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“In this manner, though I may not have arrived at a perfect knowledge of 

anything, I have gone far enough to perceive that I am still entirely 

ignorant of many things the nature of which I supposed was known to me, 

and when I discover a palpable falsehood in ancient writings or in modern 

belief, I feel so irresolute and doubtful of my own knowledge that I 

scarcely dare attack it without first consulting some learned and prudent 

friends.” 

 
 
 
 

-Francesco Redi of Arezzo, Experiments on the Generation of Insects 
1688 
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Abstract 
While the central role of spermatozoa in sexual reproduction and 

fertilization is well understood, many functional attributes of sperm have 

yet to be elucidated at the molecular level.  One key to ultimately 

understand the molecular basis of sperm function is to comprehensively 

characterize its biochemical composition.  This crucial information has 

been lacking, as molecular characterization of the sperm cell cannot be 

assessed by classic gene expression assays since mature spermatozoa 

are transcriptionaly inert.  Whole-cell shotgun proteomic approaches have 

revolutionized the molecular analysis of sperm form and function.  We 

have utilized improved methodologies to re-analyze the D. melanogaster 

sperm proteome and characterize five additional Drosophila species 

sperm proteomes.  This methodology, which included a 1D SDS-PAGE 

prefractionation step, resulted in good reproducibility between biological 

replicates and high quality sperm proteomes.  An interspecific analysis of 

the sperm proteomes revealed that despite variation in protein 

composition, Drosophila sperm proteomes have a consistent functional 

profile and 519 proteins were identified a being conserved across the 

melanogaster subgroup within a phylogenetic framework.    

 

Evolution of the sperm proteome was explored in Mus musculus through 

the utilization of targeted proteomic datasets completed, which provided 

subcellular localizations for sperm components.   This study resulted in 

several novel findings, including evidence for accelerated evolution as 

well as an enrichment of positive selection on genes found in the cell 

membrane and acrosome.  This may be a result of the selective 

pressures encountered by these membrane proteins during sperm 

development, maturation and transit through the female reproductive tract 

where the sperm cell membrane, and eventually the acrosome, are 

exposed to the extracellular milieu and are available for direct cell-cell 

interactions.   These findings not only reveal the varying evolutionary 

pressures acting on a single cell type but also highlights the utility of the 

proteomics technique in clarifying protein interaction and evolutionary 

history. 
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Chapter 1 

Introduction 
 

 

1.1 Spontaneous Generation to Reproduction 
 
“Animals and plants come into being in earth and in liquid because there 

is water in earth, and air in water, and in all air is vital heat so that in a 

sense all things are full of soul. Therefore living things form quickly 

whenever this air and vital heat are enclosed in anything. When they are 

so enclosed, the corporeal liquids being heated, there arises as it were a 

frothy bubble.” 

– Aristotle, On the Generations of Animals, 350 BCE 

 

The study of spermatozoa and its role in sexual reproduction has been an 

area of interest for many centuries.  Research regarding the cell’s 

existence, role and function is understandably entwined with the historical 

research on the creation of life.  In order to appreciate the intellectual and 

scientific steps that lead to the current understanding of spermatozoa we 

must also appreciate how our understanding of reproduction developed 

over this vast period of human history.  The twenty-five (and still counting) 

centuries of philosophy and research concerning the creation of life has 

been dominated by complex, controversial and often heated debates that 

reflected the morals and fashions of society that many scientists, natural 

historians and philosophers faced during these early years.  Despite the 

sometimes protracted pace of the field, scientists eventually arrived at an 

accurate understanding of the processes associated with sexual 

reproduction as well as identifying and studying the male gamete, which 

continues to fascinate scientists today. 
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Sexual reproduction, historically referred to as generation, for animals 

that are produced through live birth has largely been understood for 

centuries: the successful mating of a male and female of a species 

results in offspring of the same species (termed “like breeding like”).  

From ancient times, most people accepted that larger animals 

reproducing by live birth (via an egg or internal development) required 

some interaction between the male and female of a species, which 

generally resulted in an offspring of the same species.  However, until 

relatively recently, it was not beyond the realm of possibility for 

“monsters” or animal hybrids to be born from humans or other animals 

(Daston and Park 1998).  The lack of understanding the causes of 

abnormal offspring and the proliferation of fantastical folk tales made the 

entire process of generation appear mysterious and difficult to 

understand. Although, despite the appearance of the occasional 

“monster”, now attributed to developmental abnormalities, the result of 

most reproductive interactions was relatively clear.  However, the process 

that occurred inside the animal or egg, which lead to the creation of the 

offspring, was still a mystery.  In contrast to the broad acceptance of the 

reproductive process in large animals, the reproduction of smaller 

organisms, where often it was not clear two sexes even existed, had even 

less clarity.  It was commonly thought that many organisms, especially 

flies, snakes and rodents, were able to reproduce through some process 

of spontaneous generation that did not rely on any kind if interaction 

between adults and no relationship existed for “like breeding like”, as 

indicated by the ruminations of Aristotle (see above quote). 

 

One of the first recorded attempts to provide an explanation for the 

generation of organisms was made in the 4th century BCE by Aristotle.  

He published his thoughts on reproduction in two writings, On the 

Generation of Animals (Aristotle 1952) and The History of Animals 

(Artstotle 1952).  The ideas proposed in these writings were largely based 

on philosophical supposition rather than experimental results.  Despite 

this, his philosophy formed the essential dogma regarding the generation 
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of life until the scientific revolution nearly two thousand years later.  In 

these writings, Aristotle presented his theory that all organisms come 

from some combination of the five elements (earth, air, fire, water and 

aether) that is nurtured by a “vital heat” that could be provided by the 

mother’s body or the earth.  These elements, however, were not brought 

together in the same way for all animals.  He proposed that there were 

two categories of animals; perfect animals and imperfect animals.  A 

perfect animal was born through live birth or hatched from an egg, while 

imperfect animals came about from spontaneous generation.  In his 

theory, perfect animals were generated by the proper combination of the 

elements and heat contributed from a male and female and mainly 

followed the rule of “like breeding like”, although, the respective 

contributions of the sexes were far from equal.  It was assumed that the 

male provided the complete “form” or “soul” of the new organism from his 

semen, while the female was thought only to provide the nutrients and 

essential heat required for growth.  In fact, it was believed that the proper 

mixture of blood and heat would provide an adequate substitute for the 

female’s role entirely.  As a result of this idea, many attempts were made 

to find the correct mixture of semen, blood and heat that would result in 

the spontaneous creation of a human, although this ultimately proved to 

be a fruitless endeavor. 

 

For imperfect animals, Aristotle proposed that generation occurred by 

spontaneous creation.  He still believed that the correct combination of 

elements and heat was required but these components were provided by 

decaying matter, even nonliving matter, rather than from adult individuals 

of the species.  For these animals, since there was no essential link 

between breeding parents and offspring, there also did not exist a link 

between “like breeding like”.  As a result, his theory declared that it was 

possible for numerous species of animals to be generated from the same 

selection of decaying material.  These views of reproduction, and the 

segregation of perfect and imperfect animals, prevailed as the dominant 

theory for centuries with very little thought, experimentation or advances 

being made.   
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The beginning of the scientific revolution in the mid 16th century 

challenged scientists to question the blind acceptance of Aristotle’s 

philosophy and inspired them to test ideas based on experimental 

evidence rather than intellectual assumptions. The use of experiments to 

either support or disprove scientific theories was beginning to be a vital 

step towards the acceptance, or rejection, of new ideas.  Though 

experimental design and interpretation was still in its infancy, the 

application of experimental tests led to revolutionary steps forward in the 

understanding of reproduction for both “perfect” and “imperfect” animals. 

 

The publication of De Generatione Animalium by William Harvey in 1651 

provided one of the first popular challenges to the Aristotelian view of 

reproduction.  In it, he suggested that both the male and female provided 

essential components for the creation of an “egg” (within the historical 

context he was likely referring to an embryo or early fetus), which he 

succinctly summarized as “Ex ova omnia” (All things come from an egg) 

(Harvey 1981).  Through his experiments, involving the dissection of 

recently mated animals, he was convinced that both sexes had an 

essential role in reproduction.  However, despite extensive attempts he 

was unable to devise an explanation for what the respective contributions 

might be.  He therefore invented a vague explanation that the male 

contribution was similar to a shock or vapor that resulted in the 

stimulation of female fertility.  While he was not able to directly provide 

any clear answers, his legacy was an open challenge to future scientists 

to establish the components responsible for the creation of the “egg”. 

 

Over a decade after Harvey’s publication, three scientists, Niels Stensen, 

Jan Swammerdam and Reinier de Graff, took up the challenge.  Each of 

these men studied mammalian functional anatomy through the use of 

extensive dissections and live experimentation.  Unfortunately, the 

collaborative and professional friendship that existed between them 

quickly degraded to a bitter rivalry when they each claimed to be the first 

to discover the presence of “eggs” (although actually only observing the 
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ovarian follicles) in the “female testicles” (ovaries) (Cobb 2006).  

Regardless of who first observed the “eggs”, the affect of this discovery 

was a dramatic change in the perceived role of females in the 

reproductive process.  In a reversal of the male-centric Aristotelian view 

of reproduction, these discoveries helped to create a female-centric ovist 

view of reproduction.  The ovist theory asserted that the egg provided the 

complete, or near complete, offspring and limited the males role to 

providing fertilizing “vapors” through the semen, as previously suggested 

by Harvey.   

 

This theory, however, was quickly challenged following the invention of 

the microscope at the end of the 16th century.  In 1675 microscopic 

organisms were visualized by the Dutch researcher, Anton van 

Leeuwenhoek, who was later the first to visualize spermatozoa in 1677 

(Leeuwenhoek 1699).  At the time of the discovery, Leeuwenhoek 

theorized that spermatozoa (which he referred to as animalcules) were 

the elements responsible for fertilizing an egg.  This theory was the 

subject of much criticism and derision, as many thought that the 

animalcules were simply contaminating parasitic worms (Birkhead and 

Montgomerie 2009).  Despite the initial skepticism, the repeated 

discovery of animalcules across a range of species, and the apparent 

energy they possessed, convinced many that they were, in fact, the 

source of new life.  In many ways, this led to the revitalization of the 

Aristotelian view of reproduction where the male provided the complete 

offspring, this time in the form of the sperm, while the female only 

provided nourishment required for growth.  Some researchers went so far 

as to imagine that a fully formed man would be found inside the head of 

each spermatozoa as seen in the fantastical drawings, made in 1694 by 

Nicolass Hartsoeker (Hartsoeker 1694).  Ultimately, a stalemate lasting 

nearly two centuries was reached, as the evidence to support the ovist or 

spermist idea of reproduction was not sufficient enough to convince either 

side of its validity. 
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During this same period of discovery, the delineation between Aristotle’s 

perfect and imperfect animals was also becoming blurred.  In 1668, 

Francesco Redi of Arezzo utilized the experimental method to disprove 

the theory of spontaneous generation through the study of reproduction in 

flies (Redi 1909).  Through a series of well thought-out experiments he 

observed that when decaying meat was protected from flies, no “worms” 

(maggots) appeared from the meat.  Closer examination revealed that 

flies often deposited live worms or eggs when landing on the meat and he 

therefore concluded that the flies were necessary for the appearance of 

worms.  He also closely studied maggots as they turned into “eggs” and 

what ultimately emerged from the “eggs” (he was referring to what we 

now refer to as pupae).  He rightly concluded that specific fly types 

emerge from specific pupae casings enabling him to dispute the idea that 

one species could lead to the creation of a different species.  Through the 

use of rigorous experimental methodology, Redi provided a major step in 

refuting spontaneous generation as well as showing that the so-called 

imperfect animals were not simply created from the decaying matter.   

 

However, It was not until the mid 1800’s that the debates surrounding 

reproduction and spontaneous generation were finally settled.  The 

mammalian egg was discovered and described by Karl Ernst von Baer in 

1827 (Von Baer and Sarton 1931).  Fourteen years later, Albrecht von 

Kölliker concluded that spermatozoa were single cells, and in 1861 Karl 

Gegenbaur declared that all ova were also single cells.  Shortly after, 

spontaneous generation and the distinction between perfect and 

imperfect animals were dismissed as invalid concepts when Louis 

Pasteur demonstrated, with his famous swan neck flask experiment, that 

no life forms could grow in boiled beef broth until it came in contact with 

unfiltered air (Pasteur 1922).  Despite these remarkable advances, 

several decades passed before the logical realization was reached that 

both ova and spermatozoa were required to create an embryo, which 

would become the scientifically accepted theory of reproduction by the 

end of the 19th century (reviewed in (Birkhead and Montgomerie 2009)).  
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1.2 Sperm in the Pre-Proteomics Age 
1.2.1 Diversity of Sperm Morphology 

Even before the role of spermatozoa in fertilization had been established, 

the appearance and motility of this unique cell type fascinated scientists 

and motivated studies of the cell’s form and function.  The diversity in 

sperm morphological structures was quickly recognized in the late 17th 

century by Leeuwenhoek but was not truly explored until the studies of 

Rudolf Wagner in the 1830’s (Wagner 1837) and Gustaf Retzius in the 

1890’s (Retzius 1909).  These men created catalogs of drawings 

illustrating the remarkable range of sperm structures present in the 

mammalian and bird taxa.  These studies, along with others that followed, 

highlighted the diversity of structures including a wide variation in the 

number and length of flagella, shape of the headpiece and the presence 

of structures such as lateral fins and hooks (reviewed in (Pitnick et al. 

2009)).  Even within an individual, variation in sperm morphology has 

been observed.  One of the best studied examples of this is the 

heteromorphic sperm found in the Obscura group of Drosophila that 

produce both long and short sperm (Joly et al. 1989).  However, while 

these studies were informative about the level of morphological diversity 

that exists for sperm, they were not capable of addressing more in-depth 

questions such as, “How is it possible for a cell with such morphological 

diversity to fulfill the same role in fertilization during sexual reproduction 

across species?” and “What are the underlying evolutionary and 

molecular forces that lead to such diversity?”  

 

By the mid 1900’s substantial progress was being made in the field of 

sperm biology, largely due to the development of the electron 

microscope.  The high-resolving power of the electron microscope 

allowed more detailed views of external sperm morphology (Seymour and 

Benmosche 1941; Wu and McKenzie 1954) and made it possible to 

visualize the internal structures (Wu and McKenzie 1955).  With this 

improved technology it became possible to observe processes such as 
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sperm penetration of the egg during fertilization (Colwin et al. 1957) and 

critical subcellular structures such as the acrosome (Austin 1963) and 

flagellum (Afzelius 1959).  These studies dramatically advanced our 

understanding of sperm function and revealed critical processes leading 

to zygote formation.  While many of the early studies focused on 

mammalian sperm, as suggested by Wu and McKenzie (Wu and 

McKenzie 1955), research into other species such as insects did not lag 

far behind (reviewed in (Phillips 1970)).  Comparative studies across a 

wide range of organisms using electron microscopy successfully 

documented the remarkable diversity of sperm morphology and revealed 

that the internal structural variation was on par, or in some cases 

exceeded, variation at the level of the cell (Fawcett 1970).  

 

1.2.2 Spermatogenesis and Gene Expression 

Despite the insights provided by the observational studies using the 

electron microscope, little was known about the underlying molecular 

basis of the vast diversity in sperm morphology.  For many years, 

experimentally determining the molecular composition of sperm posed a 

significant challenge to the field of spermatozoa research.  This was 

largely due to the unique changes that the cell undergoes during 

spermatogenesis that significantly affects the level of gene expression in 

the cell.  This process begins with the division of the germ-line cells into 

primary spermatogonia, which then undergo a number of incomplete 

mitotic divisions and form primary spermatocytes that are linked by 

cytoplasmic bridges (Fuller 1993).  The cells then enter the meiotic phase 

where the majority of genomic activity occurs (Hennig 1996).  Next, the 

cell’s genome is repackaged by the removal of histone proteins, which 

are then replaced with highly positively charged protamines (Lewis et al. 

2003).  This allows the DNA to be compacted into a tight toroidal complex 

that can fit inside the cell’s nucleus.  During the final stage of sperm 

development, the cell goes through striking morphological reorganization, 

resulting in the completed structure of the mature spermatozoa.  This final 

morphology of sperm typically includes the sperm head, which contains 
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the coiled paternal DNA, an acrosome, necessary for initiating entry into 

the egg, a flagellum, for motility, and mitochondrial derivatives, for energy 

production (White-Cooper and Bausek 2010).  The mitochondrial 

derivatives are formed from the fusion of multiple mitochondria into large 

mitochondria-like structures that often span much of the length of the 

flagellum and provide the necessary energy for sperm motility (Hennig 

1996; White-Cooper and Bausek 2010).   

 

This developmental process, and in particular the condensing of the 

paternal DNA, has significant implications to the level of gene expression 

present in the sperm cell once it has become fully mature.  Due to the 

tight packaging of the DNA gene expression is dramatically reduced 

throughout the cell.  This conclusion has been broadly confirmed in 

Drosophila by autoradiography studies that failed to detect any active 

gene expression in spermatozoa post-meiosis (McCloske 1966; Olivieri 

and Olivieri 1965).  Therefore, the mRNA pool present in mature 

spermatozoa would not likely provide an accurate representation of the 

complete protein complement present in sperm making transcriptional 

methods of protein identification of limited applicability in sperm research.  

However, the completeness of this gene deactivation has recently been 

challenged by some studies suggesting that a few genes may, in fact, 

have some level of post-meiotic expression (Barreau et al. 2008; 

Vibranovski et al. 2009).  These studies indicate that transcriptional 

analysis of mature sperm may provide some useful insight into a small 

selection of sperm proteins, however it would still prove to be inadequate 

in fully characterizing all protein components in sperm. 

 

1.2.3 Early Sperm Protein Identification 

The inability to apply traditional assays of gene transcription to the study 

of sperm composition required that other approaches, such as large-scale 

genetic mutation studies, to be used to identify genes critical to sperm 

development and those that encode integral sperm components.  While 

this approach has been successful in identifying proteins critical to 

spermatogenesis, it has not always proved informative with regard to our 
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knowledge of integral sperm proteins.  This is well illustrated by a large-

scale study of genetic mutations that identified hundreds of genes that 

influence spermatogenesis (Matzuk and Lamb 2002), however only a 

subset of these were expected to encode proteins functioning in mature 

sperm (Cooke and Saunders 2002).  As a result, early studies on sperm 

composition primarily relied upon laborious, targeted genetic and 

molecular approaches to identify sperm components on a protein-by-

protein basis (Dorus and Karr 2009).   

 

These early studies, despite their limited scope, succeeded in molding 

our initial understanding of sperm development and function.  For 

example, structural components of sperm were identified, such as 

tubulins (Kemphues et al. 1979; Raff 1984) and tektins (Pisano et al. 

1993).  These proteins are required for microtubule formation, which is 

essential for the structural integrity of the cell as well as comprising a 

large part of the sperm flagella.  Similarly, dyneins (Ogawa et al. 1977), 

actins and myosins (Lambert and Lambert 1984) were identified as 

critical components of the sperm axoneme associated with sperm motility.  

Later studies further elucidated a mechanism associated with directional 

sperm motility by the identification of calcium-based cation channel 

proteins, such as the CatSper gene family in mice (Qi et al. 2007) and 

Pkd2 in Drosophila (Gao et al. 2003).  Finally, several studies provided 

insights into the proteins mediating sperm-egg interactions and the 

complex pathways leading to zygote formation.  These include the 

identification and characterization of the ADAM gene family, which is 

involved in sperm-egg binding (Blobel 2000; Wolfsberg et al. 1993; 

Wolfsberg et al. 1995), and Izumo, a protein critical for sperm-egg fusion 

(Inoue et al. 2005).  Together, these targeted studies of sperm 

composition provided a preliminary understanding of many critical 

components involved in sperm development and function. 

 

In addition to early studies focused on identifying and characterizing 

integral sperm components, other studies have proven insightful to the 

role of sperm in embryo formation through the identification of genes 
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directly impacting early zygote development.  Mutations in these genes, 

known as paternal effect genes, are paternally transmitted and have a 

phenotype manifested in the zygote.  Two such genes have been found 

in Drosophila sperm.  The first, ms(3)sneaky, encodes a sperm protein, 

which has been localized to the acrosome (Wilson et al. 2006).  While not 

necessary for proper sperm function, Snky is required to initiate 

embryogenesis through the activation of sperm plasma membrane 

breakdown (Wilson et al. 2006).  Failure of this activation prevents the 

sperm nucleus from being activated by cytoplasmic factors (Fitch and 

Wakimoto 1998) and results in the termination of the zygote.  The second 

paternal effect gene, ms(3)K81, was created by retrotransposition before 

the divergence of the melanogaster subgroup (Loppin et al. 2005).  

Mutations in this gene result in the termination of an embryo due to the 

failure of paternal chromosomes to properly separate sister chromatids 

(Loppin et al. 2005; Yasuda et al. 1995).  Recently, K81 has been 

visualized, via GFP tagging, to the telomeric ends of parental 

chromosomes in sperm, where it acts as a telomere cap providing 

protection for the vulnerable chromosomal extremities (Dubruille et al. 

2010).  It has been proposed that K81 mutants lack this protection 

allowing for the fusion of chromosomal ends, which later prevents the 

chromosomes from properly segregating (Dubruille et al. 2010).  These 

findings reveal that characterizing sperm proteins is not only essential for 

expanding our knowledge of sperm development and function but also for 

advancing our understanding of the processes leading to the formation of 

a zygote and of early embryogenesis. 

 

Additional studies have also begun to identify genetic mechanisms 

underlying sperm evolution  (reviewed in (Birkhead et al. 2009)). This is 

well illustrated by the identification of genes created through 

retrotransposition, such as K81 in Drosophila (see above) (Loppin et al. 

2005) as well as Pgk2 (Boer et al. 1987) and a family of aldolase A 

isozymes (Vemuganti et al. 2007) in the mouse.  Each of these genes 

has acquired sperm-specific functions since their creation.  Both Pgk2 

and the aldolase isozymes have become functionally important for ATP 
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production and sperm motility (Danshina et al. 2010; Vemuganti et al. 

