensis to the third, fourth and Y chromosomes (PANTAZIDIS and
ZOUROS 1988; VIGNEAULT and ZOUROS 1986; ZOUROS 1981a; ZOUROS 1991b; ZOUROS
et al. 1988). But these studies suffer the same limitation as cited above for other mapping
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studies; backcross designs using the reciprocal fertile hybrids may result in the disruption
of co-adapted gene complexes critical to the actual F1 phenotype of interest.
Here we report the first QTL mapping study to identify the genetic architecture
HMS in the F1 generation. We ask and answer the following questions. What is the
nature and number of loci within D. mojavensis contributing to the HMS phenotype
between these species? And what can that tell us, in conjunction with other information
about the system, in regards to the evolution of HMS?

MATERIALS AND METHODS
Lines Used for Mapping: Lines used for this QTL mapping project were derived
from lines used in the HMS polymorphism study by REED and MARKOW (2004). The
two D. mojavensis lines were derived from isofemale lines from Santa Catalina Island
(CI) collected in April 2001 that showed substantial differences in amount of HMS
observed when females from those lines were crossed to D. arizonae males from a lab
stock from Peralta Canyon Trail Head, east of Phoenix, Arizona (PERA), collected in
April 1997. Candidate lines were inbred for as many generations as possible. The CI-10
line was inbred through full-sib mating for 6 generations and the CI-12 line was inbred
for 8 generations. The D. arizonae PERA line was inbred for 9 generations. These
species show a form of self-incompatibility after several generations of inbreeding
(MARKOW 1982; MARKOW 1997) where siblings refuse to mate thus pushing inbreeding
beyond the number of generations given turned out to be impossible. The lines should
have inbreeding coefficients of at least 0.734, 0.826, 0.859 respectively (FALCONER and
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MACKAY 1996). Since the two CI lines were derived from isofemale lines themselves
from a small island population of D. mojavensis they are likely to be much more inbred
than the minimum inbreeding coefficients. The D. arizonae line had been maintained in
the lab for 5 years before the beginning of full-sib inbreeding and so was probably also
rather inbred already. Homozygosity of the CI-12 line, used in the D. mojavensis
genome sequencing project, was confirmed by sequencing 5 marker loci in 10 females
(L. MATZKIN, unpublished) and an additional 7 loci in 10 individuals by Agencourt
Biosciences, all markers showed no sequence variation. We also confirmed that the two
D. mojavensis QTL lines were homosequential and thus did not differ for any inversions.
All of the candidate D. mojavensis inbred lines were assayed for their degree of
HMS by mating to D. arizonae males of the PERA line and looking for sperm motility in
their hybrid male offspring. The two lines discussed above were selected both for their
extreme HMS phenotypes (Table 1) and their vigor (eg. they were unlikely to die-out
during the course of the experiment). Within the inbred lines, all males showed wildtype
levels of sperm motility.
Identifying Markers and Genotyping: Initial identification of microsatellite loci
in these species was conducted by (ROSS et al. 2003). We designed PCR primers based
on the relatively conserved flanking sequences of these candidate loci, optimized those
primer pairs, and then obtained fluorescently tagged primers for genotyping the
experimental flies. Additional candidate microsatellite sequences were drawn from
(STATEN et al. 2004). All markers from this source start with the “dmoj” code. Once
PCR conditions were optimized and tagged primers were obtained, potential loci were
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genotyped in a panel of four individuals from each D. mojavensis line to confirm that the
lines contained different alleles for the locus. This part of the experiment proved to be
one of the most trying since the two lines used are very closely related to each other and
thus shared alleles at many of the candidate loci. We genotyped 132 potential loci but
only found 25 that were reliable indicators of line of origin. These 25 markers are
characterized in Supplements 1 & 2. We had markers on the X-chromosome and the four
major autosomes but failed to find a marker on the 6th dot chromosome.
Markers were assigned to chromosome using one or more of the following
methods. 1) Blasting (ALTSCHUL et al. 1994) the flanking sequence against the D.
melanogaster genome sequence to identify which Muller element it belonged to and thus
to what chromosome in D. mojavensis it belonged (STATEN et al., 2004). 2) Using
allozyme markers that had been assigned to chromosome by ZOUROS (1981b; 1991a) and
that differ between D. mojavensis and D. arizonae and then looking for association of
microsatellite genotype with allozyme genotype using non-recombinant male
intermediaries. 3) Looking for close linkage between assigned makers and unassigned
makers.
The primer sequences that are not already described in STATEN et al. (2004) are
shown in Supplement 3. The good loci were multiplexed (organized into groups of 2-4
that can be run in a single PCR reaction) to minimize cost of PCR and subsequent
genotyping. HotStarTaq DNA Polymerase (Qiagen Inc.) was used in the multiplexed
PCRs. Care was taken to ensure that markers in the same multiplex differed substantially
in size and/or were assigned different florescent tags so there would be no confusion
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when assessing the genotype of any given locus. Genotyping was performed by the
Genomic Analysis and Technology Core (GATC) at the University of Arizona using an
ABI 3730 machine. Genotypes were read using Genotyper ver. 1.1 from Applied
Biosystems.
Crossing Design: The two lines of D. mojavensis used in this study are referred
to as CI-10 or Low and CI-12 or High. The CI-10 line has the low hybrid motility
phenotype and the CI-12 line has the high hybrid motility phenotype. The D. arizonae
line used is referred to as PERA-10.
The crossing design used was a modification of a standard F2 line cross (Figure
1). Ten sexually mature virgin females (>5 days post-eclosion) from the Low line were
paired with ten virgin sexually mature males (>8 days post-eclosion) from the High line
in a common vial. Adults were cleared after one week. Virgin F1 males and females
were collected from the vial and allowed to reach sexual maturity. Ten pairs were then
placed in a common vial. F1 adults were cleared after one week and virgin F2 males and
females were collected. All subsequent stages were conducted under a strict 12h:12h