2007).  Similarly, genes created by tandem duplication, such as the 

lineage-specific Drosophila melanogaster gene Sdic, have been shown to 

acquire sperm-specific functions (Nurminsky et al. 1998).  Sdic 

represents a chimeric fusion of two adjacent X-linked genes, Annx and 

Cdic, both of which are still present in D. melanogaster and other 

Drosophila species.  In D. melanogaster, Sdic has undergone multiple 

tandem duplication events resulting in a four gene cluster.  However, only 

the original Sdic gene has been visualized, via GFP tagging, in the sperm 

axoneme.  The acquisition of this sperm-specific role has been attributed 

to the accelerated diversification of this gene making it the only gene in 

the cluster with significant expression in any tissue (Ponce and Hartl 

2006).  These studies reveal that gene creation, duplication and the 

acquisition of sperm-specific roles may be a potentially important 

mechanisms underlying the molecular evolution of sperm.   

 

While all of these studies have been able to elucidate some of the 

dynamics of sperm evolution, little progress was made in identifying the 

selective pressures behind the changes.  It has been well illustrated that 

many male reproductive genes are rapidly evolving due to the impact of 

sexual selective pressures (Swanson et al. 2003; Swanson and Vacquier 

2002).  However, incomplete knowledge of sperm composition made it 

difficult to establish if this rapid evolution was also apparent in sperm.  To 

address this issue, one study attempted to provide a sperm-wide 

evolutionary analysis by evaluating 35 known sperm genes (Torgerson et 

al. 2002).  This study succeeded in determining that positive selection is 

likely to be responsible for the evolution of some sperm proteins, however 

the small sample number used prevents this conclusion from being 

generalized across the entire sperm proteome.  This study clearly 

illustrates that despite the progress made by early studies, it has 

remained difficult to draw broad conclusions about the evolution of 

spermatogenesis and sperm function given the fragmentary 

understanding of sperm composition and the diverse array of species 

used to reach the current knowledge base.  Furthermore, these early 
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studies largely represent a biased subset of sperm proteins as they were 

often limited by protein accessibility or a priori expectations for direct 

targeting.  Therefore, further advances in the field of spermatozoa 

research require the development of an unbiased approach that is 

capable of fully characterizing the molecular components of sperm.  

 

1.3 Proteomics Technique 

1.3.1 Development of Proteomics 

Development of the Mass Spectrometry (MS) based technique, known as 

proteomics, revolutionized the way in which sperm proteins could be 

studied.  Instead of using the classical approaches that often required 

active gene expression or the time consuming protein-by-protein 

approaches to identify proteins in a sample, proteomics uses MS to 

quickly and directly identify a high number of proteins, termed the 

samples ‘Proteome”.  This aspect of proteomics made it the ideal method 

for studying the transcriptionally inert sperm cell.  The modern proteomics 

method is a product of advances made in multiple areas of biochemistry 

resulting in the creation of entirely new field of research.  The first major 

step towards the development of proteomics was made in the 1970’s with 

the development of high quality protein separation using 2D gel 

electrophoresis (Anderson and Anderson 1977; O'Farrell 1975).  This 

technique allowed a large number of proteins to be separated based first 

on their isoelectric point then by their molecular weight (O'Farrell 1975) 

resulting in the creation of the first protein maps (Pedersen et al. 1978).  

As this technique improved it was then paired with sequencing methods 

such as electroblotting and Edman sequencing (Bauw et al. 1989) and 

eventually MS based methods such as Peptide Mass Fingerprinting 

(Patterson 1994).   

 

The concept of proteomics was formally recognized when Marc Wilkins 

defined the term in 1994 with respect to his work on producing a practical 

large-scale method for protein identification.  His method utilized 2D 

electrophoresis followed by analyzing individual ‘spots’ by 

chromatography amino acid analysis to identify each protein (Wilkins et 
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al. 1996).  However, even though Wilkins has been credited as being the 

“Father” of proteomics, his preferred method of amino acid analysis was 

quickly out paced as the potential of MS protein analysis was recognized 

(Aebersold and Goodlett 2001; Dongré et al. 1997; James 1997; 
Patterson 1994).  The utility of MS based proteomics continued to 

advance with the development of bioinformatic platforms that provided 

the necessary tools to effectively analyze the quantity of data produced 

from the MS analysis (Cristoni and Bernardi 2004; White et al. 2004; 

Wiemer and Prokudin 2004).  In addition, the number of species that 

could be researched continues to expand through the growing number of 

fully sequenced genomes available (reviewed in (Thomas 1996)).  These 

advancements made MS analysis the preferred method of protein 

identification by the early 2000’s (reviewed in (Oliva et al. 2009; Patterson 

2000; Yarmush and Jayaraman 2002)). 

 

1.3.2 Proteomic Methodology 

While the specifics of the methodology used for MS based proteomics 

varies between laboratories, each method follows an established 

structure.  In its most basic form there are three major steps to the 

proteomics method.  The first step involves purifying and solubilizing the 

proteins in the sample and then providing some initial level of separation 

for the proteins or peptides.  For many years, 2D electrophoresis has 

been the preferred technique for this step due to the high level of 

separation it provides based on isoelectric point and mass to charge ratio.  

However, this technique is limited by the difficulties encountered when 

attempting to isolate proteins with low solubility, such as membrane 

bound proteins, or very acidic or basic proteins that fall outside the 

isoelectric point range used to separate proteins in the first dimension 

(Beranova-Giorgianni 2003).  Furthermore, it is a very time consuming 

and labor intensive technique that requires each protein ‘spot’ to be 

manually extracted, which can result in many low abundant proteins 

being missed.  Recently, 1D sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) has become a good alternative technique 
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since it is quicker and although it provides lower resolution in protein 

separation it has been shown to still provide an effective level of 

separation for proteomic analysis (Fang et al. 2010; Patterson 1994).  

This technique is typically followed by in gel digestion of the proteins 

using trypsin, or other similar digestive enzymes, prior to MS analysis.  

Other techniques have been developed that focus on the separation of 

peptides, rather than proteins, the most popular of which is peptide level 

multi dimensional separation, known as MuDPIT (Washburn et al. 2001).  

This approach allows for peptides to be first separated 

chromatographically based on charge, using strong cation exchange, 

followed by a further separation based on hydrophobicity, often using 

reverse phase chromatography.  This technique has greatly improved the 

coverage achieved in proteomic analysis, however it also produces many 

more samples requiring much more time on the mass spectrometer.   

Hybrid methods using the protein and peptide separation techniques 

have also been developed, which often combine the separation by 1D gel 

electrophoresis of proteins that are then digested and the resultant 

peptides separated by reverse phase chromatography.  The combination 

of these techniques provides many of the benefits from both techniques, 

including higher resolution of individual proteins and peptides, limits the 

cost and time of extended mass spectrometry analysis.     

 

The second step in the proteomic methodology involves analysis of the 

digested protein mixture by MS, where the mass-to-charge ratio (m/z) of 

each analyte is measured along with the frequency of detection of ions at 

each m/z.  The quality of these measurements is dependent upon two 

components found in every mass spectrometer: the ion source and the 

mass analyzer.  The most commonly used ion sources are matrix-

assisted laser desorption/ionization (MALDI) (Karas and Hillenkamp 

1988) and electron spray ionization (ESI) (Fenn et al. 1989).  While 

MALDI has been a widely used ion source, it is most successful when 

used with simple protein mixtures (Aebersold and Mann 2003) and it is 

therefore not the preferred ion source when studying complex whole-cell 

samples.  The technological advances made during the development of 
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ESI have made it ideal for studying macromolecules such as proteins and 

peptides.  Furthermore, ESI can be easily paired with the liquid 

chromatography (LC) separation techniques making it the preferred 

analysis tool for complex protein mixtures.  Following ionization, the ions 

then pass through the mass analyzer of which the most common are time 

of flight (TOF), quadrupole and the ion trap.  Although, recent advances 

in mass analyzer technologies have resulted in the development of the 

Orbitrap mass analyzer, which is able to provide high resolution and high 

mass accuracy measurements (Scigelova and Makarov 2006).  This is 

achieved through the use of an electrostatic field that causes ions to 

move in a complex spiral pattern that is dependent upon their m/z, 

allowing for highly accurate measurements.  This accuracy has made the 

Orbitrap one of best mass analyzers to be used for proteomic analysis 

(Scigelova and Makarov 2006).  These mass analyzers can also be used 

in tandem (MS/MS) to provide further accuracy of m/z measurements.   

This is achieved by fragmenting precursor peptide ions along amino acid 

bonds, which are analyzed in a second mass analyzer resulting in 

collision-induced spectra (Aebersold and Mann 2003).  One of the major 

benefits of the MS/MS approach is that it can provide experimentally 

determined peptide sequences.  Therefore, the sensitivity and accuracy 

that can be achieved by Orbitrap MS/MS has made it ideal for analyzing 

complex protein and peptide mixtures. 

 

The final step in the proteomics methodology is the identification of 

proteins from the original sample by interpreting the measured m/z for 

each ion.  This is achieved by first creating a database of all theoretical 

peptides from the species of interest by performing an in silico digestion 

of the genome using the cleavage activity established by the digestive 

enzyme used throughout the experiment.  A theoretical m/z is then 

calculated for each peptide allowing a probability-based peptide 

sequence identification to be made by comparing the theoretical spectra 

and the observed spectra (Eriksson et al. 2000; Perkins et al. 1999).  

Alternatively, peptide sequences can be determined experimentally by 

interpreting the fragmentation pattern of ions during MS/MS, since the 
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majority of amino acids have unique m/z (Eng et al. 1994).  The de novo 

peptide sequences can then be matched to the theoretical database 

created from the target species genome (Keller et al. 2002).  The 

interpretation of the mass spectra into protein identifications has been 

greatly improved by search engines such as Sequest and X!Tandem, 

which have algorithms designed to provide robust assignments of mass 

spectra to protein or peptide sequences.  Other platforms, such as 

Scaffold 3, are able to combine the results of multiple search engines in 

order to provide the most robust and comprehensive identification of 

proteins from the original sample (Searle 2010).   Given that the algorithm 

of each search engine interprets mass spectra using different criteria, the 

combined interpretation of multiple search engines is likely to ultimately 

provide the best coverage and confidence for the identification of proteins 

from a complex mixture. 

 

1.4 Sperm Proteomics 

The application of proteomics to the study of spermatozoa began, in 

earnest, in the early 2000’s.  As might be expected given the medical 

interest in fertility and causes of male infertility, many studies were 

conducted on human sperm.  Given the complexity of whole cell or whole 

system protein samples, these early proteomic studies pioneered 

approaches that targeted specific protein groups, such as sperm 

membrane antigens (Bohring et al. 2001) and post-translationally 

phosphorylated proteins (Ficarro et al. 2003).  Other studies attempted to 

map differences in protein quantity in the sperm of fertile and infertile 

patients using 2D electrophoresis (Pixton et al. 2004).  However, as 

proteomic technology continued to advance, attempts were made to fully 

characterize the protein composition of human sperm.  An early study 

reported the identification of as many as 1760 proteins in human sperm 

(Johnston et al. 2005), but this dataset was never made publically 

available to the scientific community, nor was the data provided in 

subsequent studies from this laboratory.  A more thorough and well-

supported study of the human sperm proteome, using sperm isolated 

from ejaculate, was eventually completed and identified 1056 proteins 
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(Baker et al. 2007). However, the use of sperm purified from semen 

complicates the interpretation of this data as seminal fluid contains a wide 

range of proteins, some of which are known to bind sperm (Lilja et al. 

1989; Poiani 2006).  This makes it impossible to determine if a protein 

originated from the sperm or seminal fluid.  Therefore, while proteomic 

studies of human spermatozoa have helped to advance our 

understanding of the causes of male infertility, they have not reliably 

informed our understanding of sperm protein composition. 

 

In addition to the work on the human sperm proteome, many proteomic 

studies have been completed using non-human spermatozoa (reviewed 

in (Oliva et al. 2009)).  While the prospect of providing insights into male 

infertility was certainly a motivation of these studies, many of the insights 

from these analyses had broader implications regarding our 

understanding of sperm function, spermatogenesis and the evolutionary 

history of this unique cell type.  These studies utilized similar 2D 

electrophoresis based techniques, resulting in the identification of 12-500 

sperm proteins in Ascidian (Hozumi et al. 2004), worm (Chu et al. 2006), 

bull (Lalancette et al. 2006), honey bee (Collins et al. 2006), mouse (Cao 

et al. 2006; Stein et al. 2006) and even rice (Dai et al. 2006) and tomato 

(Sheoran et al. 2007).  Each of these studies provided unique insights 

into the composition of sperm and provided the potential to establish the 

molecular basis for the cell’s structure and function.  However, the 

selective nature of the methodologies used in these studies, either by 

design to target specific proteins or through the excision of ‘spots’ from 

2D gels, resulted in partial sperm proteomes that cannot be analyzed as 

a representative proteome for the cell type.   

 

The first comprehensive whole-cell analysis (known as ‘shotgun’ 

proteomics) of a sperm proteome was completed in Drosophila 

melanogaster and was termed the DmSP (Drosophila melanogaster 

Sperm Proteome) (Dorus et al. 2006).  This study solubilized whole 

sperm cells that were then analyzed by LC-MS.  The lack of any 

prefractionation using gel electrophoresis ensured that all solubilized 
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proteins from the sperm were analyzed by MS.  This analysis identified 

342 unique proteins and an additional 39 proteins within closely related 

gene families.  Prior to this study, only 16 proteins had been empirically 

demonstrated to be integral sperm components.  Therefore, this study 

resulted in a substantial (>60x) increase in the number of characterized 

sperm proteins for D. melanogaster, clearly highlighting the benefits of 

shotgun proteomics.  Equally important, if not more so, the use of a 

whole-cell shotgun approach resulted in a sperm proteome that should be 

more representative of the whole cell, and therefore provides a generally 

unbiased basis for a functional and evolutionary genomic analysis.  

Functional genomic analyses revealed that the majority of the sperm 

proteins with functional annotations have roles relating to central 

metabolism, energetics and cytoskeletal components.  However, over 

30% of the Drosophila sperm proteins have no annotated function, 

illustrating the limited knowledge that exists for the molecular components 

of sperm.  This study also revealed that genes encoding integral sperm 

proteins are under-represented on the X-chromosome, which is 

consistent with other studies in mammals and Drosophila indicating that 

genes with male-biased expression patterns are unlikely to be X-linked 

(Emerson et al. 2004; Parisi et al. 2003).  Finally, a significant level of co-

localization of sperm genes was detected across the genome, indicating 

that these genes have a non-random distribution across the genome, 

consistent with previous analyses of the co-localization of genes 

expressed in the testis.   

 

In addition to the functional and genomic findings, an evolutionary 

analysis of the DmSP revealed that sperm genes are evolving at a 

conservative rate.  This finding is intriguing, as many other reproductive 

genes have been shown to have an accelerated evolutionary rate, 

possibly due to the influence of sexual selective pressures (Swanson and 

Vacquier 2002).  Although, sperm proteins were generally observed to be 

evolving at a conservative rate, other factors influencing the molecular 

evolution of spermatozoa were identified in the analysis of the DmSP.  

We identified a number of sperm genes that have been recently created 



! #+!

through the mechanisms of tandem duplication and retrotransposition 

((Dorus et al. 2008) See Appendix).  While these mechanisms have been 

previously shown to result in genes that then acquire a testis-specific role 

(Betran et al. 2002; Emerson et al. 2004), their significance to sperm 

development and function was far less understood.   The identification of 

multiple sperm genes that were created by these mechanisms suggests 

that tandem duplications and retrotransposition play an important role in 

sperm evolution.  The whole-cell characterization of the DmSP has 

therefore advanced our understanding of the molecular components 

necessary for sperm development and function as well as elucidating 

some of the evolutionary dynamics driving sperm evolution. 

 

More recently, efforts were made to establish a more complete 

mammalian sperm proteome based on a whole-cell analysis by 

examining sperm from mouse (Baker et al. 2008b) and rat (Baker et al. 

2008a).  The methodology used in these studies varied from the 

approach used for the DmSP by the addition of a prefractionation step, 

which separated digested proteins on an immobilized pH gradient strip.  

The strips were then divided into 1cm segments and were independently 

analyzed by LC-MS/MS.  This technique successfully identified 829 and 

858 proteins from the rat and mouse respectively.  Each proteome was 

then analyzed by functional categories, using Gene Ontology (GO) 

annotations, and tissue expression, using EST data.  Consistent with the 

DmSP, the majority of sperm proteins with functional annotations in both 

the mouse and rat were related to central metabolism and energetics.  

EST data for both proteomes indicated a significant number of the 

proteins identified are expressed in either the testes or genitourinary tract.  

However in both cases, a high number of proteins with no characterized 

expression pattern were identified, once again highlighting the limited 

information available for sperm proteins.  Overall, these studies have 

provided the most comprehensive examination of the mammalian sperm 

proteome resulting in a significant advancement in our understanding of 

sperm proteins, however the lack of evolutionary analysis for these 

species leaves a large area of research waiting to be explored. 
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Despite the progress made by each of these studies, they also raise 

numerous questions, particularly regarding sperm proteome 

completeness.  While the mouse, rat and human sperm proteomes are 

comparable in size, ranging from 800-1000 proteins, the size and 

completeness of the DmSP with only 342 proteins is questionable.  Even 

though no proteome can be said to be complete, as of yet, the 

discrepancy between the mammalian and Drosophila sperm proteomes is 

an issue that needs to be addressed.  This will allow other questions to 

be considered regarding sperm protein conservation and evolution.  This 

dissertation will attempt to address some of these questions by analyzing 

proteomes of a standardized quality.  In Chapter 2, a previously published 

paper is presented in which a standardized proteomic methodology was 

developed and used to re-characterize the D. melanogaster sperm 

proteome.  This study identified 766 new sperm proteins including many 

proteins known to be difficult to identify.  In Chapter 3, the same 

methodology was then used to characterize five additional Drosophila 

species sperm proteomes.  Three of these proteomes were found to be of 

comparable depth and quality as well as having statistically similar 

functional distributions and patterns of gene expression.  Chapter 4 

presents interspecific analyses of the standardized sperm proteomes.  

This study reveals a strong correlation between protein abundance and 

the frequency of protein identification by MS.  Therefore, we explored 

sperm protein conservation across the species through a phylogenetic 

framework, which identified 519 conserved proteins.  Chapter 5 presents 

some previously published work on the evolution of mammalian 

spermatozoa.  This study utilized complementary proteomic datasets to 

provide a unique perspective of sperm evolution provided by the 

availability of protein subcellular localization information.  This analysis 

indicated that while sperm as a whole have conservative rate of evolution, 

sperm cell membrane and acrosome proteins are under increased 

evolutionary pressure.  Finally, in Chapter 6 the main findings of each 

study are presented and discussed with regard to the potential avenues 

of further research that they have provided.  
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Chapter 2 
The Drosophila melanogaster sperm proteome-II (DmSP-II) 

Previously published: Wasbrough, ER., S Dorus, S Hester, J Howard-Murkin, K Lilley, E 
Wilkin, A Polpitiya, K Petritis, TL Karr (2010). The Drosophila melanogaster sperm 
proteome-II (DmSP-II). J Proteomics 73: 2171-2185. 
 

 

2.1 Introduction 

As discussed in Chapter 1, the use of high-throughput mass spectrometry 

(MS) based proteomics and improved whole-genome annotation has 

significantly enhanced our understanding of the molecular basis of 

spermatozoa form and function (Baker et al. 2008a; Chu et al. 2006; 

Dorus et al. 2006; Dorus et al. 2010; Henrich et al. 2007; Peng 2008).  

Proteomics is particularly powerful for the analysis of sperm due to the 

fact that they are generally metabolically quiescent and transcriptionally 

silent (Hennig 1996; Olivieri and Olivieri 1965) and therefore 

transcriptional profiling is of limited use.  High-throughput MS based 

proteomics also represents an effective alternative to other more 

laborious approaches (e.g., sperm-specific antibodies, 2D gel 

electrophoresis).  MS based proteomics has, to varying extents, 

successfully identified sperm proteins in numerous taxa including 

invertebrates (Drosophila, honey bee, C. elegans, Ascidians), mammals 

(human, mouse, rat, bull and boar) and plants (rice pollen and tomato 

pollen) (Baker et al. 2008a; Baker et al. 2008b; Baker et al. 2007; Chu et 

al. 2006; Collins et al. 2006; Dai et al. 2006; Dorus et al. 2006; Dorus et 

al. 2010; Peddinti et al. 2008; Sheoran et al. 2007).  However, both the 

methodologies used, and inherent differences in sample acquisition and 

physical properties have provided varying levels of proteome coverage 

(Oliva et al. 2009).  Despite uncertainties of proteome completeness 

initial studies into the composition of the sperm proteome have already 

yielded insights into male sterility/infertility (Pixton et al. 2004), sperm 
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function (Ficarro et al. 2003), and underlying genomic dynamics (Dorus et 

al. 2008; Dorus et al. 2010).  In order to begin to achieve a more 

complete and coherent understanding of the molecular basis of 

Drosophila sperm form, function and evolution we have developed a 

more robust protocol designed to maximize proteome coverage and 

establish a starting point for the analysis of all sperm proteomes for the 

existing sequenced 12 Drosophila genomes (Clark et al. 2007).  

 

The first Drosophila whole-sperm proteome characterization was 

achieved by solubilizing purified whole sperm in the presence of trypsin 

and directly introducing the sample into the mass spectrometer.  This 

approach identified 342 proteins in the DmSP-I (Dorus et al. 2006).  The 

DmSP-I revealed several notable observations: (i) a strong bias towards 

proteins involved in central metabolism and the cytoskeleton, (ii) a clear 

underrepresentation of sperm genes on the X chromosome, (iii) and 

significant colocalization of sperm genes within the genome.   Finally, this 

study indicated that many genes encoding sperm components are 

evolving conservatively in contrast to other reproductive proteins 

(Swanson and Vacquier 2002) presumably due to functional and 

structural constraints.  Although this study represented a 65-fold increase 

in the number of empirically verified sperm components it remained 

unclear how successful the whole sperm mass spectrometry approach 

was in determining a complete sperm proteome.  This question of 

coverage is broadly relevant in the field of high throughput MS and results 

presented in this study shed light on some aspects of the this, and other, 

related issues. 

 

More recently, the mouse and rat sperm proteomes identified >800 

proteins (Baker et al. 2008a; Baker et al. 2008b) using pre-fractionation of 

the sperm on 1D isoelectric focusing gels prior to MS analysis.  This 

represented a significant increase in sperm proteome coverage 

compared to previous two-dimensional gel and MALDI-TOF MS analyses 

(Cao et al. 2006; Com et al. 2003; Stein et al. 2006).  A more recent 

analysis further revised the mouse sperm proteome to include a total of 
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1001 proteins (Dorus et al. 2010).  Similar to the DmSP-I, Gene Ontology 

(GO) annotation revealed a substantial number of proteins involved in 

central metabolism and components of the cytoskeleton. 

 

Shotgun proteomics and systems level analyses of whole sperm 

proteomes is a new emerging discipline and therefore not surprisingly 

there is wide discrepancy in proteome coverage (Oliva et al. 2009).  

Despite providing invaluable catalogues of sperm proteins, prior studies 

have not provided either reliable estimates of sperm proteome size nor 

the means to assess quality of the dataset.  It is unlikely that any single 

proteomics technique will be able to identify all of the proteins present in 

sperm given the difficulties of protein separation, reproducibility and 

detection of proteins found at very low abundance.  However, sperm are 

good candidate cell types for proteomic study because they are relatively 

'simple' at the biochemical level and can be purified to homogeneity.  As 

such, sperm should be useful cell types to explore and compare the 

performance, reliability and reproducibility of various purification 

techniques, sample preparation and mass spectrometers.   

 

Below, we describe our re-evaluation of the DmSP (DmSP-I) using 

improved technologies and methodologies to expand the size and 

breadth of coverage of the proteome.  The result is an expanded and 

updated DmSP (DmSP-II) that provides a more detailed and informative 

picture of sperm composition in Drosophila.  By first separating 

solubilized sperm cells on 1D SDS PAGE and fractionating the gel before 

LC-MS/MS, peptide detection is improved allowing a more reliable and 

reproducible identification of proteins.  The improved methodologies 

utilized in this study, including strict sample preparation, improved peptide 

detection and stringent criteria for protein inclusion, resulted in the 

identification of 766 new proteins present in the DmSP-II.  

 



! #'!

2.2 Materials and Methods 
2.2.1 Fly Stock and Maintenance 

The fly strain used for these studies was collected in Tempe, AZ 

(designated D. melanogaster Tempe). They were maintained on a 

standard oat medium/molasses media at 220 C.  Male flies were isolated 

within two days of eclosing and were aged for 15-30 days. 

 
2.2.2 Sperm Isolation 

(Note: to simplify the description of the sperm samples used in this study, 

we refer to the amount of sperm as “male sperm equivalents”, or MSEs.  

One MSE is equal to sperm collected from both seminal vesicles from a 

single male). In three separate experiments, 75 MSEs were prepared as 

follows: male reproductive tracts, including testes, seminal vesicles and 

accessory glands were removed from the abdomen and placed into a 

drop of Phosphate Buffered Saline (PBS) using a #5 forcep (Dumont).  

The seminal vesicles were subsequently dissected away from the testis 

and remaining reproductive tract tissue and moved into a fresh drop of 

PBS.  Sperm were then carefully removed by making a small perforation 

in the seminal vesicle with a sharp needle and by pushing gently on the 

body of the seminal vesicle essentially as described before (Dorus et al. 

2006).  Sperm were then removed and placed in 1.5 ml microfuge tubes 

at 4ºC containing PBS for the duration of the dissecting period (generally 

no more than two hours).  Sperm were then centrifuged at 12,000 rpm, 

rinsed with PBS and the process repeated 3x.  Pellet stored at -20ºC until 

processing for 1D SDS-PAGE. 

 

2.2.3 Protein Solubilization and Quantitation 

The frozen sperm pellets were thawed and then solubilized in 25 

MSEs/15!l sample buffer containing 1x Nupage® reducing agent 

(Invitrogen, Inc).  Pellets were combined to create three samples each 

containing 75 MSEs/45!l.  Protein quantity was determined using the 

EZQ® Protein Quantitation Kit (Invitrogen, Inc) as per the manufacturer’s 

protocol.  Protein fluorescence was measured using a FLA-2000 (Fuji 

Film) laser-based scanner fitted with 473nm excitation and LPR emission 
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filters.  The AIDA program (version 3.23) was used to analyze 

fluorescence data and produce protein quantitation curves and estimated 

values. 

 

2.2.4 1-Dimensional SDS-PAGE  

50 !g of each sperm sample, prepared as described above, was 

separated on 4-12% gradient Nupage® Bis-Tris gels using an XCell 

SureLock™ Mini-Cell PowerEase 200 system (Invitrogen) running with 

manufacturer’s pre-set electrophoresis conditions.  Following 

electrophoresis, gels were fixed (45% methanol, 1.0% acetic acid) for one 

hour then Coomassie stained (0.1%w/v Coomassie, 34% methanol, 

17%w/v ammonium sulfate, 0.5% acetic acid) for 12 hours until protein 

bands were visible.  Gels were destained then transferred to an in-house 

built gel slicer, which created a standardized format to cut each gel lane 

vertically and then horizontally into 16 sections. One of the three samples 

was treated identically but cut into 24 fractions resulting in a total of 56 

gel fractions that were subsequently analyzed by mass spectrometry. 

 

2.2.5 HPLC-Mass Spectrometry Analysis 

Gel slices were subjected to automated in-gel proteolytic digestion using 

a MassPrep station (Perkin Elmer).  Proteins were first reduced and 

alkylated then successively treated with dithiothreitol and iodoacetamide 

followed by digestion with Trypsin (Promega). Resultant peptides were 

eluted from the gel pieces in 15ul of 0.1% formic acid. 

 

5ul of each digestion sample was injected into a reverse phase column 

(15cm 75mm internal diameter C18 PepMap column) attached to an 

Eksigent LC system. The column eluate was introduced into an 

LTQ Orbitrap (Thermo, San Jose, CA) mass spectrometer via nano-

electrospray.  Resulting mass spectra data files were analyzed using 

Sequest (Thermo Fisher Scientific) version 1.1.0.263 and X! Tandem 

(The GPM) version 2007.01.01.2 using the complete FlyBase Drosophila 

melanogaster gene coding sequences version 5.29 with the following 

parameter settings: two miscleavages, variable methionine oxidation, 
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carboxymethyl cysteine fixed modification, peptide tolerance of 1.0Da.  

Results were merged using Scaffold 3 (Proteome Software) version 

3.00.04, which calculated False Discovery Rates (FDRs) based on a 

concatenated reverse decoy database.  

 

2.2.6 Proteome Dataset Composition 

The final set of 956 high quality protein identifications was assembled 

from the peptide mass spectra data using Scaffold 3, which validated the 

data from Sequest and X! Tandem (Supplemental Table 2.1).  Peptide 

identifications were accepted if they could be established at greater than 

90.0% probability as specified by the Peptide Prophet algorithm (Keller et 

al. 2002).  Protein identifications were accepted if they could be 

established at greater than 99.0% probability and contained at least one 

identified peptide.  Protein probabilities were assigned by the Protein 

Prophet algorithm (Nesvizhskii et al. 2003).  Proteins that contained 

similar peptides and could not be differentiated based on MS/MS analysis 

alone were grouped to satisfy the principles of parsimony (Supplemental 

Table 2.2).  Overlap between samples includes protein identifications 

below the 99.0% probability threshold as long as the protein was 

identified above the set threshold in at least one sample.  Subsequent 

analyses of the sperm proteome was conducted on a composite of the 

956 proteins identified in this analysis and the previous MS analysis of 

342 proteins resulting in a dataset of 1108 proteins (Supplemental Table 

2.3).  

 

2.2.7 Genomic Distribution Analysis 

The chromosomal distribution of sperm genes was statistically compared 

to the proportion of annotated genes found on each chromosome using a 

Chi-square test.  An adjacent gene model was utilized to assess the 

extent of sperm gene co-localization within the genome.  Co-localized 

gene clusters were defined as regions containing two or more adjacent 

DmSP genes.  P-values were generated using a nonparametric Monte 

Carlo approach, which randomized gene order (1000 iterations; E.C.W 

and S.D, pers comm).  Simulations were performed both for the whole 
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genome, as well as separately for the autosomes and the X chromosome.  

 
2.2.8 Gene Expression and Function Analyses 

Gene expression was analyzed using microarray data from FlyAtlas 

(www.flyatlas.org; (Chintapalli et al. 2007)).  Gene expression for 14 

tissue types was analyzed (male accessory gland, brain, eye, crop, heart, 

head, hindgut, midgut, salivary glands, thoracicoabdominal gland, fat 

body, tubule, ovary and testis).  Genes that exhibited 5x higher levels of 

expression in a given tissue than in the whole fly were utilized to 

determine the breadth of gene expression across these 14 tissues.  Gene 

Ontology and Protein Domain enrichment was determined using 

enrichment analyses tools in FlyMine (Lyne et al. 2007).  Genes without 

an appropriate annotation were removed from each respective analysis 

and enrichment significance levels were determined using the Benjamini 

and Hochberg multiple hypothesis correction.  

 
2.2.9 Network Analyses 

Protein networks were created using GO Functional annotations as 

implemented in the ClueGO plug-in, v1.1 (Bindea et al. 2009) of 

Cytoscape v2.63 (Shannon et al. 2003).  A right-sided hypergeometric 

test indicating enrichment was used with a Benjamini and Hochberg 

multiple test correction.  GOFusion was used to merge similar terms 

(term level min=1; max=4) that were then grouped using Kappa Score 

Threshold of 0.1.  The resultant groups consist of a minimum of three 

terms and groups sharing >50% of terms were merged.  Network 

comparisons were made using the "Compare Networks" functionality 

present in the ClueGO plug-in.  Network specific parameters are 

indicated in network legends. 
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2.3 Results 
2.3.1 Sperm Protein Identification by Mass Spectrometry (MS) 

This study sought to corroborate and extend our original analysis of the 

Drosophila melanogaster sperm proteome, which is here termed the 

DmSP-I.  There were several reasons to re-analyze the DmSP-I, but the 

primary goal was to develop a more comprehensive sperm proteome to 

anchor our ongoing interspecific sperm proteome analysis for all 12 

Drosophila species where genome annotations are now available.  To 

this end our experimental approach included several improvements 

designed to increase overall proteome coverage, including: (i) sperm 

samples pre-processed for MS analysis using 1D SDS-PAGE which 

should increase coverage of membrane protein identifications (Schirle et 

al. 2003), (ii) increased amount of input protein used compared to the 

previous study, (iii) improved reproducibility and coverage provided by 

MS runs from three independent experiments, and (iv) increased MS 

sensitivity and dynamic range provided by an improved version of the ion-

trap technology (Orbitrap, Thermo, Inc).  This approach identified 956 

proteins and when combined with the original DmSP-I, resulted in an 

expanded DmSP-II containing 1108 proteins (Table 2.1). 

 

Table 2.1.  Summary Table 

MS Summary - Current Study 
 Sample 1 Sample 2 Sample 3 Total 

Total Proteins 
Identified 

344 305 640 956 

Total Unique Peptides 
Identified 

1519 1215 1835 3605 

Average Percent 
Coverage 

12.67 12.23 7.1 10.7 

Average Peptide Hits 4.40 3.98 2.87 3.75 

DmSP-II - Summary 
 DmSP-I Current Study DmSP-II  

 342 956 1108  
 

 

Strict criteria for mass spectra analysis and protein ID were followed 

(Materials and Methods) and an initial analysis of the dataset indicated 

high confidence for all 956 proteins identified in this study.  Confidence in 
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peptide and protein assignments was bolstered by using Scaffold 3 which 

combines results of two independent spectral search engines Sequest 

and X!Tandem (Searle 2010).  We also employed Scaffold 3 to calculate 

False Discovery Rates (FDRs) using a reverse concatenated decoy 

database (Elias and Gygi 2007) and the latest release of the annotated 

Drosophila melanogaster genome (v5.29).  This analysis resulted in low 

FDR estimates (0.7% peptide; 0.3% protein) providing further statistical 

support for the inclusion of all 956 proteins.  Of these, 19.8% (190/956) of 

the protein identifications were assigned based on single unique peptide 

IDs found across all three biological replicates and 78.5% (750/956) were 

determined by two or more unique peptides.  Over 50% (484/956) were 

derived from peptides identified in at least two of the three sperm 

samples analyzed and nearly one-quarter (23.0%; 219/956) were 

identified in all three (Figure 2.1, inset).  Over the three biological 

samples, a total of 3605 unique peptides were identified and these were 

highly congruent with respect to their depth across each replicate (1200-

1800 unique peptides/MS experiment) and coverage (7-12% average 

coverage/protein) (Table 2.1).  Finally, over 95% (913/956) of proteins 

were uniquely identified and only 43 (< 5%) were ambiguous due to high 

levels of amino acid identity amongst protein family members. 

 

The size of our proteomic database allowed for an approximation of 

protein abundance based on the number of peptides/protein ID.  For 

example, the top 15 proteins IDs were determined by over 40 unique 

peptides each.  The majority of these 15 proteins are either tubulins or 

leucylaminopeptidases, a finding consistent with our previous 2D 

quantitative gel analysis identifying these two protein families as major 

components of sperm (Dorus et al. 2006).  To further explore the 

relationship between protein abundance and frequency of proteins 

identified by MS, we conducted a functional network comparison, based 

on GO categories, between proteins identified in only a single sperm 

sample to those identified in multiple samples (Figure 2.1; Supplemental 

Table 2.4).  This analysis resulted in a 74 node network containing 674 

annotated proteins.  Forty nodes (54%) showed no compositional bias 
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towards proteins identified in single or multiple samples.  Seventeen 

nodes are enriched for proteins identified in multiple samples, several of 

which contained proteins known to be highly abundant in sperm.  For 

example, 91% (11/12) of the proteins in oxidoreductase node (node 1) 

were identified in multiple sperm samples.  Twenty of the 30 proteins in 

the structural molecule activity node (node 10) were identified in multiple 

samples and this node is comprised of members of the actin and tubulin 

family of proteins, which are expected to be abundant components of the 

sperm axoneme.  Finally, nodes 2 and 3 are comprised of proteins 

involved in NAD/NADH binding and the cytoskeleton, respectively. 

 

 

 
Figure 2.1 Functional Network Comparison of Sperm Proteins Identified in Single 
versus Multiple Samples. The network is comprised of 74 nodes (each comprised of at 
least 6 proteins associated with a common GO functional term) containing a total of 674 
proteins.  Node compositional enrichment is displayed for proteins found in a single 
sample (red highlighting) or in multiple samples (green highlighting) when compositional 
bias exceeds 60%:40%.  Inset: Venn diagram representation of proteins identified by 
MS in the three sperm samples analyzed; 50.6% of the proteins were identified in at 
least two sperm samples. 
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In addition to functional categories enriched for proteins identified across 

multiple samples, this comparative network analysis also identified 

categories of sperm proteins identified in only a single sample (Figure 

2.1).  For example, node 13 identifies proteins involved in enzyme 

inhibitor activity and is unique to single sample IDs.  Likewise, nodes 19, 

20 and 22 represent transmembrane protein activity and receptor/signal 

transducer activity, consistent with the idea that membrane bound 

proteins are under-represented in shotgun proteomic studies (Everberg et 

al. 2006; Lu et al. 2008; Schirle et al. 2003).  Finally, we note that node 

14 contains transcription factor binding proteins biased towards single 

sample IDs.  This is also consistent with the notion that nuclear proteins 

are far less abundant in relation to proteins of the sperm midpiece and 

flagellum and therefore detected sparingly in shotgun proteomic 

experiments.     

 

2.3.2 DmSP Comparison 

Substantial overlap (55.3%; 189/342) between the DmSP-I and the 

current study was observed (Figure 2.2, inset).  Likewise, the current 

study identified an additional 766 proteins including 40 with putative 

sperm functions (Table 2.2 and see below).  A comparative functional 

network analysis (Figure 2.2) supports the idea that the current study 

represents an expanded version of the DmSP-I (Figure 2.2, green 

nodes).  Indeed, the majority of functional categories previously 

characterized in the DmSP-I are increased in the current study.  Also, not 

surprisingly, the current study also contains new functional categories not 

found in the DmSP-I including ribosomal (node 16), RNA binding (node 

13), transmembrane receptor activity (node 17) and 

transcription/translation regulatory proteins (nodes 8, 24 and 25) 

(Supplemental Table 2.5).  As expected from the expanded coverage 

provided by the current study, these newly identified functional categories 

correspond to nodes with a bias towards proteins identified by single-hits 

(i.e., red nodes in Figure 2.1).  We interpret these results to indicate that 

the increased depth of coverage of the current study uncovers additional 
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low abundance proteins, proteins refractory to MS analysis or both.   

 

 

 
Figure 2.2 Functional Network Comparison of Proteins Identified in the DmSP-I 
and the Current Study. Color-coded nodes within the network depict the degree of 
relative compositional enrichment of each dataset.  The network is comprised of 104 
nodes (each comprised of at least 6 proteins associated with a common GO functional 
term) containing a total of 779 proteins.  Node compositional enrichment is shown for 
proteins identified in the current study (highlighted in green) when node composition 
bias exceeds 60%.  Nodes labeled 1 through 27 are comprised of 90% or more proteins 
identified exclusively in the current study.  Inset: Venn diagram representing the overlap 
between the studies; 55.3% of the DmSP-I genes were found in the DmSPII. 
 
 
As mentioned above, use of SDS-PAGE gels to prefractionate sperm 

proteins should result in increased identification of membrane bound and 

membrane associated proteins (Schirle et al. 2003) as reflected by the 

biased distribution of both the "Signal and Receptor Transducer Activity" 

and "Transmembrane/Transporter Activity" marked by brackets in Figure 

2.2.  As a percentage of the proteome, the DmSP-II contains almost 2-

fold more GO entries that include the term "membrane" (DmSP-II; 

319/1108, 29% vs. DmSP-I; 57/379, 15%).  Likewise, a greater than 5-
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fold disparity in proteome content was found when using the more 

specific term "plasma membrane".  Indeed, a search for the highly 

restrictive term "integral to plasma membrane" yielded 13 entries in the 

DmSP-II and none for the DmSP-I. 

 
Table 2.2.  DmSP-II Genes Related to Sperm Development 

Gene 
Symbol Gene Name Molecular Function Biological 

Process Phenotype 

1. Flagellum/Motility Related Functions 

Act5C Actin 5C structural constituent 
of cytoskeleton 

sperm 
individualization germline cyst 

alphaTub84B alpha-Tubulin at 
84B 

structural constituent 
of cytoskeleton 

microtubule-based 
movement spermatid 

asp abnormal spindle microtubule binding microtubule 
organization spermatocyte 

betaTub56D beta-Tubulin at 56 
D 

structural constituent 
of cytoskeleton 

microtubule-based 
movement - 

betaTub85D beta-Tubulin at 
85D 

structural constituent 
of cytoskeleton 

microtubule-based 
movement spermatocyte 

Cep135 Cep135 - sperm axoneme 
assembly 

spermatid 
axoneme 

cp309 cp309 - ciliary or flagellar 
motility 

primary 
spermatocyte 

Dhc64C Dynein heavy 
chain 64C 

microtubule motor 
activity 

microtubule-based 
movement 

spermatocyte 
fusome 

Fmr1 Fmr1 protein binding sperm axoneme 
assembly spermatid 

Gas8 Growth arrest 
specific protein 8 - sperm motility - 

hts hu li tai shao actin binding microtubule 
organization germ cell 

Kap3 Kinesin associated 
protein 3 

microtubule motor 
activity 

microtubule-based 
movement - 

kl-3 male fertility factor 
kl3 

microtubule motor 
activity 

microtubule-based 
movement spermatid 

kl-5 male fertility factor 
kl5 

microtubule motor 
activity 

microtubule-based 
movement spermatid 

Klp3A Kinesin-like protein 
at 3A 

microtubule motor 
activity 

microtubule-based 
movement spermatid 

mip120 Myb-interacting 
protein 120 DNA binding sperm motility spermatozoon 

Pkd2 Polycystic kidney 
disease gene-2 cation channel activity sperm motility spermatozoon 

2. General Development of Spermatozoa 

bgcn benign gonial cell 
neoplasm nucleic acid binding spermatogenesis - 

blw bellwether hydrogen-exporting 
ATPase activity 

spermatid 
development 

dorsal 
mesothoracic 

disc 

Bruce Bruce ubiquitin protein 
ligase 

spermatid 
development - 

can cannonball 
RNA polymerase II 
transcription factor 

activity 

spermatid 
development spermatocyte 
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Table 2.2 (cont.) 
Gene 

Symbol Gene Name Molecular Function Biological 
Process Phenotype 

Cul-3 Cullin-3 ubiquitin protein 
ligase binding 

sperm 
individualization spermatid 

Cyt-c-d Cytochrome c 
distal 

electron carrier 
activity 

sperm 
individualization spermatid 

dia diaphanous protein binding spermatogenesis spermatid 

dj don juan DNA binding spermatid 
development spermatid 

heph hephaestus nucleotide binding spermatid 
development spermatozoon 

Hsp60B Heat shock protein 
60 related ATPase activity spermatid 

development - 

Imp IGF-II mRNA-
binding protein mRNA binding spermatogenesis - 

jar jaguar actin filament binding spermatid 
development 

primary 
spermatocyte 

ox oxen ubiquinol-cytochrome-
c reductase activity 

spermatid 
development oocyte 

poe purity of essence protein ligase activity sperm 
individualization 

primary 
spermatocyte 

Prosalpha6T Proteasome 
alpha6T subunit endopeptidase activity sperm 

individualization spermatozoon 

shi shibire microtubule motor 
activity 

sperm 
individualization spermatid 

uri 
unconventional 
prefoldin RPB5 

interactor 

phosphatase inhibitor 
activity spermatogenesis - 

east enhanced adult 
sensory threshold 

metallocarboxypeptid
ase activity mitotic metaphase primary 

spermatocyte 

Hsp83 Heat shock protein 
83 

ATPase activity, 
coupled 

anatomical 
structure 

development 
spermatocyte 

mtacp1 mitochondrial acyl 
carrier protein 1 

phosphopantetheine 
binding 

mitochondrial 
electron transport spermatid 

neb nebbish protein phosphatase 1 
binding 

regulation of cell 
cycle spermatozoon 

ord orientation 
disruptor protein binding chromosome 

segregation spermatocyte 

tud tudor nucleic acid binding germ cell 
development spermatozoon 

 

 

2.3.3 DmSP Proteins Affecting Sperm Form or Function 

The DmSP-II contains 40 proteins known from either classical or 

molecular genetic studies to directly affect sperm development or 

function, with the majority (14/26) functionally related to sperm motility 

(Table 2.2).  This includes well-characterized sperm structural proteins 

such as "Tub85D, "Tub56D and !Tub84B (Fuller et al. 1988; Hoyle and 

Raff 1990; Kaltschmidt et al. 1991; Kimble et al. 1990).  The second class 

includes a broad set of proteins that affect spermatid development and 
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differentiation (e.g., blw, dj, heph, Hsp83, jar and ox), electron transport 

(mtacp1), sperm individualization (poe, shi) and germ line development 

(tud). 