light:dark cycle. When sexually mature, at six days post-eclosion, five female F2s were
paired with five sexually mature virgin male D. arizonae (PERA-10) for 48 hours. After
48 hours, the females were placed individually into vials and allowed to oviposit for four
days. The females were then removed and frozen for later genotyping. Virgin hybrid
males and females were collected from those vials producing viable adults. Hybrid males
were allowed to reach sexual maturity at 9-12 days post-eclosion before phenotyping.
The use of the F2 mothers’ genotypes allowed for a large sample of genetic variation,
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while the use of the sons’ phenotypes allowed for a good estimate of their mother’s
average phenotype. This maximized the quantity and quantity of data given our financial
constraints. The reciprocal design was also performed, meaning that instead of using CI10 females crossed to CI-12 males at the first step, CI-12 females were crossed to CI-10
males. The subsequent crosses proceeded in the same manner as described above. The
cross design using CI-10 females is referred to as the F2 cross and the final mothers of the
hybrids as F2s and the cross using CI-12 females is referred to as the RF2 cross (R for
reciprocal) and the mothers of the hybrids as RF2s. A large number of attempted matings
between F2 and RF2 females and D. arizonae males failed to produce offspring as is
expected considering the substantial prezygotic isolation between the species as well as
possible early development problems in hybrids. 7% of the F2 (224 of 3214) and the 12%
of the RF2 (278 of 2339) mothers produced larvae after being mated to D. arizonae
males. The F2 and RF2 crosses should, on average, have the same sample of
recombinants on the autosomes, but due to the inheritance pattern of the X-chromosome,
the two crosses should differ in their average X-chromosome genotypes and they will
also differ in their cytoplasm/maternal effects due to having different grandmothers.
All vials where mating and/or oviposition took place in this scheme contained
standard opuntia-banana food (http://flyfood.arl.arizona.edu/opuntia.php3#s2.1) while
virgins were maintained on standard cornmeal food
(http://flyfood.arl.arizona.edu/cornmeal.php3). The laboratory was maintained at 24+/-1
degree Celsius.
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Phenotyping: Male Drosophila store mature sperm in a seminal vesicle, a
structure at the base of each testis. To assess sperm motility, males were anesthetized
with ether just prior to dissection. The testes and seminal vesicles were dissected from
the male in sperm buffer (0.05 M Tris, 1.1% NaCL, 0.1% Glucose, 0.01% L-arginine,
0.01% L-lysine, pH 8.7, R.R. SNOOK pers. comm.), male reproductive organs were
transferred to a fresh slide with an 11 microliter droplet of sperm buffer while carcasses
of males were placed in to individual micro centrifuge tubes, labeled, and frozen. The
testes and attached seminal vesicles were stretched with forceps to be as linear as possible
and then placed under a coverslip. Pressing the coverslip down on the sample forced any
sperm and their supporting matrix out of the seminal vesicle, allowing motility of the
sperm to be observed under dark-field microscopy. The entire area where potentially
motile sperm could be found was visually scanned and each seminal vesicle assigned an
integer score from 0 to 6 on a sperm motility scale. A score of “0” meant there was no
motility observed, “1” was one or two motile sperm, “2” being several motile sperm, “3”
being several motile sperm in two or more areas of the field, “4” is three to four areas of
moderate motility, “5” being several large areas of high motility, and “6” being wild-type
motility where most of the field showed high levels of sperm motility (as is observed in
non-hybrid males of these species). The male’s phenotype was then summarized as the
average score of his two seminal vesicles. We phenotyped up to five sons for each
mother. We tested for differences in score due to time (eg. first testis scored vs. second
testis scored) and found no trends of decreasing motility scores with time assuring that
over the course of phenotyping, sperm were not dying or otherwise losing motility.
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We were forced to use this method of motility scoring instead of some more
objective measure of motility because Drosophila sperm are extremely long and form a
tangled wiggling knot, making it impossible to track the movement of any individual
sperm as is done in mammalian systems. Nevertheless, this seven point scale is an
improvement over previous studies of sperm motility in Drosophila were only the
presence/absence of motility was used (e.g. REED and MARKOW, 2004). The seven point
scale allows for a more quantitative measurement of sperm motility appropriate for
quantitative genetic analysis. Additional analyses using a binary (motile/non-motile) and
the motility scale collapsed into four bins were used to confirm the findings with the
more continuous set of motility scores from the seven point scale that might be
considered to be more subjective.
Linkage Mapping: The F2 or RF2 females that successfully produced hybrid
male offspring were genotyped for the 25 microsatellite markers described above. We
used Mapmaker 3.0 from the Whitehead Institute to calculate the linkage map (LANDER
et al. 1987). We assigned markers to chromosome based groups then performed
multipoint analysis on each chromosome group. The maximum likelihood marker order
was calculated for each chromosome and the Haldane mapping function was used to
assign linkage distances between markers in centiMorgans (cM). Autosomal genotypes
were pooled from the F2 and RF2 crosses for linkage map calculation while they are
separated for the X-chromosome due to differences in X-chromosome inheritance
patterns in the two crosses.
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QTL Mapping
QTL mapping was conducted using Windows QTL Cartographer 2.5 (BASTEN et
al. 1994; BASTEN et al. 2002). We conducted two basic forms of QTL mapping,
composite interval mapping and multiple interval mapping. The F2 and RF2 data sets
were analyzed separately, with common linkage maps for the autosomes and their
respective linkage maps for the X-chromosome, with the exception of one analysis done
with the multiple interval mapping where a composite X-chromosome map was used.
The sons of each mother were analyzed with their mother’s genotype and their individual
motility phenotype to account for the within mother variation in her sons’ motility scores.

Composite Interval Mapping (CIM): Composite interval mapping uses
cofactors from other regions of the genome to control for genome wide effects when
regression analysis at any given location in the genome is being tested (ZENG 1993; ZENG
1994). For our analyses a multiple regression analysis at each 2 cM segment of each
chromosome was performed using five additional markers from elsewhere in the genome
as cofactors to control for genetic effects in other genome regions (Model 6 in
QTLCartographer). A 10cM region around the test location was excluded for selection of
the five control markers. A likelihood ratio (LR) test was performed for each position
comparing the null hypothesis that no QTL is present at that position to the alternative
where a QTL is present. We focused on the alternative hypothesis of there being
potentially both additive and dominance effects at the QTL (referred to as hypothesis 3 in
QTLCartographer). The additive and dominance effects at each 2cM position are also
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calculated. To assess whether the LR at any given position is significant, we performed
1000 permutation tests where phenotypes a randomly shuffled relative to genotypes and
the analysis recalculated (CHURCHILL and DOERGE 1994). If the LR in the real data is
greater than or equal to the top 5% of the LR given in the permutations there is a
significant QTL at that position.
We also conducted composite interval mapping on individual chromosomes. In
these analyses Model 2 from QTLCartographer was used such that any markers unlinked
to the test site on the chromosome were used as cofactors in the multiple regression.
Significance was again assessed with 1000 permutations.

Multiple Interval Mapping (MIM): Multiple interval mapping uses several
marker intervals simultaneously to fit putative QTL to a model (KAO et al. 1999). The
model is the result of multiple regression over all positions in the data set, thus overestimation of the percentage of variance explained by any given QTL will not occur as
can occur in composite interval mapping. The model can include estimates of interaction
effects (epistasis) between QTL. We conducted two categories of MIM of our data. The
first was based only on major effect QTL; that is QTL with significant additive or
dominance effects that were only found on the autosomes. In the second, we added a
QTL to the X-chromosome to test for interactions between the X-chromosome and
autosomes.
The basic procedure for the analysis is to first estimate the position and effect size
of the major effect QTL using backwards regression with an R2 probability set at < 0.01.
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The resulting QTL model is then refined. First, the position and effect size of the QTL is
reestimated using the Bayes information criterion (BIC) (HANNAN and QUINN 1979;
SCHWARTZ 1978) with a penalty function of c(n)=ln(n). Then, new QTL are tested for
using the same BIC. If no QTL meet the criterion then no QTL is added, otherwise the
QTL is added and the process of reestimation of position and effect is repeated.
Significant effects of the QTL are also retested if new QTL are added after reestimation
of their positions. Once the model contains all major effect QTL, then epistatic
interactions evaluated using the Akaike information criterion (AIC) (AKAIKE 1969) with
a penalty function of c(n)=2 (a value recommended by WANG et al., 2005). The final
model is saved and effect sizes and proportion of total variation explained by each effect
is estimated. To test for X–autosome interactions, after the initial model is created, an
additional QTL is added to the X-chromosome and the process of position and effect
reestimation is performed followed by subsequent steps explained above. All model
selection and refinement processes searched at 1 cM increments.

RESULTS
Linkage Map: The first step in performing QTL analysis is to generate a linkage
map as shown in Figure 2. Given the genotypes at nearby markers, the linkage map was
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used to predict the most likely genotypes for each individual at the one and two
centiMorgan (cM) intervals used in the regression analyses.

Phenotype Variation: We found that there were significant differences in the
proportion of inter-species hybrid sons with motile sperm between our High (91%) and
Low (46%) D. mojavensis lines as shown in Table 1. In addition, we tested for
dominance of the HMS phenotype when F1, RF1, F2 and RF2 were the mothers. We
found that in all cases, in the mothers that were hybrids between the two D. mojavensis
lines, there was dominance towards the motile phenotype in their interspecific hybrid
sons (Table 1). The frequency distribution of the motility phenotypes averaged by
mother from the F2 and RF2 crosses are shown in Figure 3. There is tendency towards
lower motility scores in both crosses with a stronger tendency in the F2 cross. Thus, there
was dominance towards having one or motile sperm, but there was not dominance
towards high motility scores when a graded scale was applied. The average motility score
for all males in the F2 cross was 2.27 and the in RF2 cross was 2.35.