 

 

 
Figure 2.3 Functional Categories in the DmSP-II. A histogram representation of 
protein classes recognized by PANTHER (pantherdb.org). Proteins with no annotations 
represent the largest category.  Categories involved in energetics and metabolism are 
enriched for sperm proteins. 
 

 

2.3.4 Gene Ontology (GO) and Protein Domain Enrichment 

To further characterize the components of the DmSP-II we used the 

PANTHER resource (Mi et al. 2010; Thomas et al. 2003) to classify 

known protein classes of the DmSP-II (Figure 2.3).  The major protein 

classes found were categories critical to sperm structure and function, 

such as metabolism and energetics (e.g., oxidoreductases, hydrolases, 

transferases), tubulin binding and microtubule-related functions 

(cytoskeletal) and numerous minor categories (e.g., proteases, 

isomerases, chaperones).  Surprisingly, a major protein class, "nucleic 

acid binding" was the second largest category.  This category contained 
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134 DNA/RNA binding proteins, nucleases and helicases.  However, by 

far the largest category is proteins with unclassified function (Figure 2.3). 

 

Table 2.3. Gene Ontology Analysis 
Cellular Component P Value Number of Proteins 

mitochondrial part 4.46-24 104 
protein complex 1.10-21 228 
mitochondrion 3.93-21 123 

mitochondrial envelope 2.46-20 72 
mitochondrial inner membrane 2.55-20 64 

mitochondrial membrane 1.21-19 68 
organelle inner membrane 2.45-18 64 

organelle envelope 3.07-16 77 
mitochondrial respiratory chain 1.31-15 36 

respiratory chain 1.31-15 36 
Biological Process   

generation of precursor metabolites and energy 5.92-36 85 
energy derivation by oxidation of organic 

compounds 1.85-22 49 

cellular respiration 1.15-21 46 
oxidative phosphorylation 5.97-19 50 

small molecule metabolic process 9.75-14 127 
electron transport chain 1.30-13 31 

ATP synthesis coupled electron transport 4.66-13 29 
mitochondrial ATP synthesis coupled electron 

transport 5.47-13 28 

respiratory electron transport chain 1.76-12 29 
acetyl-CoA metabolic process 6.53-12 19 

 

 

The DmSP-II is enriched in expected GO (Table 2.3) and protein domain 

(Table 2.4) categories including proteins of known function (e.g., 

ATPases, dyneins and tubulins), but also protein families lacking defined 

protein domains (184/1108; 16.6%). Two particularly interesting enriched 

protein domain categories include a group of eight annotated 

leucylaminopeptidases, and another group of eight genes unique to 

Drosophila designated the DUF1431 domain group (Table 2.4). 
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Table 2.4. Protein Domain Enrichment 

Protein Domain P value Number of 
Proteins 

Dynein heavy chain 1.52-11 12 
Peptidase M17, leucyl aminopeptidase 3.45-09 8 

ATPase, AAA-5 5.86-09 10 
Pleckstrin homology 7.19-08 23 

Dbl homology (DH) domain 5.98-07 12 
Protein of unknown function DUF1431, cysteine-rich 2.99-06 8 

Armadillo-type fold 3.18-06 32 
Calponin-homology 8.53-06 12 

Ion transport 1.23-05 12 
Zinc finger, FYVE/PHD-type 2.01-05 17 

DNA/RNA helicase, C-terminal 2.66-05 19 
Biotin/lipoyl attachment 2.92-05 5 

ATP-grasp fold 2.92-05 5 
Carbamoyl phosphate synthetase, large subunit, ATP-binding 6.00-05 4 

SNF2-related 6.85-05 8 
ATPase, F1/V1/A1 complex, alpha/beta subunit, nucleotide-

binding domain 9.49-05 5 

Transketolase-like, pyrimidine-binding domain 9.51-05 5 
Ankyrin repeat 1.14-04 19 

Helicase, superfamily 1/2, ATP-binding domain 1.53-04 17 
IQ calmodulin-binding region 1.78-04 11 

DEAD-like helicase, N-terminal 2.17-04 17 
Single hybrid motif 2.36-04 5 

EGF calcium-binding 2.42-04 9 
Pre-ATP-grasp fold 2.82-04 4 

Aldose 1-epimerase, subgroup 2.82-04 4 
Pyruvate/Phosphoenolpyruvate kinase, catalytic core 2.82-04 4 

Zinc finger, PHD-type 3.01-04 12 
Pleckstrin homology-type 3.13-04 21 

EGF-like, type 3 3.22-04 14 
Spectrin repeat 4.96-04 5 

Fibronectin, type III 5.83-04 15 
Biotin-binding site 6.96-04 3 

Fumarate reductase/succinate dehydrogenase, FAD-binding 
site 6.96-04 3 

Biotin carboxylation domain 6.98-04 3 
Vacuolar sorting protein 9, subgroup 6.98-04 3 

Bacterial Fmu (Sun)/eukaryotic nucleolar NOL1/Nop2p 6.98-04 3 
Tektin 7.94-04 4 

Adenylate kinase 7.95-04 4 
Dehydrogenase, E1 component 7.95-04 4 

Pyruvate kinase 7.96-04 4 
Actin-binding FH2/DRF autoregulatory 7.97-04 4 
RecF/RecN/SMC protein, N-terminal 7.97-04 4 

Aldose 1-epimerase 7.98-04 4 
Glycoside hydrolase-type carbohydrate-binding, subgroup 7.98-04 4 

GTPase-binding/formin homology 3 7.99-04 4 
Pyruvate kinase, barrel 7.99-04 4 

ATPase, F1/A1 complex, alpha/beta subunit, N-terminal 8.00-04 4 
EGF-like region, conserved site 8.18-04 14 

Spectrin/alpha-actinin 9.35-04 5 
Fibronectin, type III-like fold 9.70-04 14 
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2.3.5 Genomic Distribution and Clustering of DmSP-II Genes 

The chromosomal distribution of genes encoding the DmSP-II (Figure 

2.4) were distributed as expected with respect to the number of total 

genes on each chromosome (2nd = 417; 3rd = 498; 4th = 11; X= 168; 

Total = 1094).  The DmSP-II also contains four additional Y-linked genes 

(kl-3, kl-5, ORY and ARY) not previously found in the DmSP-I, of which 

kl-3 and kl-5 are known to impact male fertility (Carvalho et al. 2000; 

Gepner and Hays 1993; Goldstein et al. 1982) suggesting they may also 

encode functional sperm proteins. 

 

Consistent with the analysis of the DmSP-I, significant non-random 

clustering of sperm genes was also observed in our current analysis of 

the DmSP-II (Figure 2.4).  A total of 78 adjacent sperm gene pairs are 

present within the genome (69 on autosomes and 9 X-linked), in addition 

to 12 clusters containing three immediately adjacent sperm genes (10 on 

the autosomes; 2 X-linked) and two clusters containing four immediately 

adjacent sperm genes (2 on autosomes).  This pattern of clustering was 

found to be non-random both for autosomes (P=0.018) and the genome 

as a whole (P=0.031). 
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2.3.6 Orthology with Mammalian Sperm Proteomes 

An analysis of annotated Drosophila orthologs within ENSEMBLE 58 

(http://www.biomart.org) indicates that > 65% of the DmSP-II has 

mammalian orthologs including both mouse and human datasets (mouse; 

742/1108; human 738/1108) (Supplemental Table 2.6).  Likewise, a 

survey of characterized mammalian sperm proteomes reveals that 

approximately 20% of mouse and human orthologs, respectively, have 

been identified in their respective sperm proteomes (mouse; 204/1108; 

human; 199/1108).   Orthology between the fly and mammalian sperm 

proteomes is most prominent in central metabolic pathways with the 

highest levels of Gene Ontology enrichments in the following biological 

process categories:  glycolysis (GO:0006096; P=3.24e-39), generation of 

precursor metabolites and energy (GO:0006091; P=2.04e-29), coenzyme 

metabolic processes (GO:0006732; p=7.28e-27) and cofactor metabolic 

processes (GO:0051186; P=2.49e-26).  Finally, a range of mutant male 

reproductive phenotypes has been characterized amongst the mouse 

sperm orthologs including:  arrest of spermatogenesis (Hspa2), 

asthenozoospermia (Gapdh2, Ldhc, Pgk2, Tekt3, Hspa4l, Tekt4 and 

Tekt2), abnormal sperm axoneme morphology (Vdac3 and Tekt2), 

abnormal sperm mitochondrial sheath morphology (Vdac3), hairpin sperm 

flagellum (Tekt2) and impaired fertilization (Prkaca).   

 

2.3.7 Expressional Profiling of the Sperm Proteome 

The relationship between testis gene expression and sperm proteome 

composition is poorly understood.  However, our earlier study suggested 

that the level of testis expression was not necessarily a good predictor of 

sperm proteome composition in that some genes expressed at relatively 

low levels encode sperm components and, conversely, many gene 

overexpressed in the testis do not (Dorus et al. 2006).  To further explore 

this relationship, we examined testis expression levels in the DmSP-II as 

compared to expression levels in the whole adult fly (Figure 2.5).  Across 

the entire breadth of expression, a U-shaped distribution was observed 

with almost one-half (47.7%; 452/947) of the DmSP-II encoded by genes 

expressed at low levels in the testis (<1.0 fold) and (28.4%; 269/947) 
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expressed at high levels (>5.0 fold) relative to the whole fly (Figure 2.5).  

Thus, >75% of the sperm proteome is encoded by genes either under- or 

over-expressed in the testis.  This general trend is consistent with our 

previous results and confirms the unexpected finding that a significant 

fraction of the sperm proteome is composed of proteins encoded by 

under-expressed genes. 

 

 

 
Figure 2.5 Expression Levels of Genes Encoding the DmSP-II. Testis and whole fly 
gene expression levels were obtained from FlyAtlas (www.flyatas.org) and the ratios of 
testis to whole fly displayed as a histogram.  The number of DmSP-II genes in each 
category is indicated inside bars.  
 

 

To determine the relationship between tissue expression specificity and 

the DmSP-II, we examined the distribution of DmSP-II gene expression 

using the FlyAtlas database (Chintapalli et al. 2007), and plotted the 

results against breadth of tissue expression (Figure 2.6).  Greater than 

50% (261/506) of the DmSP-II is represented by genes specifically up-

regulated in the testis (>5.0 fold) and only approximately 7% (35/506) of 

the remaining DmSP-II genes were expressed in four or more tissue 

types.  This reveals that a large proportion of DmSP-II genes are likely to 

be very specialized to sperm development and function. 
 



! %%!

 

 
Figure 2.6 Tissue Specific Expression of the DmSP-II. Histogram illustrating the 
specificity of sperm protein expression in adult tissues of D. melanogaster.  Dark grey 
bar indicates proteins over-expressed exclusively in the testis and light grey bars 
indicate the breadth of gene expression from either a single tissue or multiple tissue 
types as indicated. 
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2.4 Discussion 
High throughput MS (i.e., "shotgun" proteomics) is rapidly becoming an 

established technique for the elucidation of cellular proteomes (Aebersold 

and Mann 2003; Bettmer et al. 2009; Chen and Yates 2007; Fonslow and 

Yates 2009; Yates et al. 2005; Yates et al. 2009).  However, the inherent 

complexity of proteins and differences between and among tissue types 

has led to substantial challenges in the field with little or no consensus yet 

reached on how to optimize high throughput MS experiments for 

reproducibility and accuracy of protein assignment.  Recently a number of 

significant advances in technology, bioinformatics and genomics has 

resulted in a growing consensus on the issue of data acquisition, 

management and reporting (Elias and Gygi 2007; Gu et al. 2003; 

Nesvizhskii et al. 2007; Nesvizhskii and Aebersold 2005; Qeli and Ahrens 

2010; Reiter et al. 2009; Taylor et al. 2003; Taylor et al. 2007) that should 

provide needed guidance for the field.  The application of high throughput 

MS to the study of the Drosophila sperm provides insight into some of the 

parameters affecting reproducibility and reliability of proteome 

identification in this system.  Our subsequent bioinformatic and network 

analysis details an approach to interpreting and comparing proteomic 

datasets, particularly when comparing newer datasets to prior published 

datasets as in our case for the DmSP-II. 

 

2.4.1 Reevaluation and Expansion of the Drosophila Sperm Proteome 

A re-analysis of the original DmSP-I (Dorus et al. 2006) was conducted 

as a prelude to a broad based comprehensive analysis of sperm 

proteomes in the genus Drosophila for which 12 complete euchromatic 

genome sequences have recently been completed (Clark et al. 2007).  To 

allow meaningful inter-species comparative proteomics, it is imperative 

that a standard set of conditions be applied throughout the process.  It 

was logical therefore to use D. melanogaster to standardize testes 

dissections, sperm isolation and purification as well as sample 

preparation prior to mass spectrometry analysis.  Application of these 

standardized procedures led to a revised DmSP-II that contains an 

additional 766 proteins and expands the sperm proteome to 1108 
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proteins.  The overall content of the DmSP-II also confirms the utility of 

the original DmSP-I as a reliable representative of the sperm proteome 

and points out that even incomplete proteomes can provide useful and 

broad-based perspectives of cellular proteomes. 

 

The rather large increase in the size of the DmSP-II compared to the 

DmSP-I was due to: (i) increased sensitivity and accuracy of the mass 

spectrometer used in the study (LTQ Orbitrap, Thermo Scientific; (Yates 

et al. 2006)); (ii) separation of sperm proteins on 1D SDS-PAGE gels and 

further fractionation of 1D gels into 16 slices prior to trypsinization and 

downstream peptide isolation, and (iii) the sperm samples from each of 

the three biological replicates were prepared at the same time in three 

lanes on a single gel to minimize sample variability due to time- and 

material-dependent variation (e.g., keratin contamination, sample 

degradation).  The benefits of this method are demonstrated not only in 

the increased proteome coverage, but also in the increased 

representation of membrane proteins presumably due to the use of 

detergents during sample preparation and electrophoresis (Gu et al. 

2003; Li et al. 2008; Simpson et al. 2000; Zhang et al. 2007).  The 

increased proteome coverage also brings the DmSP-II more in line with 

recently published mammalian sperm proteome datasets (Baker et al. 

2008a; Baker et al. 2008b; Dorus et al. 2010), which contain between 

800-1000 proteins.   

 

As could be expected for a cell in which motility is paramount and that is 

largely composed of two large mitochondrial derivatives, the major 

pathways present deal with central metabolism and energetics (Figure 

2.1).  This finding is consistent with other functional analysis of sperm 

proteomes across taxa (Baker et al. 2008a; Baker et al. 2008b; Collins et 

al. 2006; Dai et al. 2006; Dorus et al. 2010).  In addition to these major 

functional categories, on a mass basis two other families of proteins 

dominated the sperm proteome.  As expected, tubulins are a major 

constituent easily identified on 2D gels (Dorus et al. 2006) and the LAPs, 

members of the M17 family of zinc-dependent leucyl aminopeptidases 
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(Table 2.4).  LAPs are discussed further below in the context of expanded 

gene families. 

 

In mammals, deletions and translocation of Y-linked genes cause sterility 

and many of these genes are known to be involved in sperm production 

and function (Lahn et al. 2001; Repping et al. 2002). There are several 

notable additions to the DmSP-II including four Y-linked genes, kl-3, kl-5, 

ARY and ORY.   The Drosophila Y chromosome contains 12 single-copy 

genes (Koerich et al. 2008; Vibranovski et al. 2008) including male fertility 

factors kl-3 and kl-5 that contain significant homology to dynein heavy 

chain proteins (Carvalho et al. 2001; Carvalho et al. 2000; Gepner and 

Hays 1993; Goldstein et al. 1982).  Ary may encode an aldo-keto 

reductase and there is evidence that it is highly expressed in the testis 

although a functional role in sperm has not yet been demonstrated 

(Vibranovski et al. 2008).  The gene ORY encodes an occludin-related 

protein (Carvalho et al. 2001).  Occludins are 4-pass membrane spanning 

proteins involved in cell-cell adhesion and contains weak similarity 

between ORY and mammalian occludins.  Occludin has been shown 

essential for mouse fertility (Saitou et al. 2000), but a sperm function in 

Drosophila has yet to be established.  The DmSP-II also includes proteins 

with known functions in male reproduction not previously identified in the 

DmSP-I.  These include two serpins (serine peptidase inhibitors, spn3 

and spn4) known components of seminal fluids and recently identified in 

the mouse sperm proteome (Dorus et al. 2010), although the serpins’ 

function in sperm has yet to be established.  

 

Interestingly, the accessory gland protein Acp36DE, a known seminal 

fluid protein produced in the accessory gland was also identified in the 

DmSP-II.  Acp36DE is important for sperm storage and sperm 

competition in Drosophila (Bertram et al. 1996; Chapman et al. 2000).  

Acp36DE binds tightly to sperm following mating and also in vitro 

(Neubaum and Wolfner 1999).  The presence of Acp36DE may represent 

an artifactual contamination due to the paired accessory glands and 

seminal vesicles joining to form the anterior ejaculatory duct.  This 
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proximity may allow subsequent binding to sperm during dissection.  

However, another well-studied accessory gland protein Acp-70A 

(Neubaum and Wolfner 2007), known to also bind tightly along the sperm 

tail (Peng et al. 2005), is absent from the DmSP-II suggesting the 

presence of Acp36DE in our purified sperm samples is not an artifact.  

Additional studies are needed to resolve this issue. 

 

2.4.2 Comparative Network Analyses of the DmSP-II 

Network visualization tools (e.g., Cytoscape (Shannon et al. 2003), 

GoMiner (Zeeberg et al. 2003), DAVID (Dennis et al. 2003; Huang et al. 

2009)) offer powerful new approaches for systems level analysis of 

complex biological systems.  We have applied a comparative network 

analysis to examine and contrast the overall functional similarities and 

differences between the DmSP-I and DmSP-II.  The visual network 

topology generated provides a convenient way to quickly determine the 

overall structure of the networks and to conclude that there exists strong 

functional coherence between them.  The main conclusion was that even 

a doubling of the overall size of the proteome resulted in no substantive 

change in the general interpretations of proteome content.  Thus, even 

incomplete datasets generated by high throughput MS can provide useful 

information about the overall general makeup of the sperm proteome.   

 

2.4.3 Expanded Gene Families in the DmSP-II 

Our previous analysis, confirmed in the DmSP-II, revealed that the 

Drosophila sperm proteome contained substantial levels of 

leucylaminopeptidases (LAPs).  LAPs are ubiquitous throughout 

prokaryotes and eukaryotes and provide essential function at all levels of 

cellular and tissue physiology (Jensen 2007; Matsui et al. 2006; 

Raghavan et al. 2008; Saveanu et al. 2002).  LAPs have been implicated 

in a variety of physiological processes including regulation of blood 

pressure (Tucker et al. 2009), antigen processing and immune 

surveillance (Thiele et al. 2007), and processing bioactive peptides such 

as oxytocin (Matsui et al. 2006).  Aminopeptidases are highly abundant in 

seminal fluids (Fernandez et al. 2002), however their role within sperm is 
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not entirely clear. 

 

It has been suggested that genes involved with reproduction are evolving 

rapidly compared to other genes (Swanson and Vacquier 2002), however 

it has also been suggested that many sperm genes are in fact evolving at 

a slower rate than reproductive genes expressed in the accessory gland 

genes (Dorus et al. 2006).  While evolutionary rates depend on many 

factors, previous studies have demonstrated an inverse correlation 

between breadth of expression and evolutionary rate (Duret and 

Mouchiroud 2000).  This study reveals that approximately 40% of the 

proteins found in the DmSP are expressed across a narrow breadth of 

tissues and many of these are specific to the testis.  It will be of interest to 

determine what proportion of these testis-specific genes is rapidly 

evolving and whether this may be due to selection associated sperm 

competition or male X female interactions. 

 

In order to explore gene specificity in sperm function and development we 

used gene expression data to elucidate the over-expression levels and 

tissue breadth patterns. It has been previously shown that over-

expression in the testis does not necessarily indicate presence in the 

sperm proteome (Dorus et al. 2006) which is supported by observations 

in this study.  Interestingly, ~24% of the DmSP-II genes are over-

expressed in the testis (Figure 2.5).  This could be indicative of the fact 

that spermatogenesis is a highly specialized process and it will be of 

great interest to determine which testis-specific sperm genes are under 

strict evolutionary constraints.  Evolutionary constraint on the sperm 

proteome has been observed in both our previous analysis and the recent 

mouse sperm proteome analysis (Dorus et al. 2006; Dorus et al. 2010).   