QTL Mapping
Composite Interval Mapping (CIM): In the composite interval mapping of the
HMS phenotype we found differing results in the F2 and RF2 crosses. In the F2 cross
where we analyzed all of the chromosomes at once, we found four significant QTL on
three chromosomes; two on the 2nd chromosome and one each on the 3rd and 5th
chromosomes (Figure 4; Table 2). The two QTL on the 2nd chromosome showed some
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additive effects (0.24 and -0.81) but more interestingly, showed substantial and opposite
dominance effects (-2.17 and 2.16) which together explain a large proportion of the total
variance (R2=0.488 and 0.506 respectively). The other two QTL showed mainly additive
effects (-0.90 and -0.80) (Figure 4; Table 2) and explained a smaller portion of the total
variance (R2=0.157 and 0.096 respectively). The R2 values sum to more than one due to
the nature of this model of CIM where all possible effects are not considered in the
regression analysis at any given position.
The composite interval mapping of all of the chromosomes of the RF2 cross found
only one QTL on the 3rd chromosome (Figure 5, Table 2). This QTL showed substantial
additive effects (-0.790) and some dominance effects (0.357) (Figure 5; Table 2) and
explains 12.7% of the phenotypic variance observed in this cross. There was an
intriguing spike on the 2nd chromosome in this cross (Figure 5) that was not significant
but helped to motivate the individual chromosome analyses.
The analysis of the individual chromosomes in the F2 and RF2 crosses did not find
any important differences from the overall analysis with the exception of finding one
addition QTL on the 5th chromosome in the RF2 cross with largely dominance effects
(0.778). Yet, there still was no significance to the spike on the 2nd chromosome in the
RF2 cross.
It is likely that the QTL found on the 3rd chromosome in both crosses is the same
one since they fall at similar positions and have similar effects. The QTL found on the
5th may be the same but the other two QTL on the 2nd in the F2 cross are not found at all
in the RF2 cross. It is surprising that no significant QTL was found on the X-
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chromosome in either cross since many of the models of Haldane’s rule call for a special
role of the X-chromosome, especially in the dominance theory as championed by Coyne
and Orr (COYNE and ORR 2004). The differences between the two crosses suggest that the
X-chromosome or cytoplasm may have important epistatic or epigenetic interactions with
the autosomes. Thus, in the multiple interval mapping we make and effort to test for
epistatic interactions between the X-chromosome and the autosomes. We cannot directly
test for cytoplasm effects in our design.

Multiple Interval Mapping (MIM): We conducted the multiple interval
mapping on both datasets (F2, and RF2) each with and without adding a QTL on the Xchromosome.
F2 Dataset MIM: The multiple interval mapping of the major effect QTL in the F2
cross identified 5 QTL, two of the 2nd chromosome, two on the 3rd chromosome, and one
on the 5th chromosome (data not shown). The first QTL on the 2nd chromosome falls at a
very different position that the first QTL on the 2nd chromosome found in the CIM over
all chromosomes in the F2 cross or by individual chromosomes and it has moderate
additive and dominance effects. The second QTL found the 2nd chromosome has a
similar position to that found in the CIM over all F2 chromosomes but has a positive
additive effect (as opposed to the negative effect found in the CIM) and a smaller but
still positive dominance effect (1.114). The first QTL found on the 3rd chromosome is in
a different position from the QTL found on the 3rd chromosome in CIM. It also shows
different effect sizes and directions. In contrast, the second QTL on the 3rd chromosome
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is in a similar position to that found in the CIM. Its additive effect is in the same
direction as in the CIM, but the dominance effect is in the opposite direction. The final
QTL on the 5th chromosome has a similar position and effects to that found in the CIM.
There are significant epistatic interactions in seven of the ten possible between QTL
interactions. The main effect QTL explain 64.9% of the total variation and the epistatic
effects explain 32.2% of the total phenotypic variation. Thus, virtually all (97.1%) of the
phenotypic variation observed in this cross is due to genetic variation. The high
percentage of total variation being genetic was also observed in the CIM for this cross.
The MIM model with a QTL added on the X-chromosome showed similar
positions and but differing effect size and directions for many of the main effect QTL in
the MIM of the F2 data before the X-linked QTL was added (Tables 3-5). But the largest
effects found in the original analysis did not change in direction when the X-linked QTL
was added. The nature of the epistatic effects among the originally main effect QTL
changed in all but one of the possible interactions (the second 3rd chromosome QTL by
5th chromosome QTL). We lost epistatic interactions between the first 2nd chromosome
QTL and the second 3rd chromosome QTL, and we gained epistatic interactions between
first 2nd chromosome QTL and the first 3rd chromosome QTL. The X-chromosome QTL
was estimated to have moderate main effects (-0.772 additive and -0.665 dominance) and
showed significant epistatic interactions with all other main effect QTL except the first
QTL on chromosome 3. The total phenotypic variance explained by the main effect QTL
is 59.9% and by the epistatic interactions is 37.6%, for a total of 97.5%. Once again,
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virtually all of the phenotypic variation observed in this cross can be attributed to genetic
variation.
RF2 Dataset MIM: The multiple interval mapping of only the major effect QTL
in the RF2 cross found four QTL, two on the 3rd chromosome, and one each on the 4th and
5th chromosomes (data not shown). The first QTL on the 3rd chromosome has a similar
position to the QTL found the second 3rd chromosome QTL in the F2 MIM, and the QTL
found in the F2 and RF2 CIM. It also has similar effects (additive -0.772 and dominance
0.207) to those found in the F2 MIM (though the magnitudes differ somewhat) and the
RF2 CIM, but differs in the direction of the dominance effect from the 3rd chromosome
QTL found in the F2 CIM. The second QTL found on the 3rd chromosome is completely
novel with moderate effects. The 4th chromosome QTL is also unobserved in any of the
CIM. It has relatively small main effects (additive -0.046 and dominance -0.050). The
5th chromosome QTL looks very different from the QTL found the F2 MIM in position
and effects. In the F2 the 5th chromosome QTL had both negative additive and
dominance effects while in the RF2 MIM the QTL has a negative additive effect of
similar magnitude (-0.113) but a large, positive dominance effect (0.736). The size of
this dominance effect and the position in the chromosome is very similar to that found in
the CIM of the RF2 by individual chromosomes. It also different from the 5th
chromosome QTL found in CIM of F2 data where both the position and the effects
directions differ. We found that there were significant epistatic interactions among all of
the main effect QTL. The main effects alone explain 15.4% of the total phenotypic
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variance while the epistatic effects explain 17.7% of the total variance. Thus, a total of
33.1% of the total phenotypic variance in this cross can be attributed to genetic effects.
When the X-chromosome is added into the RF2 MIM model, many of the main
effect QTL and the estimated epistatic interactions changed substantially (Tables 6-8).
The positions of three of the four original QTL change substantially (on the 3rd and 4th
chromosomes) while the QTL on the 5th chromosome stays in about the same position.
The main effects of the QTL on the 3rd chromosome stay about the same but the QTL on
the 4th shows a change in the direction of both the additive and dominance effects and the
QTL on the 5th chromosome shows a change in direction of the additive effect. The Xchromosome QTL is estimated to have an additive effect of -0.947 and a dominance
effect of 1.196 which differs substantially from the effects estimated from the F2 dataset.
The X-chromosome shows significant epistatic interactions with one QTL on the 3rd
chromosome and the QTL on the 4th and 5th chromosomes. We both loose and gain
epistatic effects between the original main effect QTL. The total phenotypic variance
explained by the main effects is 15.2% and the total variance explained by the epistatic
effects is 20.8%. Thus, the total phenotypic variance explained by genetic effects is 36%.

DISCUSSION
We would not have found significant QTL if our study if the 7 point scale used
was arbitrary. Since we were blind to the son’s genotype during phenotyping and we
used permutation (data randomization) to determine significance, any correlation between
the genotype and the phenotype that was found to be significant must reflect a biological
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reality. In addition, when we performed the CIM on the binary and four bin
condensations of the data set, we found effect peaks in similar positions to those found
with the seven point scale (data not shown). Those peaks were not significant due to the
loss of power with the reduced range of scores but do confirm the general pattern found
with the seven point scale. Thus, the 7 point scale is a valid method for estimating
Drosophila sperm motility and may be appropriate to use in other studies.
Genetic Basis of HMS in Early Stages of Speciation: The first question we
proposed to answer in this study was: what is the basic architecture of HMS in the early
stages of its evolution? It could be caused by only a few factors of large effect or it may
have a more complex basis, involving multiple loci and epistatic interactions. We knew
from the study by REED and MARKOW (2004) that there were likely to be many
polymorphic factors for HMS within D. mojavensis due to the large amount of
phenotypic variation for HMS that could be attributed to each hierarchical level of
genetic relatedness in the study. With our QTL study we found that HMS at the earliest
stages of speciation is indeed complex, and perhaps even more complex than anybody
could have guessed. We found within population variation not only for several QTL of
large effect, but also for substantial within species epistatic interactions. The epistatic
effect of the X-chromosome, which has no main effects (additive or dominance), is
substantial and probably causes some of the differences in the reciprocal crosses. The Xchromosome epistatic effects contributed between 3.6 and 10% of the total phenotypic
variation or between 17.2 and 26% of the total genetic variation in the MIM analyses.
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The X-chromosome has been the focus of many attempts to explain Haldane’s
Rule and we were expecting to find QTL of major effect on the X-chromosome (TURELLI
and ORR 1995). We may have lacked the power to detect QTL on the X-chromosome
due to an insufficient sample size. We did, however, find major effect QTL on other
chromosomes, so if there was one on the X-chromosome we should have been able to see
it. It is interesting that the X-chromosome did show substantial epistatic interactions with
other QTL. Perhaps models of Haldane’s rule should be reassessed to account for the
possibility that the X-chromosome is not just a potential carrier of additive and
dominance effects but instead is also capable of shaping much more complex genetic
architectures through epistasis. We cannot test for maternal/cytoplasmic effects
specifically, but they, too, could contribute to the differences seen between the two
crosses.
Other studies that have attempted to estimate the number of loci contributing to
hybrid incompatibilities have also found many factors (summarized in COYNE and ORR,
2004 Table 8.2). Though they were conducted in different ways and on species pairs
with differing degrees of divergence these studies generally support the notion that hybrid
incompatibilities have a complex genetic basis. What is unique about our study is that we
found complexity within the F1 hybrid generation in a species pair that is relatively
recently diverged.
Hybrid Incompatibilities Driven by Selection or Drift: Evidence for substantial
within species polymorphism for between species postzygotic isolation has been found in
five systems thus far, Drosophila pseudoobscura (Macknight 1939), Tribolium beetles
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(WADE and JOHNSON 1994; WADE et al. 1997), Drosophila mojavensis (REED and
MARKOW 2004), Drosophila bipectinata (KOPP and FRANK 2005), and Chorthippus
parallelus grasshoppers (SHUKER et al. 2005). SHUKER et al. (2005) argue that
witnessing substantial within species polymorphism for hybrid incompatibilities means
that loci contributing to the hybrid phenotype are likely to be neutral or nearly-neutral on
the parental species genetic background. Otherwise, directional selection would have
driven a culprit locus to fixation and no polymorphism would be observed. We agree
with this assessment as being the most likely explanation for the observed polymorphism.
There are other possibilities, such as within species balancing selection on the loci of
interest, which could explain this pattern and cannot be absolutely ruled out.
Certainly some genes contributing to postzygotic isolation are under strong
directional selection (BARBASH et al. 2003; PRESGRAVES et al. 2003; SCHARTL et al.
1999; TING et al. 1998), but that does not mean that all postzygotic isolation must be due
to directional selection. When the polymorphism pattern observed within D. mojavensis
(REED and MARKOW 2004) is considered in light of a similar polymorphism observed in
the sister species D. arizonae (Reed, unpublished) and of evidence of polymorphism in
other systems, it strains credulity to assert that most postzygotic isolation is due to
positive selection within species. In addition, the extensive evidence that many loci can
cause a hybrid incompatibility in any given system (COYNE and ORR 2004 Table 8.2)
leads us to the conclusion that postzygotic isolation in many systems is likely due to the
accumulation by drift of multiple incompatibility factors, of varying effect sizes, that
remain polymorphic for a period of time while speciation is occurring.
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Further evidence for the haphazard accumulation of incompatibility factors is the
large influence that genetic/cytoplasmic background has on the main effect and epistatic
effect QTL found in our study. We would expect to see consistent effects in the two
crosses (F2 and RF2) if there was strong selection for a within-species phenotype that
resulted in genetic incompatibilities with the other species. One locus remained fairly
consistent across the two crosses, the QTL on the 3rd chromosome, which is a strong
candidate for containing a gene under selection. The markers around this locus could be
genotyped in natural populations to test for evidence of directional or stabilizing
selection. The other QTL would require more complex analyses to understand.
Expression QTL mapping in hybrids might help to identify the nature of the varying
epistatic interactions seen in the two crosses.
Our findings are consistent with the basic model of a “holey fitness landscape”
proposed by GAVRILETS (eg. 1997). We have two fit species that are polymorphic for
loci contributing to HMS between the species. Imagine these two species extending
along a wide ridge of fit genotypes that encircles a hole of unfit genotypes, each species
forming a genetic cluster on alternate sides of the hole. Upon hybridization between the
species, the possible combinations of genotypes in the hybrids may fall into the hole or
may stay on the ridge depending on the genotype positions of the parents. The loci
contributing to the possible hybrid inviability are free to drift within the species, along
the wide ridge, because they cause no fitness detriment. Our study makes it clear that
models of speciation must consider polymorphism at many loci, cytoplasmic effects, and
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within species epistatic interactions to describe how speciation occurs in at least some
systems.
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Table 1: Hybrid Sperm Motility of Parental and Intercross Lines.
________________________________________________
Proportion (N)
_____________________
Cross
No Motility Motility
Standard Error
________________________________________________
CI-10