 

2.4.4 Summary: Towards a Complete Sperm Proteome 

Although the DmSP-II expands the sperm proteome by approximately 2-

fold, proteins known to be sperm components by other empirical evidence 

were not found.  For example, Snky, a known sperm membrane 

component (Wilson et al. 2006) was not found.  Likewise, members of the 
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X-linked SDic gene cluster, Modulo (Mikhaylova et al. 2006), and Mst77F 

(Raja and Renkawitz-Pohl 2005) have not been identified.  This illustrates 

the difficulty of identifying certain proteins (low abundance, very basic or 

acidic) and highlights the need to continue studying spermatozoa using 

various methods.  Another issue limiting mass spectrometry based 

shotgun proteomics is apparent by the inclusion of two Eukaryotic 

initiation factors, eIF-4G and eIF3-S8 in the DmSP-II, while eIF-4G2 was 

not found.  eIF4G2 is expressed during male meiosis and flies mutant for 

eIF4G2 are sterile due to defects in meiotic cell cycle progression and 

spermatid differentiation (Baker and Fuller 2007; Fuller et al. 1988).  No 

such testis-specific functions have been found for either eIF4G or eIF3-

S8 and it remains an open question if eIF-4G2 is a bona fide sperm 

component.  Additional directed functional studies are needed to resolve 

these issues.   

 

The expanded proteome coverage of the DmSP-II provides a more 

comprehensive view of a cellular proteome and a foundation for future 

systems level analyses, including whole-cell protein pathway and gene 

regulatory network characterization.  Coupled with the extensive genetic 

tools available in Drosophila, molecular and functional genomics analysis 

of the DmSP-II promises to provide a wealth of novel insights into sperm 

function. 
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Chapter 3 
Whole-Sperm Proteomic Characterization  

in the melanogaster Subgroup and D. pseudoobscura 
 
 

3.1 Introduction 
In all species that reproduce by sexual reproduction, sperm have 

essential roles in sperm-egg recognition and fusion, fertilization and 

embryogenesis.  As discussed in Chapter 1, despite the tremendous 

morphologically diversity observed in this cell type these roles have been 

evolutionarily conserved across widely divergent organisms.  Ultimately, 

an understanding how this has been achieved requires elucidation of the 

molecular and biochemical basis of this diversity.  Drosophila, and in 

particular the melanogaster subgroup, represents an ideal set of taxa to 

explore the connection between morphological diversity and the 

molecular composition of sperm given the extensive use of D. 

melanogaster as a model organism since the early 1900's (Beckingham 

et al. 2005; Roberts 2006).  The recent availability of a total of 12 

drosophila genomes facilitates large-scale proteomic and transcriptomic 

analyses.  Furthermore, even though the melanogaster subgroup 

diverged nearly 13 million years ago (Tamura et al. 2004), genome 

structure and content has largely been conserved providing substantial 

levels of gene orthology (Clark et al. 2007).  Therefore, functional 

characterization achieved in D. melanogaster can often be extrapolated 

to other Drosophila species in a meaningful fashion to assist in 

understanding the evolution of gene function and expression.   

 

These 12 species of Drosophila are particularly well suited for the 

molecular study of sperm compositional evolution as the cell has been 

relatively well conserved, although there are some marked differences 
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with regard to mating systems and sperm morphology in some species.  

First, reproductive behaviors and mating systems have been largely 

conserved across the melanogaster subgroup (Markow 1996; Markow 

and O'Grady 2005) and there is minimal variation in sperm length, which 

range from 1.12mm in D. simulans to 1.90mm in D. melanogaster (Joly et 

al. 1989).  These observations indicate that diversification of sperm 

composition may be relatively restricted in the melanogaster subgroup 

and that these taxa may be well suited for experimentally establishing a 

baseline relationship between similar interspecific sperm proteomes.   

Therefore, this study focuses on the six species of the melanogaster 

subgroup in order to ground the more extensive 12 species study.  In 

contrast, mating systems outside of the melanogaster subgroup have 

diverged rapidly (Markow 1996; Markow and O'Grady 2005) and may be 

associated with the remarkable morphological variation in sperm length 

and the production of heteromorphic sperm (Joly et al. 1989; Pitnick and 

Markow 1994; Pitnick et al. 1995).  Potentially the most extreme 

manifestation of this is the evolution of sperm gigantism in D. hydei and 

D. bifurca where sperm are 7 and 20 times, respectively, longer than the 

length of the whole fly (Joly et al. 1995).  Future analysis of these species 

may provide critical insights into how sperm composition affects 

morphology once the relationships of sperm proteomes for closely 

related, and morphologically similar, species has been established. 

 

In addition to the melanogaster subgroup, our analyses also include the 

more distantly related D. pseudoobscura whose genome is the next best 

characterized after D. melanogaster (Richards et al. 2005).  The obscura 

group is believed to have diverged from the melanogaster group 40 

million years ago and thus provides an informative outgroup (Tamura et 

al. 2004).  One result of the extended divergence has been the evolution 

of heteromorphic sperm (i.e. long and short sperm) throughout the 

obscura group (Joly et al. 1995; Joly et al. 1989).  Interestingly, in 

Drosophila species that produce heteromorphic sperm, only long sperm 

have been shown to fertilize eggs despite no apparent functional 

differences between the two cells (Pasini 2010; Snook and Karr 1998; 
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Snook et al. 1994).  These findings highlight the necessity of 

understanding the molecular composition of sperm if one hopes to 

understand the evolution of sperm heteromorphism and the relationship 

between morphology and function.   Only then may it be possible to 

address fundamental questions related to cellular development and 

evolution, such as “To what extent are sperm proteomes functionally and 

physically conserved across species?” and “How is morphological 

diversity developmentally established during spermatogenesis?”  To 

establish a foundation from which to evaluate these issues, it is crucial to 

first establish interspecific sperm proteomes of equivalent depth and 

quality. 

 

In Chapter 2, an improved methodology was developed to expand upon 

the original characterization of the Drosophila melanogaster sperm 

proteome (DmSP).  Improvements included a standardized treatment of 

biological replicates, the addition of 1D SDS-PAGE prefractionation, and 

increased instrument sensitivity.  This improved methodology expanded 

the DmSP by 766 proteins and provides the necessary experimental 

foundation for the broader project of characterizing sperm proteomes for 

all 12 Drosophila species with recently annotated genomes (Clark et al. 

2007).  As an initial step towards achieving this goal, this chapter 

presents the characterization of sperm proteomes for the remainder of 

the melanogaster subgroup (D. simulans, D. sechellia, D. yakuba and D. 

erecta) and the more distantly related species, D. pseudoobscura (Figure 

3.1).  These datasets provide the foundation for the first comprehensive 

interspecific analysis of sperm proteome composition, function and 

evolution. 
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Figure 3.1 Phylogenetic Relationship of Drosophila Study Species. A phlyogenetic 
tree illustrating the evolutionary relationships between the species analyzed in this 
study.  Branch lengths are not drawn to scale. 
 

 

Shotgun proteomics provides a high-throughput means for characterizing 

whole cell proteomes and despite continued advancements in instrument 

sensitivity (Yates et al. 2009) it still has critical limitations that can affect 

data quality and reproducibility.  First, mass spectrometry (MS) can 

provide strong evidence for the presence of a protein with negligible false 

discovery rates (i.e. type I errors).  Unfortunately, it does not provide any 

certainty about the absence of proteins and the field as a whole has 

struggled with quantifying the incomplete nature of characterized 

proteomes due to type II errors.  This issue arises from a combination of 

experimental factors (reviewed in (Brewis and Gadella 2010; Garbis et al. 

2005; Yates et al. 2009), and some of the most influential factors are 

highlighted here.  Firstly, protein solubility can pose a difficult challenge 

for the identification of proteins that are membrane bound or occur in 

large complexes (Brewis and Gadella 2010; Everberg et al. 2006; Lu et 

al. 2008).  Extraction of proteins from the target tissue/cells is a crucial 

step towards protein identification by MS; therefore proteins that have 

properties preventing easy solubilization are often missed by shotgun 

proteomics unless the methodology used is adapted to account for these 

proteins.  Secondly, to enable identification of solubilized proteins by MS, 
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proteins are first digested to create peptide sequences of an appropriate 

length (usually 6-20amino acids), which allows each fragment to be 

uniquely sequenced.  The most popular enzyme currently used is trypsin 

because the peptide fragments it creates fall largely within the preferred 

mass range for MS analysis (Liebler 2002).  However, proteins that only 

produce peptides outside of the preferred mass range, or lack trypsin 

cleavage sites, fail to be detected by MS analysis.  Finally, even proteins 

that do produce detectable peptides can fail to be identified due to 

automated data-dependent sampling and the rate at which the mass 

spectrometer can sample ions within a single scan (Hoopmann et al. 

2009; Stahl et al. 1996).  This sampling limits the number of ions 

analyzed from each sample often resulting in only the most abundant 

ions, and by extension protein, being detected.  These technical 

limitations each result in the failure to detect some proteins in a complex 

sample; therefore complete characterization of a complex sample is 

currently unlikely.  

 

Another limitation to consider, which is directly related to the factors 

previously discussed, is the capacity of the technique to provide 

reproducible results.  Theoretically, one sample analyzed multiple times 

or two samples of the same protein mixture should provide the same 

proteomic results; however, this has rarely been realized in the analysis 

of complex samples (Washburn et al. 2003).  Experimental variation in 

protein identification can be evaluated in two ways: (i) by measuring 

sample repeatability and (ii) by sample reproducibility.  Sample 

repeatability, sometimes referred to as technical replicates, is a measure 

of how similar the results are of the same sample analyzed multiple times 

on the same instrument (Bland and Altman 1986). Alternatively, sample 

reproducibility, sometimes referred to as biological replicates, is a 

measure of how similar results of multiple samples are when analyzed on 

a single instrument (Tabb et al. 2010).  Repeatability in mass 

spectrometry is inherently biased towards the identification of proteins 

that are highly abundant and more likely to be detected (Schirle et al. 

2003).  The principle goal of this project was to characterize the sperm 
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proteome of five species in as complete of a fashion as possible in order 

to achieve an evolutionary perspective of sperm composition.  As such 

we have utilized a methodology developed to improve sample 

reproducibility as outlined in Chapter 2. 

 

Two recently published studies have provided guidance for the expected 

reproducibility of protein identification between samples by evaluating the 

variation associated with various instruments and methodologies.  The 

first study explored the reproducibility of a standardized sample across 

multiple Orbitrap and LTQ-Orbitrap mass spectrometers (Tabb et al. 

2010).  They concluded that analyzing the same sample on different 

instruments resulted in 60-70% of proteins being identified repeatedly.  

The second study evaluated various prefractionation methods commonly 

used for proteomics analysis to determine the level of reproducibility 

within and between methods as well as sample coverage achieved by 

each method (Fang et al. 2010).  This study used a standardized 

methodology to prepare a complex protein mixture from the head of an 

adult honeybee, which contained over 1100 proteins.  Each 

prefractionation method resulted in six fractions that were then analyzed 

by MS/MS.  Similar to the first study the authors concluded that 

reproducibility within a given method could range from 40-70%, while 

each method was capable of identifying 65-85% of the proteins in the 

sample.  In conjunction, these findings suggest that reproducibility among 

intra-species samples should range between 40-70% and should result in 

proteomes of comparable composition and size.  The recent re-analysis 

of the DmSP, which identified over 50% of the proteins in two out of three 

biological replicates, is consistent with these estimates of sample 

reproducibly, indicating that this study is capable of producing highly 

reproducible sperm proteomes (Wasbrough et al. 2010). 

 

A final limitation to consider is the quality of whole genome sequences 

and their annotated databases.  Given that proteomics results in protein 

identification by matching empirically determined peptide sequences to 

theoretical peptide sequences established by the in silico digestion of an 
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annotated genome, proper genome annotations are crucial to successful 

protein identification (Keller et al. 2002).  Currently, genome annotations 

are established through a combination of experimental data and 

automated gene model predictors (Reeves et al. 2009; Stein 2001).  This 

has resulted in the incorporation of annotation errors into many genomes 

(Brenner 1999; Nagy et al. 2008; Schnoes et al. 2009).  Additionally, each 

of the Drosophila species used in this study has been sequenced to 

different depth, ranging from 2.9x – 10.6x (Clark et al. 2007) resulting in 

variation of the basic genome quality that can potentially affect gene 

annotations.  Proper sequencing of genomes is essential for accurately 

identifying, mapping and annotating novel gene models.  Therefore, poor 

genome quality is likely to result in fewer annotated genes as well as 

incomplete or incorrect annotations, resulting in the failure to identify 

many proteins in a sample.  Thus differences in genome quality may be 

reflected in corresponding differences in proteome size amongst the 

Drosophila species analyzed.  

 

Despite these limitations, shotgun proteomics can advance the current 

understanding of integral sperm components through the characterization 

of sperm proteomes with strict methodological controls.  While each of 

the limitations described above may still affect the overall protein 

composition of the sperm proteomes, the identical treatment of samples 

from each species throughout the experimental process should 

theoretically normalize their influence across species.  In this chapter, the 

newly characterized sperm proteomes for D. simulans, D. sechellia, D 

yakuba, D. erecta and D. pseudoobscura are presented and evaluated for 

quality, as measured by proteome size, reproducibility between samples 

and a consistency of functional and gene expression patterns. These 

analyses identified the sperm proteomes of D. sechellia, D. yakuba and 

D. erecta as being of a similar high quality, while the sperm proteomes for 

D. simulans and D. pseudoobscura are of lower quality. 
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3.2 Materials and Methods 

Note: Methods sections 3.2.1-3.2.6 are based on the methodology 

developed in Chapter 2 and correspond to sections 2.2.1-2.2.6. 

 

3.2.1 Fly Maintenance 

All fly species were maintained on a standard oat and molasses media at 

22ºC.  Male flies were separated within two days of eclosing and were 

aged for 15-30 days. 

 

3.2.2 Sperm Isolation 

Sperm isolation was based on the methodology of Dorus et al. (2006) and 

Wasbrough et al. (2010). Briefly, seminal vesicles were isolated from the 

remainder of the fly and punctured while suspended in Phosphate 

Buffered Saline (PBS).  The sperm were removed from the seminal 

vesicles and stored in 4ºC PBS until dissections were completed.  The 

sperm was then pelleted by centrifugation and rinsed 3x with PBS.  

Excess PBS was removed and the pellet was stored at -20ºC. 

 

3.2.3 Protein Solubilization and Quantitation 

As described in Wasbrough et al. (2010) pelleted sperm samples were 

solubilzed in 45µl LDS sample buffer containing 1x Nupage® reducing 

agent (Invitrogen, Inc).  Total male sperm equivalents (MSE’s) used for 

each biological replicate per species were as follows: D. simulans, 100; 

D. sechellia, 100; D. yakuba, 75; D. erecta, 100; D. pseudoobscura, 200.  

Protein quantity of each of the three samples per species was determined 

using the EZQ® Protein Quantitation Kit (Invitrogen, Inc) as per the 

manufacturers protocol. Protein fluorescence was measured using a FLA-

2000 (Fuji Film) laser-based scanner fitted with 473nm excitation and 

LPR emission filters.  The AIDA program (version 3.23) was used to 

analyze fluorescence data and produce protein quantitation curves and 

estimated values (Supplemental Table 3.1). 
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3.2.4 1-Dimensional SDS-PAGE 

As described in Wasbrough et al. (2010), 50 !g of each sperm sample 

was separated on 4-12% gradient Nupage® Bis-Tris gels using an XCell 

SureLock™ Mini-Cell PowerEase 200 system (Invitrogen) running with 

manufacturer’s pre-set electrophoresis conditions.  Following 

electrophoresis, gels were fixed (45% methanol, 1.0% acetic acid) for one 

hour then Coomassie stained (0.1%w/v Coomassie, 34% methanol, 

17%w/v ammonium sulfate, 0.5% acetic acid) for 12 hours until protein 

bands were visible.  Gels were destained then transferred to an in-house 

built gel slicer and gel lane cut vertically and then horizontally into 16 

sections.  This resulted in a total of 48 gel slices per species to be 

analyzed by MS/MS. 

 

3.2.5 HPLC-Mass Spectrometry Analysis 

MS analysis was competed as in Wasbrough et al. (2010). Gel slices 

were subjected to automated in-gel proteolytic digestion using a 

MassPrep station (Perkin Elmer).  Proteins were first reduced and 

alkylated then successively treated with dithiothreitol and iodoacetamide 

followed by digestion with Trypsin (Promega). Resultant peptides were 

eluted from the gel pieces in 15!l of 0.1% formic acid.  5!l of each 

digestion sample was injected into a reverse phase column (15cm 75mm 

internal diameter C18 PepMap column) attached to an Eksigent LC 

system. The column eluate was introduced into an LTQ Orbitrap 

(Thermo, San Jose, CA) mass spectrometer via nano-electrospray.   

 

3.2.6 Protein Assignment 

Resulting mass spectra data files were analyzed using Sequest (Thermo 

Fisher Scientific) version 1.1.0.263 and X! Tandem (The GPM) version 

2007.01.01.2 with the FlyBase Drosophila species protein coding 

sequence databases (D. simulans, D. sechellia, D. yakuba and D. erecta 

version 1.3 and D. pseudoobscura version 2.14) with the following 

parameter settings: two miscleavages, variable methionine oxidation, 

carboxymethyl cysteine fixed modification, peptide tolerance of 1.0Da.  
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Results from both database searches were merged using Scaffold 3 

(Proteome Software) version 3.00.04. and False Discovery Rates (FDRs) 

were calculated based on a concatenated reverse decoy database.  

 

3.2.7 Proteome Dataset Composition 

Protein identifications were assembled from the peptide mass spectra 

data using Scaffold 3, which validated the data from Sequest and X! 

Tandem as in Wasbrough et al. (2010).  Peptide identifications were 

accepted if they could be established at greater than 90.0% probability as 

specified by the Peptide Prophet algorithm (Keller et al. 2002) 

(Supplemental Tables 3.2-3.6).  Protein identifications were accepted if 

they could be established at greater than 99.0% probability and contained 

at least one identified peptide.  Protein probabilities were assigned by the 

Protein Prophet algorithm (Nesvizhskii et al. 2003) (Supplemental Tables 

3.7-3.11).  Proteins that contained indistinguishable peptides were 

grouped together and represented by a single protein identification as 

determined by Scaffold 3.  Total overlap between samples includes 

protein identifications below the 99.0% probability threshold as long as 

the protein was identified above the set threshold in at least one sample 

(Supplemental Tables 3.12-3.16).  False Discovery Rates (FDRs) were 

calculated based on a concatenated reverse decoy database.  At the 

stringency levels stated above, the FDR was 0% for both peptides and 

proteins.  Only the 958 proteins identified for D. melanogaster using the 

method outlined above in Wasbrough et al. (2010) were included in 

subsequent analyses (Supplemental Table 3.17). 

 

3.2.8 Orthology, GO Annotation and Gene Expression 

Gene orthology between species was based upon the published FlyBase 

orthology table (version 2010_07; flybase.org) (Tweedie et al. 2009). 

Functional annotations for non-melanogaster species were based on their 

melanogaster orthologs and were obtained using the PANTHER (Mi et al. 

2010; Thomas et al. 2003) and FlyMine (Lyne et al. 2007) resources.  

Gene expression of orthologs from microarray analyses in D. 

melanogaster were obtained from FlyAtlas and were used as a proxy for 
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expression of sperm proteome genes in the other species analyzed 

(Chintapalli et al. 2007).  

 

3.2.9 Construction of the Average Sperm Proteome 

Functional protein class annotations obtained from the PANTHER 

database were used to determine the distribution of functional categories 

for an average sperm proteome across species of comparable quality.  

The average proteome was determined by calculating an average of the 

total number of proteins per category across the sperm proteomes for D. 

melanogaster, D. sechellia, D. yakuba and D. erecta.   

 

3.2.10 Statistical Analysis 

Statistical comparisons of the overlap between biological replicates were 

conducted using by a contingency table !2 test.  Outliers were detected 

using Tukey’s method that defines outliers as points that fall above or 

below the third or first quartile respectively (Hoaglin et al. 1986).  

Statistical differences in the functional composition of the proteomes 

between species and the genome as a whole were determined using a !2 

contingency table with the Bonferroni multiple test correction (Cabin and 

Mitchell 2000).  For a significance level of 0.05 probability, the !2critical 

value was calculated to be 9.55 for one degree of freedom. 
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3.3 Results 
3.3.1 Protein Quantitation 

Protein concentrations for each biological replicate were determined prior 

to separation by 1D SDS-PAGE, providing a measure of sample 

consistency and quality (Table 3.1, Supplemental Table 3.1).  Within each 

species the protein quantity in each replicate appears to be equivalent 

suggesting a consistent quality of initial protein samples. 

 

Table 3.1. Protein Quantitation Summary 

Species Biological 
Replicate 1 (!g/!l) 

Biological 
Replicate 2 (!g/!l) 

Biological 
Replicate 3 (!g/!l) 

D. melanogaster 1.35 1.67 NA 
D. simulans 1.61 1.22 1.28 
D. sechellia 1.67 1.85 1.79 
D. yakuba 3.57 3.33 3.57 
D. erecta 2.94 2.17 2.94 
D. pseudoobscura 4.17 4.17 3.85 
 

 

3.3.2 Protein Identification Across Biological Replicates 

Each characterized sperm proteome represents the combined results of 

three independently prepared biological replicates. The respective quality 

of each proteome can be evaluated based on the total number of proteins 

identified in each sample (Table 3.2) as well as by the reproducibility 

between biological replicates (Figure 3.2).  Analysis of the replicates for 

D. melanogaster (Dmel) reveals a large variation in the average number 

of proteins per sample (430±138).  The variation is primarily due to the 

third biological replicate, which was determined to be a statistical outlier.  