0.54 (35)

0.46 (30)

0.062

F1

0.07 (11)

0.93 (154)

0.019

F2

0.15 (62)

0.85 (353)

0.017

RF1

0.07 (13)

0.93 (177)

0.018

RF2

0.13 (75)

0.87 (483)

0.014

CI-12
0.09 (13)
0.91 (131)
0.024
_________________________________________________
The genotype of the D. mojavensis mother is given under Cross and the father is D.
arizonae Pera-10. Motility is defined as a male having one or more motile sperm.
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Table 2: Marker Position and Effect Size for QTL found in Composite Interval Mapping
across all chromosomes.
Cross Type

QTL

Chromosome

Position (cM)

LR

Additive Effect

Dominance Effect

R2

F2

1

2

32.0

23.676

0.240

-2.165

0.488

F2

2

2

66.0

27.119

-0.381

2.164

0.506

F2

3

3

61.2

41.640

-0.902

-0.137

0.157

F2

4

5

54.5

28.388

-0.802

-0.427

0.096

RF2

1

3

59.2

46.238

-0.790

0.357

0.127
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Table 3: Multiple interval mapping F2 data forcing an X-linked QTL. Epistatic effects
between markers are shown as AA (additive by additive), DA (dominance by additive),
and DD (dominance by dominance).
QTL-1 QTL-2

QTL-3

QTL-4

QTL-5

QTL-6
54.5

Position (cM)

0.1

0.1

61

13

56.2

Chromosome

X

2

2

3

3

5

-0.772 -0.957

0.697

0.661

-0.669

-1.130

-0.665

1.166

1.898

0.013

-0.471

-0.184

DD

DA

DD, DA

DA

Additive Effect
Dominance Effect
QTL-1
QTL-2
QTL-3

DA, AA

DD, DA, AA

DA, AA

DD, DA, AA DD, AA DD, DA, AA

QTL-4
QTL-5

DD, AA
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Table 4: Main effects and percent of variance explained by the effect in multiple interval
mapping of F2 data forcing an X-linked QTL.
QTL
1
1
2
2
3
3
4
4
5
5
6
6

Type
A
D
A
D
A
D
A
D
A
D
A
D

Chrom.
X
X
2
2
2
2
3
3
3
3
5
5

Position
0.1
0.1
0.1
0.1
61
61
13
13
56.2
56.2
54.5
54.5

LOD
0.17
0.17
0.62
3.27
2.63
8.41
2.36
0.01
6.73
3.57
6.54
0.67

Effect
-0.772
-0.665
-0.957
1.166
0.697
1.898
0.661
0.013
-0.669
-0.471
-1.130
-0.184
Total %

Effect %
2.2
-1.4
-1.1
-2.8
0.3
28.9
4.4
0
11.4
2.6
14.2
1.2
59.9
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Table 5: Epistatic effects and percent of variance explained by the effect in multiple
interval mapping of F2 data forcing and X-linked QTL. Epistatic effects between markers
are shown as AA (additive by additive), DA (dominance by additive), and DD
(dominance by dominance).
QTL(pair)
1x2
1x3
1x5
1x5
1x6
2x3
2x3
2x4
2x4
2x4
2x6
2x6
3x4
3x4
3x4
3x5
3x5
3x6
3x6
3x6
5x6
5x6

Type
DD
DA
DD
DA
DA
DA
AA
DD
DA
AA
DA
AA
DD
DA
AA
DD
AA
DD
DA
AA
DD
AA

Chrom.
Xx2
Xx2
Xx3
Xx3
Xx5
2x2
2x2
2x3
2x 3
2x3
2x5
2x5
2x3
2x3
2x3
2x3
2x3
2x5
2x5
2x5
3x5
3x5

LOD
6.068
0.242
4.139
-0.161
1.469
3.729
5.038
2.749
0.434
-0.234
1.543
0.955
2.317
-0.258
1.682
0.927
2.388
0.224
0.412
1.608
0.951
1.749

Effect
-1.404
-0.113
1.554
-0.650
-0.397
-1.434
2.265
-0.735
0.216
-0.365
0.564
-0.876
0.823
0.598
-0.425
0.265
0.900
-0.148
0.243
0.231
-0.429
0.308
Total %

Effect %
3.6
0.3
1.4
3.2
1.5
5
3.7
0.5
0.1
2
1.8
-0.4
3.4
2.9
1.1
0.5
5.4
-0.6
0.3
-0.5
0.7
1.7
37.6
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Table 6: Multiple interval mapping RF2 data forcing an X-linked QTL. Epistatic effects
between markers are shown as AA (additive by additive), AD (additive by dominance),
DA (dominance by additive), and DD (dominance by dominance).
Position (cM)
Chromosome
Additive Effect
Dominance Effect
QTL-1
QTL-2
QTL-3
QTL-4

QTL-1
56.3
X
-0.947
1.196

QTL-2
50.2
3
-0.634
0.055
DD, AA

QTL-3
127.8
3
0.143
0.417
DD

QTL-4
108.6
4
0.446
0.501
AA
DD, AA
DA

QTL-5
43.2
5
0.138
0.516
DD, DA
AA
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Table 7: Main effects and percent of variance explained by the effect in multiple interval
mapping of RF2 data forcing an X-linked QTL.
QTL
1
1
2
2
3
3
4
4
5
5

Type
A
D
A
D
A
D
A
D
A
D

Chrom.
X
X
3
3
3
3
4
4
5
5

Position
56.3
56.3
50.2
50.2
127.8
127.8
108.6
108.6
43.2
43.2

LOD
0.19
0.25
2.23
0.01
0.07
0.47
0.87
1.55
0.08
0.8

Effect
-0.947
1.196
-0.634
0.055
0.143
0.417
0.446
0.501
0.138
0.516
Total %

Effect %
4.7
-4.9
9
0.2
-0.2
1.9
-0.1
2.2
-0.1
2.5
15.2
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Table 8: Epistatic effects and percent of variance explained by the effect in multiple
interval mapping of RF2 data forcing and X-linked QTL. Epistatic effects between
markers are shown as AA (additive by additive), AD (additive by dominance), DA
(dominance by additive), and DD (dominance by dominance).
QTL(pair)
1x2
1x2
1x4
1x5
1x5
2x3
2x4
2x4
2x5
3x4