This variation can likely be attributed to a change in the methodology 

used for this replicate whereby the sample was fractionated into 24 slices 

while all other replicates were fractionated into 16 slices.  This 50% 

increase in the level of fractionation and the number of independent MS 

runs resulted in a 86% and 110% increase in the number of proteins 

identified in replicates one and two, respectively. The two replicates that 

were analyzed in an identical manner resulted in a consistent number of 

proteins identifications per sample (325±28). 
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Table 3.2. Number of Proteins Identified per Sample  

Species Sample 1 Sample 2 Sample 3 Mean StDev 
D. melanogaster 344 305 640* 430 138 
D. sechellia 384 335 331 350 30 
D. yakuba 367 337 307 337 30 
D. erecta 316 317 336 323 11 
D. simulans 180 58 266 168 105 
D. pseudoobscura 223 54 42 106 101 
* statistical outlier 

 

Analysis of the biological replicates for the remaining species reveals high 

consistency between biological replicates for D. sechellia (Dsec), D. 

yakuba (Dyak) and D. erecta (Dere), as represented by the similar 

average number of proteins per sample and low standard deviations 

(Table 3.2).  These values are comparable to the number of proteins 

identified in the two melanogaster samples analyzed in a similar manner 

(i.e. MS analysis of a sample fractionated into 16 gel slices following 1D 

SDS-PAGE separation).  In contrast, analysis of the replicates for D. 

simulans (Dsim) and D. pseudoobscura (Dpse) reveals substantial 

variation in the number of proteins identified per sample.   Additionally, 

the average number of proteins identified per sample in these species 

was less than half the number found for the previous three species. 

 

3.3.3 Variation in Proteome Size  

The sum of non-redundant proteins from all three biological replicates 

was used to establish the final proteome size for each species.  

Consistent with the previous results, the size of the sperm proteomes 

varied across species (Table 3.3).  Three of the proteomes (Dsec, Dyak, 

and Dere) show strong agreement in proteome size ranging from 658 to 

697 proteins, while the sperm proteomes for Dsim and Dpse were 

substantially smaller, resulting in 473 and 295 proteins respectively.  

Similar patterns are observed in the number of redundant and unique 

peptides indentified for each species.  The observed variation in 

proteome size does not correlate with the number of annotated genes in 

each respective genome indicating that the apparent differences are not 

simply a reflection of genome annotation quality. Despite the reduced 
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numbers of proteins in Dsim and Dpse, greater than 80% of proteins were 

identified by two or more unique peptides in all species highlighting the 

high quality of the protein identifications included in each sperm 

proteome.  

 
Table 3.3. Summary of Drosophila Sperm Proteomes 

Species Annotated 
Genes 

Sperm 
Proteome 

Total 
Peptides 

Unique 
Peptides 

Proteins 
ID’ed by 2+ 

Unique 
Peptides 

D. melanogaster 15065 958 4683 3605 84.2% 
D. simulans 16104 473 1077 1061 82.0% 
D. sechellia 17273 697 4190 2579 83.6% 
D. yakuba 16891 697 3667 2673 84.5% 
D. erecta 15810 658 4412 2920 85.3% 
D. pseudoobscura 16814 295 658 650 83.7% 
 

 

3.3.4 Reproducibility of Biological Replicates 

To evaluate the reproducibility of the biological replicates in each species, 

the number of proteins identified in a single replicate, any two replicates 

or all three replicates was analyzed.  This revealed that proteins in the 

sperm proteomes for D. sechellia (DsecSP), D. yakuba (DyakSP) and D. 

erecta (DereSP) have all been characterized in a consistent manner with 

no statistical differences in the distribution of proteins identified in single 

versus multiple replicates (Figure 3.2).  In these species 60-65% of 

proteins were identified in at least two of the replicates.  Protein 

identifications across replicates for D. simulans (DsimSP) and D. 

pseudoobscura (DpseSP) were statistically indistinguishable but 

significantly different from the pattern seen in the previous three species 

(P<0.001) (Figure 3.2).  Reproducibility in both the DsimSP and DpseSP 

was very low with fewer than 5% of the proteins identified in all three 

samples and only an additional 20% of proteins were found in two 

samples.  The previously characterized DmSP displays a much higher 

level of reproducibility between replicates with 50% of proteins identified 

in at least two replicates.  The excess of proteins identified in a single 

replicate in comparison to Dsec, Dyak and Dere is primarily due to the 

variation in the methodology for replicate three which resulted in a 
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substantial increase in protein detection.  Nearly 70% (330/473) of the 

proteins identified in a single replicate were identified in this sample.  

 

 

 
Figure 3.2 Reproducibility Between Biological Replicates. The bar chart represents 
the percentage of the total proteome for each species identified in a single sample (dark 
grey), any two samples (light grey) and all three biological samples (black).  The pattern 
of repeated protein identification is statistically similar for Dsec/Dyak/Dere and 
Dsim/Dpse, although the groups are statistically different from each other (P<0.001). 
Dmel results have been included separately given the variation in the methodology used 
to characterize the biological replicates 
 
 

3.3.5 Gene Orthology 

D. melanogaster orthology for all genes encoding integral sperm proteins 

was based upon characterized orthology relationships (flybase.org).  In 

each proteome, a similar number of genes with orthologs to D. 

melanogaster were found (81-89%) (Table 3.4).  The proportion of genes 

coding for sperm proteins with Dmel orthologs is significantly higher than 

the genome average in each species, which ranges from 64-70% 

(P<0.001) (Table 3.4), potentially indicating a higher level of conservation 

in sperm genes.  The extent of overlap of orthologous genes with the 

DmSP again reflects the overall quality of each proteome with an average 
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of 27% overlap for the DsecSP, DyakSP and DereSP and lower levels of 

overlap from the DsimSP and DpseSP. 

 

Table 3.4. Gene Orthology with D. melanogaster 

Species Annotated Dmel 
Genome Orthologs 

Sperm Proteome 
Orthologs to 

Dmel Genome 

DmSP 
Overlap 

D. simulans 10872 393 101 
D. sechellia 11487 595 239 
D. yakuba 11755 618 272 
D. erecta 11749 581 257 
D. pseudoobscura 10712 240 78 

 

 

3.3.6 Testis Expression 

It has recently been shown that transcript abundance is generally 

correlated with protein abundance (Vogel et al. 2010) making it an 

informative tool in interpreting proteomic results. To determine if the six 

sperm proteomes are comprised of genes with similar patterns of testis 

expression, and therefore similar levels of protein abundance, testis 

expression in D. melanogaster was utilized as a proxy for gene 

expression in the other taxa (Chintapalli et al. 2007). Testis expression 

was based on detected mRNA signals and grouped into four levels of 

expression: low (<10), medium (10-100), high (100-1000) and extremely 

high (>1000).  The sperm proteomes for Dmel, Dsec, Dyak and Dere all 

display statistically similar distributions with approximately 35% of genes 

expressed at medium levels and 35% expressed at high levels (Figure 

3.3).  In contrast, the DsimSP and DpseSP include substantially more 

genes expressed at a medium level (45% and 51% respectively) and 

fewer genes expressed at high levels (29% and 23% respectively).  

These proteomes show significant differences in expression patterns 

when compared to the previous four proteomes (P<0.001). 
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Figure 3.3 Sperm Gene Expression Patterns in the Testis. Testis expression for 
genes encoding for integral sperm proteins based on microarray data provided by 
FlyAtlas.  Expression levels were grouped into categories of low (<10), medium (10-
<100), high (100-1000) and extremely high (>1000) and the number of genes is 
represented as a percentage.  The expression patterns for the DsimSP and DpseSP are 
statistically different than the other sperm proteomes (P<0.001).   
 

 

3.3.7 Testis Expression of Biological Replicates for DsimSP and DpseSP 

To explore the underlying basis for the change in testis expression 

patterns for Dsim and Dpse, the expression pattern for each biological 

replicate was determined (Figure 3.4).  This analysis revealed that each 
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sample displays a similar skew in the testis expression pattern.  It is 

particularly pronounced in the DpseSP where two of the biological 

replicates identified only approximately 50 proteins each.  For both 

samples a much higher proportion of genes was identified at low levels 

and sample three failed to identify any genes with an mRNA signal 

greater than 1000.  As might be expected, the samples resulting in the 

highest number of protein identifications from each species, sample three 

in D. simulans and sample one in D. pseudoobscura, have expression 

profiles similar to the patterns observed in the other species. 

 

 
Figure 3.4 Testis Expression of the Biological Replicates for the DsimSP and 
DpseSP. The expression pattern in the testis for each biological replicates from D. 
simulans and D. pseudoobscura (Replicate 1: Black, Replicate 2: Light Grey, Replicate 
3: Dark Grey).  All samples reveal a distinct bias towards lower levels of expression in 
the testis. 
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3.3.8 Functional Protein Classes in the Sperm Proteomes 

Proteins from each sperm proteome were categorized according to 

functional protein classes (PANTHER database; (Mi et al. 2010; Thomas 

et al. 2003)) and represented as a proportion of the whole sperm 

proteome (Figure 3.5).  Functional annotations for non-melanogaster 

species are based on orthologous Dmel gene annotations.  The total 

percentage across all classes in a single proteome can exceed 100%, as 

proteins can be included in multiple protein classes.  Consistent with our 

previous studies (Dorus et al. 2006; Wasbrough et al. 2010), the largest 

category for each species is comprised of proteins without functional 

annotation (Figure 3.5).  An evaluation of the distribution pattern across 

the functional protein classes indicates that the DmSP, DsecSP, DyakSP 

and DereSP have statistically similar patterns. In contrast, the DsimSP 

and DpseSP are significantly different in their functional composition 

(P<0.05) (Figure 3.5).  

 

To identify how the functional protein class profile of the DsimSP and 

DpseSP differed from the other sperm proteomes, a profile of an average 

sperm proteome was constructed using DmSP, DsecSP, DyakSP and 

DereSP.  The average sperm proteome was then used to calculate the 

expected proportion of proteins in each functional protein class for the 

DsimSP and DpseSP (Supplemental Table 3.18).  This analysis revealed 

that oxidoreductase proteins were under-represented in the DsimSP and 

DpseSP (P<0.05) and the DpseSP contained fewer cytoskeletal proteins 

than expected (P<0.05).  The DsimSP contained significantly more cell 

adhesion proteins and transcription factors than would be expected 

(P<0.001) and more transmembrane proteins were found in the DpseSP 

(P<0.001).   
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3.3.9 A Non-Random Selection of Functional Protein Classes in the 

Average Sperm Proteome 

A comparison between the average sperm proteome and the D. 

melanogaster genome revealed significant differences in the abundance 

of genes in nine functional classes (P<0.001).  Seven classes are 

significantly enriched in sperm, including proteins involved in 

energetics/metabolism (transferases, oxidoreductases and isomerases) 

and cytoskeletal proteins (P<0.001).  Conversely, transcription factors 

and unclassified proteins are under-represented in the sperm proteomes 

(P<0.001).  These findings are consistent with our previous studies in 

Drosophila melanogaster (Dorus et al. 2006; Wasbrough et al. 2010) as 

well as those in the mouse (Baker et al. 2008b) and rat (Baker et al. 

2008a), which also showed that protein classes involved in energetics 

and metabolism are highly represented throughout all the proteomes.   

 

 
Figure 3.6 Protein Class Distribution of the D. melanogaster Genome and the 
Average Sperm Proteome. The distribution of proteins within the PANTHER protein 
classes for the D. melanogaster genome (dark grey) and the average sperm proteome 
(light grey).  Only protein classes with a protein proportion greater than 1% from either 
dataset were included.  Significant differences in the proportion of proteins were found in 
nine functional protein classes.  
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3.4 Discussion 
 
3.4.1 Interspecific Proteome Characterization 

The primary goal of this study was to characterize additional Drosophila 

sperm proteomes using a standardized methodology to obtain high 

quality and reproducible proteomes for D. simulans, D. sechellia, D 

yakuba, D. erecta and D. pseudoobscura.  Overall, the approach was 

only partially successful as the quality and reproducibility varied greatly 

between species.  High quality and comparable proteomes were 

achieved for D. sechellia, D. yakuba and D. erecta.  This is apparent on 

several levels including the similar number of non-redundant proteins and 

peptides identified in each proteome and the similar high levels of 

reproducibility, as seen by the statistically similar patterns of proteins 

identified across the three biological replicates of each species.  For each 

of these species, 60-70% of the proteins identified were found in two of 

the samples analyzed.  This is similar to expected levels of reproducibility 

for the pre-fractionation method used in this study (Fang et al. 2010).  

The successful standardization of proteome characterization with these 

three species indicates that the methodology developed for this analysis 

is generally suitable for achieving the initial interspecific sperm proteome 

comparisons.   

 

Currently, D. melanogaster is the most well characterized sperm 

proteome of the Drosophila species.  However, only two of the biological 

replicates for this species were prepared using a methodology consistent 

with that used throughout this study.  Following sperm solubilization and 

1D SDS-PAGE separation, two of the samples were fractionated into 16 

gel slices, while the third sample was fractionated into 24 slices.  The 

additional fractionation increased the MS sensitivity substantially, 

resulting in more protein identifications (>85%) in that sample and 

therefore a large number of proteins were identified solely in this sample.  

Given that samples one and two identified a similar number of proteins, 

which is consistent with the number of proteins identified in D. sechellia, 

D. yakuba and D. erecta, it is reasonable to assume that the 
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reproducibility across all three samples would be similar if identical levels 

of prefractionation were used.  Despite this, reproducibility across all 

samples is still within the expected range for successful proteomic 

analysis (Fang et al. 2010; Tabb et al. 2010).  As such the DmSP remains 

useful for the analysis of biological characteristics, such as functional or 

expressional patterns, but is clearly distinguishable with respect to 

reproducibility across biological replicates, the number of peptides 

identified and total proteome size.  

 

3.4.2 Consistency in Functional Composition and Testis Expression of 

High Quality Sperm Proteomes 

Previous studies in D. melanogaster have shown that the distribution of 

functional classes in the sperm proteome is composed of a non-random 

selection of genes when compared to the genome average (Dorus et al. 

2006; Wasbrough et al. 2010).  Similar findings have been reported in the 

mouse (Baker et al. 2008b), rat (Baker et al. 2008a) and human (Baker et 

al. 2007), although a comparison across these species has never been 

completed to establish if a similar non-random selection is found in each 

species.  Given the specialized function of spermatozoa it is reasonable 

to assume that the pattern of molecular functions, or protein classes, 

represented in a sperm proteome would be similar across species, 

especially between the closely related species of Drosophila.  This has 

been confirmed by the functional consistency observed throughout this 

study amongst the high quality sperm proteomes. Additionally, the DmSP, 

DsecSP, DyakSP and DereSP each have similar patterns of testis 

expression with approximately 70% of each sperm proteome expressed 

at medium to high levels.   These observations suggest that proteome 

characterization is equivalent with regard to depth and quality and that 

the proteomes will therefore be informative in further comparative 

analyses (Chapter 4). 

 

3.4.3 Low Quality Sperm Proteomes 

In contrast to the successful characterization of the DsecSP, DyakSP and 

DereSP sperm proteomes, analyses in D. simulans and D. 
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pseudoobscura revealed proteomes of a reduced size and with far less 

reproducibility.  For both proteomes high levels of variation was observed 

in the number of proteins found in each sample as well as fewer peptide 

identifications.  Reproducibility between samples was significantly lower 

with an expected skew towards single sample identifications.  The lack of 

reproducibility and concomitant decrease in proteome size might result 

from a number of factors including, but not limited to, inherent variation in 

sample preparation, the use of incorrect or incomplete genome 

annotations for peptide mapping or inconsistencies associated with the 

MS instrumentation and analysis.  The contribution of each of these 

factors is discussed below. 

 

Sample preparation for each species was completed using an identical 

protocol where sperm for a single biological replicate were isolated over 

the period of one week.  All samples for a given species were then 

solubilized and quantified at the same time and then fractionated on the 

same gel.  This should eliminate possible variation associated with slight 

differences in sample treatment and we demonstrate a high level of 

consistency in protein concentrations across replicates for each species 

(Table 3.1, Supplemental Table 3.1).  The small amount of variation in 

protein concentration is unlikely to account for the reduced number of 

peptide/protein identifications for D. simulans and D. pseudoobscura.  We 

cannot rule out the possibility that slight variations in growth conditions for 

the fly stocks might impact spermatogenesis and thus introduce variation 

but this is likely to have a limited influence given that all species were 

subject to the same environmental changes (e.g. temperature, humidity, 

light cycles and food). 

 

Another possible factor contributing to the decreased levels of protein 

identification in the DsimSP and DpseSP might be the quality and 

completeness of the genome annotations in these species.  Across the 

six study species, genome sequence depth ranges from 3-10.6x with D. 

simulans and D. pseudoobscura representing the extremes of the range 

at 3x (Clark et al. 2007) and 9.1x, respectively (Richards et al. 2005).  
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Despite the differences in coverage depth, both species have a similar 

number of annotated genes within the genome (Dsim: 16104 and Dpse: 

16814).  This suggests that the variation in sequence depth has not 

adversely affected gene model predictions and the annotated protein 

datasets used for peptide and protein identification are of a similar size 

and composition. Given the similar quality of the genome annotations and 

the marginal success in at least one sample per species, it is unlikely that 

the low numbers are caused solely by poor database quality.  However, it 

can not be ruled out as a contributing factor as the sample with the 

highest number of protein identifications in both species still resulted in 

fewer proteins than were identified in any one sample of the other species 

(Table 3.2).   

 

Finally, differences between the samples may be a result of 

inconsistencies in the MS analysis, which resulted in decreased 

instrument sensitivity.  To assess this possibility we determined when 

each sample was analyzed by MS and found that the analysis of D. 

sechellia, D. yakuba and D. erecta were each temporally separate from 

the analysis of any other species, but D. simulans and D. pseudoobscura 

were analyzed consecutively from the same plate within a 24 hour period.  

The similarities between these species in total number of 

peptides/proteins identified and sample overlap, along with the close 

proximity of when they are analyzed, suggests that the low number of 

protein identifications could be due to unknown variations in sample 

processing and/or the operation of the MS instrumentation during that 

particular processing period (Oehme et al. 2002; Weng and Halls 2001; 

Weng and Halls 2002).  

 

3.4.4 Functional Composition and Expression of Low Quality Sperm 

Proteomes 

Given the technical bias of shotgun proteomics in identifying high 

abundance proteins (Aebersold and Mann 2003; Liu et al. 2004) we 

sought to determine if the DsimSP and DpseSP would primarily be 

comprised of high abundance proteins.  This might be expected under a 
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scenario where variation in the MS instrumentation and analysis exists 

and, therefore, sensitivity might be compromised.  We utilized testis 

transcript abundance as the best available proxy for protein abundance 

as It has been recently illustrated that mRNA abundance is significantly 

correlated with protein abundance, based on a large scale MS spectral 

counting analysis (Vogel et al. 2010).  To our surprise, this analysis 

revealed a large and consistent skew towards genes expressed at 

medium to low levels in the testis in both species and not towards highly 

expressed genes.  This unexpected finding is also consistent with our 

analysis of the distribution of functional protein classes in these species.  

Our previous analysis indicates that oxidoreductase proteins are likely to 

be highly abundant in the sperm proteome, which is consistent with the 

high quantity of mitochondrial derivatives found within the cell 

(Wasbrough et al. 2010).  DNA binding proteins and those involved in 

transcription are expected to be low in abundance as the cell is 

transcriptionally silent in its mature form and the nucleus comprises a 

very small fraction of the total size of the cell (Hennig 1996; Olivieri and 

Olivieri 1965).  Contrary to our expectations the analysis of the DsimSP 

and DpseSP revealed a deficiency of oxidoreductase proteins and an 

excess of DNA proteins.  We do not currently have an explanation for this 

observation but we can conclude that these proteomes are not equivalent 

to the other sperm proteomes in depth or reproducibility. 

 

3.4.5 Summary 

Sperm proteomes for an additional five Drosophila species have been 

characterized using the methods established in the recent re-

characterization of the D. melanogaster sperm proteome.  Three of the 

proteomes (DsecSP, DyakSP and DereSP) appear to be of a similar 

quality resulting in the robust identification of 650-700 proteins each.  

These sperm proteomes also reveal a consistent distribution profile of 

testis expression and functional protein classes.  The remaining sperm 

proteomes (DsimSP and DpseSP) were characterized to a reduced depth 

(473 and 295, respectively) owing to the identification of far fewer 

peptides and low levels of reproducibility across biological replicates. The 
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principle goal of this project was to characterize sperm proteomes across 

a range of taxa in a comparable manner to allow for an extensive 

interspecific analysis of sperm proteome functional composition and 

evolution.  This project has resulted in three sperm proteomes of 

equivalent quality and depth that can, along with the previous 

characterization of the DmSP, be used to produce a comprehensive 

interspecific comparison. 
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Chapter 4 
Interspecific Comparison of Drosophila Sperm Proteomes 

 
4.1 Introduction 
Historically, comparative studies of spermatozoa focused on the range of 

morphological differences that could be observed between species 

(discussed in Chapter 1, reviewed in (Pitnick et al. 2009)).  While a 

‘typical’ sperm cell structure consists of a head, mid-piece and a single 

flagellum, sperm have been described that are either aflagellate and 

immotile (Morrow 2004), or multiflagellate, as seen in the termite, 

Mastotermes darwiniensis, which has over 100 flagella (Baccetti and 

Dallai 1978).  Additional structures such as hooks, projecting 

appendages, spiraling heads and lateral fins have also been described 

(reviewed in (Pitnick et al. 2009)).  Even within ‘typical’ sperm, electron 

microscopy studies have revealed variation in internal structures, such as 

the axoneme and related structures within the flagella (Fawcett 1970; 

Phillips 1970).  While changes in sperm morphology have been useful in 

establishing phylogenetic relationships between species (Garrido et al. 

1989), the selective forces underlying the rapid divergence in sperm 

morphology were largely unknown.  More recently, this divergence has 

been attributed to selection associated with post-copulatory sexual 

selection and, in particular, sperm competition (reviewed in (Pizzari and 

Parker 2009)). Despite this realization, the genetic and molecular 

mechanisms responsible for these changes remain unclear.  Ultimately, 

answers to these questions will depend on a thorough understanding of 

sperm composition and compositional divergence between taxa.  

 

Until recently, our understanding of sperm protein composition has been 

limited and possibly biased due to the use of targeted genetic and 

molecular approaches to identify integral sperm components (see 
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Chapter 1).  However, technical advances in the field of proteomics and 

the application of a more diverse range of proteomic approaches have 

revolutionized our understanding of spermatozoa (reviewed in (Oliva et 

al. 2009)).  Most importantly, whole-cell (or ‘shotgun’) proteomics has 

been applied to the study of sperm resulting in catalogs of sperm proteins 

for a variety of species for which annotated genomes are available.  