Type
DD
AA
AA
DD
DA
DD
DD
AA
AA
DA

Chrom.
Xx3
Xx3
Xx4
Xx5
Xx5
3x3
3x4
3 x4
3x5
3x4

LOD
0.55
0.06
0.23
0.52
1.89
0.81
0.54
0.53
0.63
1.43

Effect
-0.800
0.387
0.255
-0.834
-1.733
1.415
-0.797
-0.358
0.692
-1.043
Total %

Effect %
0.5
2.3
0.5
1.2
4.9
4.8
2.9
0.5
0.1
3.1
20.8
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Figure 1: Crossing scheme. Design used to produce the recombinant D. mojavensis
females to be mated to inbred D. arizonae males.
Figure 2: Linkage map used in QTL analysis. Different maps for the X-chromosome are
given for the two different crosses (F2 and RF2).
Figure 3: Frequency distribution of male hybrid sperm motility scores averaged by
mother. The two distributions are separated by cross (F2 and RF2). Each seminal vesicle
assigned an integer score from 0 to 6 on a sperm motility scale. A score of “0” meant
there was no motility observed, “1” was one or two motile sperm, “2” being several
motile sperm, “3” being several motile sperm in two or more areas of the field, “4” is
three to four areas of moderate motility, “5” being several large areas of high motility,
and “6” being wild-type motility where most of the field showed high levels of sperm
motility (as is observed in non-hybrid males of these species). The male’s phenotype was
then summarized as the average score of his two seminal vesicles.
Figure 4: Composite interval mapping results for all chromosomes in the F2 cross. The
first row shows the position of QTL on the linkage map. The threshold for significance is
the solid horizontal line at the likelihood ratio (LR) of 20.4. Any point where the LR
score exceeds the threshold for significance is considered the position of the QTL. Four
QTL are identified in this cross. The second row shows the additive effect size of the
QTL in the top panel. The third row shows the dominance effect of the QTL. In second
and third rows, values exceeding 0 means that alleles from the Low line at that position
will tend to increase the motility score while values less than 0 mean that alleles from the
low line will tend to decrease the motility score.
Figure 5: Composite interval mapping results for all chromosomes in the RF2 cross. The
first row shows the position of QTL on the linkage map. The threshold for significance is
the solid horizontal line at the likelihood ratio (LR) of 39. Any point where the LR score

142
exceeds the threshold for significance is considered the position of the QTL. One QTL is
identified in this cross. The second row shows the additive effect size of the QTL in the
top panel. The third row shows the dominance effect of the QTL. In the second and third
rows, values exceeding 0 means that alleles from the Low line at that position will tend to
increase the motility score relative to average while values less than 0 mean that alleles
from the low line will tend to decrease the motility score relative to average.
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Supplement 1: Summary of chromosome genomic sequence information. Supercontig
numbers are based on Freeze1 of D. mojavensis. Megabases are the number of
megabases found in the given supercontig.
Chromosome Number of Markers Supercontigs Megabases
X
1
6308
3.3
X
1
6359
4.5
X
2
6473
16.8
2
5
6540
34.1
3
3
6500
32.3
3
1
6499
0.4
4
5
6680
24.7
4
2
6654
2.6
5
5
6496
26.8

Supplement 2: Marker Position in Genome
Marker
Chromosome Scaffold/supcontig Position in Supercontig
dmojx030
X
6308
1519123
dmojx080
X
6359
908368
Dmojx100
X
6473
2605825
M2_18_2
X
6473
10991413
A3_11_1
2
6540
5294562
dmoj2020
2
6540
19703643
a2_9_13
2
6540
25900490
a3_8_9
2
6540
27835420
dmoj2210
2
6540
29054960
A1_2_1
3
6499
165592
a3_16_5
3
6500
8378070
chrom3dup
3
6500
19399956
m2_17_15
3
6500
22948509
a3_10_13
3
no good hit
m2_19_2
4
6654
787651
A2_13_1
4
6654
986677
chrom4dup
4
6680
6717151
dmoj4060
4
6680
14468116
m1_10_11
4
6680
16210603
dmoj4050
4
6680
17823649
dmoj4040
4
6680
18754210
a3_12_6
5
6496
7590657
a2_10_3
5
6496
10996959
m4_9_6
5
6496
12487551
m4_9_1
5
6496
12567685
dmoj5020
5
6496
24115807
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Supplement 3: Primers for New Microsatellites.
Marker

Chromosome

Forward Primer

Reverse Primer

M2_18_2

X

GATGACATCAGCGAGACTTCC

CCAAATTGCACATCAACAGC

A3_8_9

2

GCAACAGCAGCAACAGAAGC

ACTAGCCCACACACCCTACC

A3_11_1

2

CAACAACAACTGCAGCAACC

TGTCATTCGGCAGTGTATCC

A3_10_13

3

CGTTTTTCGCGTTGTCATC

TTTCGGAATGCTCCTATTCG

A3_16_5

3

AATGCAATAAAGCGCGAATC

TGAAGAGTTGCAATTGAAGCAG

chrom3dup

3

GAAGCCCACTGGCAAACG

ACAGGGCAGACTTCATTAGC

M2_17_15

3

GCATATCAATGTCCTGTTATCAAGC

ATTTCCCCATCTGACTGTCG

A1_2_1

3

CGAAATTCAGCACCAAAGC

AGCCCCAGCTACATGTTCG

A2_13_1

4

CAGAAATCGTTTCATTCATGC

CGCTTGGACAACTTTCAGC

M2_19_2

4

CCTTATCGCTGCTCGACTCC

AGGAAAACTTCAGCCAGACG

chrom4dup

4

GCATTCATATGCATTTAATTTTCG

AGACTCCAACGCGATTTTCC

M1_10_11

4

TTGTCAGCATTTGATGAGC

TTTGTGCCAGCAATTATGTAGC

A2_10_3

5

CCAATGCTGTTGCTCTTACG

CGCTCGCTATTATCCTCTCC

M4_9_6

5

TCAACTGGAAGCTGTTAAATATCG

CATGCATCAGGCTTATCTCC

M4_9_1

5

CCTGCAACTCAAACTTCACC

GCTTCAGCTACCCAAAAGTCC

A3_12_6

5

ACGCATTTGCTGTGATTCG

GAAAATGTCAAGGGGACAGC