Shotgun proteomic analysis of sperm was first attempted in D. 

melanogaster, resulting in a 60-fold increase in the number of empirically 

identified sperm proteins (Dorus et al. 2006).  This characterization 

formed the basis of the first whole-cell functional and evolutionary 

analysis of sperm providing novel insights into sperm composition as well 

as the genetic mechanisms and selective forces driving sperm evolution.  

It also highlighted the importance of tandem duplication and 

retrotransposition in sperm evolution through the identification of multiple 

sperm genes created via these mechanisms (Dorus et al. 2008).  For 

example, this study discovered that the Mst35B (protamine) and a tektin 

gene family have expanded as a result of tandem gene duplications, with 

positive selection driving the functional divergence of the Mst35B gene 

family.  Additionally, four retrotransposed genes, CG13340, Vha36, 

CG4706 and Cdlc2, were found to encode integral sperm proteins.  It is 

noteworthy that CG13340 is a member of the Sperm Leucyl-

Aminopeptidase protein family, which has expanded dramatically during 

Drosophila evolution and encodes the most abundant proteins in 

Drosophila sperm (Wasbrough et al. 2010)).  These observations 

illustrate the potential benefits of using shotgun proteomics in conjunction 

with comparative genomics to elucidate mechanisms central to sperm 

evolution.   

 

However despite these advances, it remains unclear if these trends in 

sperm composition and evolution are unique to D. melanogaster or are a 

general set of processes present in all sexually reproducing species.   In 

order to address this lack of understanding requires a comparative 

analysis of standardized sperm proteomes across a range of species.  To 

date, there have been few proper attempts to conduct such interspecific 
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comparisons, despite the rapid increase in proteomic data relating to 

sperm (Oliva et al. 2009).  This is largely because the methods and 

instruments used across studies vary to such a degree that robust 

analyses are not possible.  As discussed in Chapter 3, even if samples 

are carefully prepared using identical methods, existing Mass 

Spectrometry (MS) technology can only reproducibly identify 60-70% of 

the total proteins in complex biological samples (Fang et al. 2010).  

Therefore, informative comparisons of proteomes from whole cells, or 

other complex biological samples, are currently difficult even under ideal 

circumstances.  Despite these limitations, some attempts have been 

made to begin exploring the compositional similarities of the sperm 

proteomes between species.  For example, our previous analyses of 

sperm proteomes in Drosophila and mammals included an evaluation of 

the amount of orthology between sperm proteomes (Dorus and Karr 

2009; Wasbrough et al. 2010).  However, the level of divergence between 

insects and mammals potentially limits the utility of such an analysis.   

 

The most informative comparative analysis to-date identified 134 proteins 

across six broad function categories present in the mouse, rat and human 

sperm proteomes (Baker and Aitken 2009).  While this analysis provides 

a preliminary indication of sperm protein conservation within mammals, 

the conclusions from this study are limited by the fact that the proteomic 

methodology used to characterize the human sperm proteome (Baker et 

al. 2007) differed from the methodology used to characterize the rodent 

sperm proteomes (Baker et al. 2008a; Baker et al. 2008b).  Additionally, 

the human study used sperm purified from an ejaculate rather than by 

dissection from the corpus region of the epididymis, as was the case in of 

the rodent studies.  Closer inspection of the resultant data reveals 

evidence of contamination with seminal vesicle secreted proteins, such 

as the Semenogelins (Lilja et al. 1989).  Thus, the use of multiple 

methods in the Baker et al. (2009) study ultimately hinders the ability to 

draw reliable conclusions from the comparison.  In particular, this 

approach provides a poor estimate of protein overlap between species 

since the absence of a protein from any proteome could be caused by 
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differences in experimental method (Fang et al. 2010), limitations of the 

MS sensitivity (Liu et al. 2004) or the level of evolutionary divergence 

between the species (23 mya between rodents and 75 mya between 

rodent and human (Adkins et al. 2001; Waterston et al. 2002)).  However, 

with the thorough application of standardized methods across closely 

related Drosophila species, we have demonstrated that shotgun 

proteomics can result in high quality and comparable species-specific 

sperm proteomes, which are well suited for an interspecific comparison 

(Chapter 3).   

 

The primary goal of this chapter is to conduct an interspecific comparison 

of sperm proteomes characterized using a standardized methodology, 

which minimizes experimental variation and limitations in MS instrument 

sensitivity.  In Chapter 3, sperm proteomes for five Drosophila species 

were analyzed, resulting in three proteomes of comparable quality and 

depth.  In conjunction with the well-characterized D. melanogaster sperm 

proteome, we have conducted a comparative proteomic analysis on 

species spanning 13 million years of the Drosophila phylogeny (Tamura 

et al. 2004).   These species consist of two pairs of sister taxa 

(Dmel/Dsec and Dyak/Dere) allowing further evolutionary conclusions to 

be drawn in the context of the established phylogenetic relationships 

between these species.  Compositional comparisons of the sperm 

proteomes for D. melanogaster (DmSP), D. sechellia (DsecSP), D. 

yakuba (DyakSP) and D. erecta (DereSP) identified 150 core proteins 

present in all four species and a further 369 proteins present in the sperm 

proteomes of both pairs of closely related sister taxa.  Statistical analyses 

of the frequency of protein identification across biological replicates and 

levels of gene expression indicate that the 150 core proteins are likely 

biased towards highly abundant sperm proteins.  In contrast, the 369 

phylogenetically conserved proteins have expression and functional 

characteristics consistent with a more diverse and representative dataset 

of sperm proteins.  Finally, comparative genomic and molecular 

evolutionary analyses indicate that the 150 core proteins represent a 

subset of proteins under strict evolutionary control.
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4.2 Materials and Methods 

4.2.1 Datasets 

Interspecific analyses were conducted on the characterized sperm 

proteomes of D. melanogaster (DmSP), D. sechellia (DsecSP), D. yakuba 

(DyakSP) and D. erecta (DereSP).  The DmSP used in this study consists 

of the 958 proteins identified using a methodology consistent with the 

methods of this study (Wasbrough et al. 2010) and does not include 

proteins solely identified in the original DmSP-I analysis (Dorus et al. 

2006).  The sperm proteomes for D. sechellia (Dsim), D. yakuba (Dyak) 

and D. erecta (Dere) are as described in Chapter 3. 

 

4.2.2 Gene Orthology  

Gene orthology was based on annotated orthology relationships to D. 

melanogaster (Dmel) (FlyBase version 2010_07; Supplemental Table 

4.1a-c).  Additional orthologs in D. melanogaster were identified using 

reciprocal “best” BLASTN searches run locally using BLAST 2.2.12 

(Supplemental Table 4.2a-c). Coding sequences of sperm proteome 

genes (Dsec version 1.3, Dyak version 1.3 and Dere version 1.3) were 

searched against Dmel coding sequences (Dmel version 5.32).  Genes 

were considered orthologs if the top ranked melanogaster hit returned the 

original gene as the top ranked hit in each respective species in the 

reciprocal search. 

 

4.2.3 Sperm Proteome Conservation 

Two datasets were constructed to assess conservation across the four 

sperm proteomes that have been characterized.  The first, the Core 

Sperm Proteome (CSP), included proteins identified in at least one 

biological replicate from all four species. The second, the 

Phylogenetically Conserved Sperm Proteome (PhyloSP), required that 

each protein be identified in at least one biological replicate from at least 

two species and that the protein was identified in both sister taxa pairs 

(i.e. one in Dmel/Dsec and one in Dyak/Dere) (Figure 4.1).  
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Figure 4.1 Phylogenetic Relationship of Drosophila Study Species and Conserved 
Sperm Proteome Criteria. Phylogenetic relationship of the species with comparable 
sperm proteomes forming two pairs of more distantly related sister species.  Branch 
lengths are drawn to scale in millions of years ago (mya) according to Tamura et al. 
(2004).  Minimum protein inclusions requirements for the CSP and PhyloSP are 
indicated. “X” denotes presence in the sperm proteome of a given species. 
  

 

4.2.4 Gene Ontology, Protein Classes, and Phenotypes 

Gene ontology and protein class information for each sperm proteome 

were based on annotations for orthologous genes in D. melanogaster 

genes.  Molecular function and biological process information was 

obtained from flybase.org (Tweedie et al. 2009).  Additional protein class 

annotations were established using the PANTHER database (Mi et al. 

2010; Thomas et al. 2003).  Phenotype characterization data was 

obtained from FlyMine (Lyne et al. 2007).  Observed distributions of 

sperm proteome genes across functional protein classes were compared 

to the expected distribution using a !2 test and the Bonferroni multiple 

test correction (Simes 1986).  The expected distribution of sperm 

proteome genes across functional protein class was based on the 

distribution of the Average Sperm Proteome as defined in Chapter 3.  

Briefly, the Average Sperm Proteome is the average of the total number 
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of proteins per category across the sperm proteomes for D. 

melanogaster, D. sechellia, D. yakuba and D. erecta. Since the CSP is a 

subset of the PhyloSP and both datasets must contribute to the overall 

functional profile of the Average Sperm Proteome significant differences 

identified in this statistical analysis are inherently conservative. 

 

4.2.5 Gene Expression 

Protein transcript levels in the testis were determined by mRNA 

fluorescence units obtained from FlyAtlas (Chintapalli et al. 2007).   

Significance of the correlation between transcript abundance and the 

frequency of protein identification across biological replicates was 

determined using the Spearman Rank Correlation.  Medians with 95% 

confidence intervals for each category of biological replicate count were 

determined using bootstrapping.  For each bootstrap, biological replicate 

count was sampled, with replacement, 10,000 times.  They were then 

ranked in order and values at 250 and 9750 were identified as the 95% 

confidence intervals.  All other tests of significance are based on a !2 

test.  

 

The level of gene up-regulation, based on the FlyAtlas AffyCall, in D. 

melanogaster was obtained for six tissues (testis, ovary, brain, hindgut, 

midgut and tubule) (Chintapalli et al. 2007). The proportion of up-

regulated genes found in the CSP, the PhyloSP and the remaining sperm 

were statistically compared by !2 tests. 

 

4.2.6 Chromosomal Distribution 

Chromosomal distribution of sperm genes was based on the genome 

locations in D. melanogaster.  Significant deviation of the CSP, PhyloSP 

and complete dataset from the expected whole genome distribution was 

determined by !2 tests.   
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4.2.7 Evolutionary Analysis 

Evolutionary analyses were conducted on the genes of the Core Sperm 

Proteome where orthologous coding sequences were available in a least 

five of the following species: D. melanogaster, D. simulans, D. sechellia, 

D. yakuba, D. erecta and D. pseudoobscura. Nucleotide sequences were 

downloaded from FlyBase (flybase.org), translated into amino acid 

sequences, aligned using MUSCLE 3.6 (Edgar 2004) and then back 

translated to nucleotide sequences (“in-frame” alignment). Codon-based 

maximum likelihood analyses were conducted using codeml as 

implemented by Paml4 (Yang 1997; Yang 2007). D. melanogaster 

lineage-specific dN, dS and dN/dS (") values were estimated using the 

free ratio model (Nei and Gojobori 1986).  Evidence of positive selection 

was obtained using a likelihood ratio test of the M8 model ("s > 1) and the 

M8a model ("s = 1) (Wong et al. 2004).  The significance threshold of 

5.41 (p<0.01) was used based on a 50:50 ratio of point mass 0 and #2
1 

(Self and Liang 1987).  All likelihood values and likelihood ratio 

comparisons for the nested M8/M8a models are presented in 

Supplemental Table 4.3. 
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4.3 Results 
4.3.1 Interspecific Proteome Orthology 

Orthology in D. melanogaster (Dmel) was established for genes encoding 

sperm proteins in each species using annotated orthology relationships 

available through flybase.org (Tweedie et al. 2009).  This resulted in 

orthology relationships for greater than 85% of the genes in each species 

(Table 4.1; Supplemental Table 4.1a-c).   Reciprocal BLASTN analysis 

for the remaining 257 genes resulted in the identification of an additional 

238 orthologous relationships with D. melanogaster (Supplemental Table 

4.2a-c).   As a result, Dmel orthologs could be identified for greater than 

98% of sperm proteome genes in each species and have been used in 

subsequent analyses.  

 

Table 4.1 Sperm Proteome Orthology in D. melanogaster  

Species 
Sperm 

Proteome  
Size 

Number of  
Annotated 
Orthologs  

Number of 
Orthologs  

(after reciprocal BLASTN) 

Final Orthology  
(after correction of 
gene model errors) 

D. sechellia 697 595 693 685 
D. yakuba 697 618 686 682 
D. erecta 658 582 654 649 
 

 

4.3.2 Refinement of Gene Models 

Reciprocal BLASTN analysis also revealed annotation errors in the 

genomes of D. sechellia, D. yakuba and D. erecta.  In each species, 

cases were observed where D. melanogaster gene models are divided 

into multiple and, sometimes, consecutive genes models in other species.  

This occurred a total of 15 times across the three species (Dsec: 7, Dyak: 

4, Dere: 4).  A representative example of this is the D. melanogaster gene 

Dhc16F and a set of four D. sechellia genes GM22872, GM22873, 

GM22874 and GM22875 (Figure 4.2).  In the DsecSP, proteins encoded 

by two of these genes, GM22873 and GM22874, were identified as two 

distinct proteins.  However additional comparative genomic analyses 

indicate that each of these is orthologous to different regions of the D. 

melanogaster gene, Dhc16F.  Two additional genes, GM22872 and 

GM22875, were found in close genomic proximity and were also 
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determined to be orthologs of Dhc16F.  Further inspection reveals that 

the provisional gene models in D. sechellia roughly correspond to 

individual exons of Dhc16F and therefore GM22872, GM22873, 

GM22874 and GM22875 should be annotated as a single gene in D. 

sechellia.  Gene model errors of this type, identified in this analysis, have 

been accounted for in the final orthology results (Table 4.1).  
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4.3.3 Interspecific Proteomics Identifies Genes with Sperm Phenotypes 

Interspecific sperm proteome orthology revealed 34 genes with 

characterized sperm phenotypes in D. melanogaster (Table 4.2).  

Including the 31 genes previously identified in the 958 DmSP genes used 

in this study (Chapter 2 (Wasbrough et al. 2010)), a total of 65 genes 

have now been identified across the four sperm proteomes with 

characterized sperm phenotypes.  Over 30% (22/65) of these genes have 

been demonstrated to impact the development or function of the sperm 

flagellum, while the remainder affect general sperm developmental 

processes by disrupting mitosis, meiosis or complete sperm 

individualization.  

 

Table 4.2 Genes Affecting Sperm Form and Function 

Gene 
Symbol 

Molecular 
Function Biological Process Sperm 

Proteome Phenotype* 

1. Flagellum and Motility Related Functions 

cmet microtubule motor 
activity 

microtubule-based 
movement DyakSP, DereSP spermatocyte 

ctp microtubule motor 
activity 

microtubule-based 
movement DyakSP spermatozoon 

Dlc90F ATPase activity microtubule-based 
movement DsecSP, DyakSP spermatozoon 

didum motor activity sperm individualization DsecSP spermatozoon 
Gas8 - sperm motility DsecSP, DyakSP - 

hts actin binding microtubule cytoskeleton 
organization DereSP spermatocyte 

kl-2 microtubule motor 
activity 

microtubule-based 
movement DsecSP spermatocyte 

Klp3A microtubule motor 
activity 

microtubule-based 
movement DereSP spermatid 

Klp61F microtubule-
based movement motor activity DsecSP spermatocyte 

SAK protein kinase 
activity sperm axoneme assembly DsecSP primary 

spermatocyte 
2. General Development of Spermatozoa 

ACXC adenylate cyclase 
activity spermatogenesis DyakSP - 

Ark caspase activator 
activity sperm individualization DsecSP spermatid 

bam translation 
repressor activity  spermatogenesis DyakSP spermatocyte 

Chc structural 
molecule activity sperm individualization DyakSP spermatid 

cnn mitotic spindle 
organization microtubule binding DsecSP spermatocyte 

CycB cytokinesis cyclin-dependent protein 
kinase regulator DyakSP, DereSP onion stage 

spermatid 

fws meiotic spindle 
stabilization - DereSP spermatocyte 

HtrA2 proteolysis peptidase activity DyakSP spermatozoon 

InR insulin receptor 
activity 

primary spermatocyte 
growth DereSP primary 

spermatocyte 
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Symbol 
Molecular 
Function Biological Process Sperm 

Proteome Phenotype* 

mamo transcription 
factor activity 

sperm chromatin 
decondensation DereSP - 

Mer protein binding sperm individualization DsecSP spermatocyte 

mfr - sperm plasma membrane 
disassembly DyakSP spermatozoon 

mia 
transcription 

initiation factor 
activity 

spermatid development DsecSP spermatocyte 

mle dosage 
compensation chromatin DsecSP spermatozoon 

mtacp1 phosphopantethei
ne binding 

mitochondrial electron 
transport DereSP onion stage 

spermatid 

pea 
ATP-dependent 
RNA helicase 

activity 
spermatid development DsecSP - 

rod mitotic cell cycle 
spindle assembly - DsecSP, 

DyakSP, DereSP spermatocyte 

sbr mRNA export 
from nucleus nucleotide binding DsecSP primary 

spermatocyte 
scra actin binding cytokinesis DsecSP spermatid 

spd-2 - sperm aster formation DyakSP spermatocyte 
spn-E RNA localization helicase activity DsecSP spermatocyte 

vas RNA helicase 
activity regulation of translation DsecSP, DyakSP spermatocyte 

xmas-1 - spermatogenesis DereSP - 
yuri nucleotide binding sperm individualization DsecSP spermatid 

* This column indicates the cell type where the phenotype is manifested 

 

Only six proteins with characterized sperm phenotypes were identified in 

all four species.  This includes three proteins that affect sperm 

individualization:  Poe, a protein that mediates the progress of the sperm 

individualization complex (Fabrizio et al. 1998), blw, the alpha subunit of 

the mitochondrial ATP synthase (Jacobs et al. 1998), and Cul-3, a 

ubiquitin ligase complex that is required for caspase activation (Arama et 

al. 2007).  The remaining three proteins, alphaTub84B, betaTub56D and 

Dhc64C, are critical structural components of the sperm axoneme (Fuller 
1993; Kemphues et al. 1979; Rasmusson et al. 1994).  The majority 

(45/65) of the proteins were identified in a single species and four (Gas8, 

hts, Klp3A and mtacp1) were previously identified in the DmSP-I (Dorus 

et al. 2006) but not identified in our recent re-analysis of the DmSP or in 

this interspecific analysis (Wasbrough et al. 2010). 

 

4.3.4 Interspecific Sperm Proteome Overlap 

Across all four species a total of 1924 unique proteins were identified 

(Table 4.3 Supplemental Table 4.4a).  Approximately 68% of the proteins 
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(1309/1924) were identified in a single species while 32% (615/1924) 

were found in two or more species.  An additional 18 proteins were 

identified that lack D. melanogaster orthology (Supplemental Table 4.4b).  

Closer inspection of the BLASTN results for these proteins revealed that 

orthology for 17 of the proteins could not be definitively determined.  This 

is due to the fact that the genes are located on unplaced scaffolds 

belonging to unknown chromosome regions, thus preventing the copy 

number of related genes from being accurately established.  However, 

further comparative genomic analyses of the remaining gene, GE10462, 

revealed that it is a novel gene specific to D. yakuba created through a 

tandem duplication event.  Tandem duplication has already been shown 

to be a mechanism underlying the creation of novel sperm components in 

D. melanogaster (Dorus et al. 2008; Nurminsky et al. 1998; Ponce and 

Hartl 2006).    

 

Table 4.3 Protein Overlap Across Sperm Proteomes 
Category Number of Proteins Proportion 

No Dmel Ortholog 18 0.9% 
Single Species 1309 67.4% 
Any 2+ Species 615 31.7% 
Any 3+ Species 285 14.7% 

All 4 Species 150 7.7% 
Total Unique Proteins 1942  

 

 

4.3.5 The Core Sperm Proteome 

Protein conservation of the sperm proteome was assessed by defining 

the Core Sperm Proteome (CSP), which required proteins to be identified 

in all four proteomes within the melanogaster subgroup.  This resulted in 

a dataset comprised of 150 proteins (Table 4.4), the majority (85/150) of 

which have functions relating to energetics and metabolism.  Twelve 

percent (18/150) have structural roles or are involved in sperm motility 

and a further eleven proteins are peptidases, including eight Sperm 

Leucyl-Aminopeptidases (S-Laps) that have been shown to be the most 

abundant proteins by mass in D. melanogaster sperm (Dorus et al. 2006; 

Wasbrough et al. 2010).  The remaining 36 proteins (24%) identified in 

the CSP lack functional annotations.   The presence of the S-Laps, 
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structural, energetic and metabolic proteins suggest the CSP is enriched 

for highly abundant sperm proteins based on our previous analyses 

(Wasbrough et al. 2010)(Dorus, Wilkin and Karr (in press)) (discussed 

below).   

 

Table 4.4. Core Sperm Proteome 

Gene 
Symbol Molecular Function D. melanogaster 

Chromosome 
Testis  

Up-Regulation* 
Times 

Identified+ 

Structure and Motility Functions 
alphaTub84B cytoskeletal constituent 3R No 12 

Cdlc2 motor activity 2L Yes 11 
CG17150 microtubule motor activity  3L Yes 10 
CG3121 microtubule binding 2R Yes 12 

CG3213 structural constituent of 
ribosome 2L Yes 12 

CG32392 microtubule binding 3L Yes 8 
CG3339 microtubule motor activity 3R No 10 

CG34417 cytoskeletal constituent X No 7 
CG9492 microtubule motor activity 3R Yes 12 
Dhc16F microtubule motor activity X Yes 10 
Dhc36C microtubule motor activity 2L Yes 10 
Dhc62B microtubule motor activity 3L Yes 11 
Dhc64C microtubule motor activity 3L No 4 

Dhc93AB microtubule motor activity 3R No 10 
Dhc98D microtubule motor activity 3R Yes 11 

Mhcl motor activity 3R No 11 
Tektin-A microtubule binding 2L Yes 12 
"Tub85D cytoskeletal constituent 3R Yes 12 

Peptidase Activity 
CG6372  
(S-LAP1) 

leucyl-aminopeptidase 3L Yes 12 

CG32351  
(S-LAP2) 

leucyl-aminopeptidase 3L Yes 12 

CG32063  
(S-LAP3) 

leucyl-aminopeptidase 3L Yes 12 

CG32064 
(S-LAP4) 

leucyl-aminopeptidase 3L Yes 12 

CG18369 
(S-LAP5) 

leucyl-aminopeptidase 2R Yes 12 

loopin-1 
(S-LAP6) 

leucyl-aminopeptidase 2R Yes 12 

CG13340 
(S-LAP7) 

leucyl-aminopeptidase 2R Yes 12 

CG4439 
(S-LAP8) 

leucyl-aminopeptidase 2R Yes 12 

CG5045 serine-type 
endopeptidase 2L Yes 8 

CG6512 metalloendopeptidase 3L Yes 7 
CG4169 metalloendopeptidase 3L No 12 

!
!
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Gene 
Symbol Molecular Function D. melanogaster 

Chromosome 
Testis  

Up-Regulation* 
Times 

Identified+ 

Energetics and Other Functions 
AIF oxidoreductase 2L Yes 12 

Ald fructose-bisphosphate 
aldolase  3R Yes 9 

Aldh aldehyde dehydrogenase 
(NAD)  2L No 12 

Ant2 transmembrane 
transporter X No 12 

ATPsyn-b hydrogen-exporting 
ATPase 3L No 8 

ATPsyn-d hydrogen-exporting 
ATPase 3R Yes 8 

ATPsyn-
gamma 

hydrogen-exporting 
ATPase 3R No 10 

bchs zinc ion binding 2L Yes 10 

blw hydrogen-exporting 
ATPase 2R No 12 

bt protein serine/threonine 
kinase  4 No 11 

Cat antioxidant 3L No 11 
CG10749 L-malate dehydrogenase 3L Yes 11 
CG10841 calcium ion binding 3R Yes 12 
CG11043 cytochrome-c oxidase 2L Yes 12 
CG11376 GTP binding 2L No 8 

CG11876 pyruvate dehydrogenase 
(acetyl-transferring) 3R Yes 12 

CG14235 cytochrome-c oxidase X No 9 
CG14508 electron transporter 3R Yes 9 
CG14740 citrate (Si)-synthase 3R Yes 12 
CG1516 pyruvate carboxylase 2R No 10 

CG16758 purine-nucleoside 
phosphorylase  3L No 11 

CG30410 ribose-5-phosphate 
isomerase  2R No 10 

CG31025 zinc ion binding 3R Yes 12 
CG31183 guanylate cyclase 3R No 10 

CG33791 
oxoglutarate 

dehydrogenase (succinyl-
transferring) 

3L Yes 12 

CG3483 isocitrate dehydrogenase 
(NAD+)  2R Yes 10 

CG4095 fumarate hydratase X Yes 12 

CG4434 glutamate dehydrogenase 
[NAD(P)+] 3R Yes 12 

CG4546 arginine kinase 3R Yes 12 
CG4706 aconitate hydratase 3R Yes 11 

CG4836 L-iditol 2-dehydrogenase 
activity 3R Yes 10 

CG5103 transketolase 3L Yes 11 
CG5144 arginine kinase 3L Yes 10 

CG5214 
dihydrolipoyllysine-

residue 
succinyltransferase 

3R No 11 

CG5261 dihydrolipoyllysine-
residue acetyltransferase 2L No 12 
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Gene 
Symbol Molecular Function D. melanogaster 

Chromosome 
Testis  

Up-Regulation* 
Times 

Identified+ 

CG5265 carnitine O-
acetyltransferase  3R Yes 12 

CG5389 hydrogen-exporting 
ATPase 3L Yes 12 

CG5432 fructose-bisphosphate 
aldolase  3R No 11 

CG5794 ubiquitin thiolesterase 3R No 12 
CG6084 aldehyde reductase 3L No 8 

CG6180 phosphatidylethanolamine 
binding 2L No 7 

CG6255 succinate-CoA ligase 
(GDP-forming)  3R Yes 12 

CG6262 trehalase 2R Yes 10 

CG6439 isocitrate dehydrogenase 
(NAD+)  3R No 11 

CG6971 ATPase 3R No 11 

CG7024 pyruvate dehydrogenase 
(acetyl-transferring) X Yes 9 

CG7069 pyruvate kinase 3R Yes 11 

CG7145 1-pyrroline-5-carboxylate 
dehydrogenase 3L No 8 

CG7311 glycerol-3-phosphate 
dehydrogenase 2L Yes 12 

CG7349 succinate dehydrogenase X Yes 8 

CG7430 dihydrolipoyl 
dehydrogenase  3L No 12 

CG7755 isocitrate dehydrogenase 
(NAD+)  2R Yes 11 

CG8036 transketolase 3R No 11 
CG8349 cytidine deaminase 2L Yes 9 
CG8677 transcription repressor 2L Yes 9 

CG9010 

glyceraldehyde-3-
phosphate 

dehydrogenase 
(phosphorylating)  

2R Yes 11 

CG9314 catalase 2L Yes 12 

CG9674 glutamate synthase 
(NADPH)  3L No 10 

CoVa cytochrome-c oxidase 3R No 11 
Cul-3 ubiquitin-protein ligase 2L No 9 
DAAM actin binding X No 12 

kis ATP-dependent helicase 2L No 7 
l(2)k09022 binding 2L No 9 

mahj binding 2R No 7 

Menl-1 

malate dehydrogenase 
(oxaloacetate-

decarboxylating) 
(NADP+) 

2R Yes 9 

Mpcp 
phosphate 

transmembrane 
transporter 

3L No 11 

ms(2)34Fe acyl carrier 2L Yes 10 

Msp-300 cytoskeletal protein 
binding 2L Yes 12 

!
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Gene 
Symbol Molecular Function D. melanogaster 

Chromosome 
Testis  

Up-Regulation* 
Times 

Identified+ 

Nc73EF 
oxoglutarate 

dehydrogenase (succinyl-
transferring) 

3L No 9 

ND75 NADH dehydrogenase 
(ubiquinone)  X No 12 

Oscp hydrogen-exporting 
ATPase 3R No 6 

Pdsw NADH dehydrogenase 
(ubiquinone) 2L No 9 

Pglym87 phosphoglycerate mutase 3R Yes 8 
Pmm45A phosphomannomutase 2R Yes 12 

poe calmodulin binding 2L Yes 12 
Porin2 cation channel 2L Yes 12 

Rya-r44F ryanodine-sensitive 
calcium-release channel 2R No 10 

SdhA succinate dehydrogenase 
(ubiquinone) 2R No 9 

shot cytoskeletal protein 
binding 2R No 12 

skap succinate-CoA ligase 3R Yes 12 
slgA proline dehydrogenase X No 11 
sls myosin light chain kinase 3L Yes 8 

Sod2 superoxide dismutase 2R No 10 
Unc-89 ATP binding 2R No 10 

Vha68-3 hydrogen-exporting 
ATPase 2L Yes 9 

* Testis up-regulated based on microarray analysis in D. melanogaster (Chintapalli et al. 2007) 
+ Total number of biological replicates where a protein was identified across all four species 
 
 

4.3.6 The Phylogenetically Conserved Sperm Proteome 

Given the well-documented limitations in the reproducibility of shotgun 

proteomic datasets (Fang et al. 2010; Tabb et al. 2010) it is unlikely that 

the majority of sperm proteins conserved across the melanogaster 

subgroup will be identified in all four sperm proteomes.  Therefore, sperm 

protein conservation was also assessed within a phylogenetic framework 

using an alternative set of criteria.  The Phylogenetically Conserved 

Sperm Proteome (PhyloSP) includes proteins identified in at least two 

species with the stipulation that the proteins are identified in taxa from 

both of the more distantly related sister species pairs analyzed in this 

study (Dmel/Dsec and Dyak/Dere).  This analysis of sperm protein 

conservation is based on the parsimonious assumption that a protein 

identified in the two distantly related species pairs is more likely to be a 

conserved sperm component throughout the melanogaster subgroup, 
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rather than a protein that has lost sperm function independently in several 

lineages.  These criteria resulted in a dataset of 519 proteins with a 

similar percentage of proteins being identified each species (65-77%) 

(Supplemental Table 4.5).   

 

Given the fact that the CSP is, by definition, a subset of the PhyloSP, we 

sought to determine if the remainder of the PhyloSP had similar functional 

attributes to those found in the CSP.  Unlike the CSP, approximately 10% 

(52/519) of proteins in the PhyloSP have roles in transcription or 

translation and 4.8% (25/519) of proteins are receptor or transmembrane 

transporter proteins.   It is noteworthy that these classes of proteins have 

been demonstrated to be more difficult to identify by MS in sperm 

because they are either believed to be low in abundance (Wasbrough et 

al. 2010) or difficult to solubilize, respectively (Brewis and Gadella 2010; 

Everberg et al. 2006; Lu et al. 2008; Schirle et al. 2003). 

 

4.3.7 Frequency of MS Identification in the CSP and PhyloSP 

Given that protein abundance directly influences the likelihood of 

identification by MS (Aebersold and Mann 2003), the CSP and PhyloSP 

were analyzed to determine if the frequency of protein identification 

across the three biological replicates per species was different.  On 

average, proteins in the CSP were identified in 2.62 (StDev=0.43) 

biological replicates per species, with 72% of the proteins being identified 

in at least two biological replicates per species.  In contrast, the 369 

proteins unique to the PhyloSP were only identified in 1.96 (StDev=0.58) 

replicates per species.  A contingency table analysis reveals that proteins 

in the CSP were identified in significantly more of the biological replicates 

than proteins found only in the PhyloSP (P<0.001).  The fact that the 

additional proteins included in the PhyloSP are less likely to be 

reproducibly identified across biological replicates suggests that they may 

be less abundant than proteins within the CSP or possess other 

characteristics that make them recalcitrant to identification by MS.   
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4.3.8 Transcript Abundance 

Analysis of testis transcript levels (Chintapalli et al. 2007) reveals that 

CSP genes have an average mRNA level of 1152.6 (StDev=1103.4) 

fluorescence units and that approximately 66% (100/150) of the genes 

are characterized as up-regulated in the testis.  In contrast, the additional 

369 genes of the PhyloSP have an average mRNA level of 352.3 

(StDev=564.7) fluorescence units, while only 36% (134/369) of the genes 

are up-regulated in the testis. Thus, the average testis transcript 

abundance and the number of up-regulated testis genes found in the 

PhyloSP is a significantly less than the CSP (P<0.001).  However, both 

the CSP and PhyloSP have significantly more up-regulated testis genes 

than the remainder of the sperm proteome dataset (414/1405, 29.5%) 

(P=0.01).  As protein abundance has been shown to correlate 

significantly with transcript abundance (Vogel et al. 2010), this 

observation suggests that the CSP is overall comprised of more highly 

abundant proteins and that proteins of lesser abundance are more likely 

to be absent in one or more of the interspecific proteomes.   

 

Given this observation, we explored the relationship between transcript 

abundance and the frequency that proteins were identified across 

biological replicates for the entire sperm proteome dataset.  This analysis 

revealed a significant correlation between transcript abundance and the 

frequency of identification (spearman rank correlation: P<0.001, 

$=0.241).  This indicates that highly abundant proteins are much more 

likely to be identified in more biological replicates (Figure 4.3).  It is 

noteworthy that proteins identified in four or less biological replicates 

have statistically similar median mRNA fluorescence units, while the 

positive correlation observed between these variables is due to the 

increasing median of mRNA fluorescence units for proteins identified five 

or more times.   
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Figure 4.3 Correlation Between Transcript Abundance and Frequency of 
Identification.  Median transcript abundance is shown for proteins identified in 1-12 
biological replicates.  A significant correlation is observed between the variables 
(spearman rank test: P<0.001, $=0.241).  Error bars indicate 95% confidence intervals. 
 

 

4.3.9 Tissue Specificity of the CSP and PhyloSP 

Microarray expression data was used to compare the tissue specificity of 

CSP and PhyloSP gene expression.  For each dataset, the proportion of 

genes up-regulated in a selection of six tissues (testis, ovary, brain, 

hindgut, midgut and tubule) was compared to the pattern of up-regulation 

for the complete dataset of 1924 proteins (Figure 4.4).  The total 

percentage for a single dataset may exceed 100%, as genes can be up-

regulated in multiple tissue types.  This analysis revealed that both the 

CSP and PhyloSP have a significantly higher proportion of genes that are 

up-regulated in the testis (P<0.001) when compared to the remainder of 

the complete dataset.  In addition, the CSP has a significant under-

representation of genes that are up-regulated in the ovaries, brain 

(P<0.001) and midgut (P<0.05).  
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Figure 4.4 Tissue Specific Up-Regulation of the Sperm Proteomes. Proportion of 
genes up-regulated in a selection of tissues based on FlyAtlas microarray data. CSP 
(dark grey), PhyloSP (light grey) and the complete dataset of 1924 genes (medium grey) 
are shown.  Significant differences from the complete dataset are indicated by single 
asterisks (P<0.05) and double asterisks (P<0.001). 
 

 

4.3.10 Functional Comparison of the CSP and PhyloSP 

A functional analysis based on PANTHER protein classes was completed 

for the CSP, PhyloSP and the Average Sperm Proteome as defined in 

Chapter 3.  The Average Sperm Proteome is utilized here as the 

expected distribution of sperm functional protein classes. This analysis 

revealed that the CSP has distinct differences from both the PhyloSP and 

the Average Sperm Proteome, while the functional protein class profile of 

the PhyloSP is statistically similar to the profile of the Average Sperm 

Proteome (Figure 4.5).  The CSP has a significant over-representation in 

the oxidoreductase protein class (P<0.05) and also shows a significant 

under-representation in the class of nucleic acid binding proteins 

(P<0.05). This observation is consistent with the predicted level of 

abundance of these protein classes (Dorus et al. 2006; Wasbrough et al. 

2010) and provides further evidence that the CSP is a non-random 

selection of sperm proteins.  
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Figure 4.5 Sperm Proteome Protein Classes. PANTHER functional protein class 
proportions for the CSP, PhyloSP and the Average Sperm Proteome (Average).  Only 
classes with a proportion of at least 1% in any proteome were included.  The Average 
and the PhyloSP are statistically similar while significant differences can be observed 
between the CSP and the Average (P<0.05). 
 

 

4.3.11 Chromosomal Distribution of Sperm Proteins 

Previous studies have demonstrated an under-representation of male-

biased genes on the X chromosome, which has been attributed to a 

variety of processes including demasculinization of the X chromosome 

(Parisi et al. 2003; Wu and Xu 2003), meiotic sex chromosome 

inactivation (Vibranovski et al. 2009) and movement of male-biased 

genes off the X chromosome (Betran et al. 2002).  An analysis of the 

chromosomal distribution of the CSP, PhyloSP and the complete dataset 

was conducted to determine if X-linked genes are under-represented in 

the sperm proteome.  This revealed that the CSP and PhyloSP are 

under-represented on the X chromosome (P<0.05), although significant 

under-representation on the X was not observed for the complete dataset 

(Table 4.5).  We next sought to determine if this pattern was associated 

with levels of gene expression in the testis.  The majority of X-linked 

genes (7/13, 53.7%) found in the CSP are up-regulated, while only 33.3% 

(21/63) of the PhyloSP and 26.8% (81/302) of the complete dataset are 
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up-regulated in the testis.  While the CSP and PhyloSP are statistically 

similar, the complete dataset represents a significant reduction of up-

regulated X-linked genes when compared to the CSP (P=0.033).  These 

findings are therefore generally consistent with previous studies of X 

chromosome gene content. 

 

Table 4.5 Chromosomal Distribution of Sperm Proteins 

Proteome Set Number X Chromosome 
Obs. (Exp.) 

Autosomes 
Obs. (Exp.) 

Y Chromosome 
Obs. (Exp.) 

CSP 150 13 (23) * 136 (126) 0 (0) 
PhyloSP 519 63 (81) * 453 (437) 2 (0) 

Complete Dataset 1947 302 (304)  1612 (1642) 6 (2) * 
* P<0.05 

 

Our analyses also revealed a significant over-representation of sperm 

genes on the Y chromosome.  A total of six Y-linked genes have been 

identified in either this study or our previous studies, including four genes 

specifically identified in D. melanogaster (Ary, Ory, kl-3 and kl-5) 

(Wasbrough et al. 2010), one gene identified in the DsecSP (kl-2) and 

one gene identified in the DereSP (Pp1-Y2). kl-3, kl-5 and kl-2 have been 

demonstrated to impact male fertility and encode a dynein heavy chain 

that is a component of the sperm axoneme (Carvalho et al. 2000; Gepner 

and Hays 1993; Goldstein et al. 1982), and Pp1-Y2 is a testis specific 

protein-serine/threonine-phosphatase with a currently unknown role in 

spermatogenesis (Adám et al. 2010; Carvalho et al. 2001).   

 

4.3.12 Molecular Evolution of the Core Sperm Proteome  

An evolutionary analysis of the CSP was conducted to assess how 

selection was impacting the evolution of the proteome.  This analysis 

reveals that genes encoding proteins from the CSP have an average 

synonymous substitution rate (dS) of 0.092 (StDev ±0.126) and an 

average non-synonymous rate (dN) of 0.011 (StDev ±0.066) resulting in 

an average dN/dS of 0.120 along the D. melanogaster lineage.  This 

analysis of dN/dS is comparable to the previous evolutionary analysis of 

the DmSP-I, which estimated an average dN/dS of 0.115 (Dorus et al. 

2006).  This suggests that CSP proteins are evolving at a conservative 
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rate, as a dN/dS rate of <1.0 is indicative of purifying selection (Klein 

2001).  The most rapidly evolving genes within this subset, as determined 

by the dN/dS, are predominantly involved in metabolic pathways (Table 

4.6).   

 

Table 4.6 Rapidly Evolving Core Sperm Proteins (top 10%) 

Gene 
Symbol Chromosome Function dN/dS dN dS 

CG17377 2L - 0.77 0.20 0.26 
Msp-300 2L cytoskeletal protein binding 0.50 0.72 1.44 
CG4691 2L - 0.29 0.03 0.09 

dlt 3L - 0.27 0.02 0.07 

CG8677 2L transcription repressor 
activity 0.25 0.01 0.04 

Nc73EF 3L oxoglutarate 
dehydrogenase 0.23 0.02 0.08 

Ald 3R fructose-bisphosphate 
aldolase 0.21 0.03 0.15 

Menl-1 2R malate dehydrogenase 0.21 0.03 0.16 
CG7069 3R pyruvate kinase activity 0.21 0.01 0.05 

CG12860 2R - 0.18 0.02 0.12 

CG4836 3R L-iditol 2-dehydrogenase 
activity 0.17 0.01 0.08 

CG5265 3R carnitine O-
acetyltransferase activity 0.13 0.02 0.13 

CG10749 3L L-malate dehydrogenase 
activity 0.13 0.01 0.07 

CG8349 2L cytidine deaminase activity 0.13 0.00 0.04 

CG9010 2R glyceraldehyde-3-
phosphate dehydrogenase 0.13 0.01 0.05 

 

 

A maximum likelihood codon model was used to determine if any genes 

within the CSP are evolving in a manner consistent with positive 

selection.  This model identified six genes exhibiting evidence of positive 

selection (Table 4.7), four of which were also identified in the top 10% of 

rapidly evolving sperm genes.  Microarray data indicates that all six 

genes are up-regulated in the testis, although Ald and Msp-300 are also 

up-regulated in a variety of other tissues.  As such, the signature of 

positive selection found for Ald and Msp-300 may not be specifically 

associated with their function within sperm.  There are currently no known 

sperm or testis specific functions for any of the remaining genes, however 

the bias towards testis expression may indicative of a sperm-specific 

function.  
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Table 4.7 Genes Under Positive-Selection 

Gene Symbol Chromosome Function %LRT 

Ald 3R fructose-bisphosphate aldolase 69.60 
Msp-300 2L cytoskeletal protein binding 57.90 
CG17377 2L - 30.90 
CG4691 2L - 18.46 

ms(2)34Fe 2L acyl carrier 10.47 
CG12860 2R - 8.11 
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4.4 Discussion 
The successful application of shotgun proteomics to the study 

spermatozoa has significantly increased our understanding of the integral 

molecular components integral to this unique cell type (reviewed in 

(Aitken and Baker 2008; Baker and Aitken 2009; Oliva et al. 2009)).  

Sperm proteomes have now been characterized in a variety of species 

(reviewed in (Oliva et al. 2009)) allowing preliminary comparative 

analyses to be conducted between species (Baker and Aitken 2009).  

However, due to the wide range of proteomic techniques that have been 

used to characterize sperm proteomes, comprehensive and robust 

analyses of proteomes of a comparable quality have not been possible.  

Even in the best-case scenario, proteomic analyses still suffer from 

experimental variation, limitations in instrument sensitively and high levels 

of false negative rates.  While determining the cause of protein absence 

is still a challenge faced throughout the field of proteomics, this study 

demonstrates that minimizing experimental variation through the use of 

standardized methodologies results in proteomes of a high and 

reproducible quality. The interspecific analysis of Drosophila sperm 

proteomes has resulted in three main findings.  First, sperm proteomics 

has proven to be a useful tool to validate and correct existing genome 

annotations.  Second, proteins identified consistently across biological 

replicates and species are likely to be highly abundant sperm proteins 

and not necessarily representative of a conserved sperm proteome 

across species.  Third, the use of a phlyogenetic framework for the 

interspecific analysis of sperm proteome conservation is likely to provide 

a more representative and complete perspective of true protein 

conservation in sperm revealing proteins that have maintained a role in 

sperm development of function over millions of years of evolutionary 

history. 

   

4.4.1 Gene Annotation and Proteomic Analyses 

Shotgun proteomics is reliant upon genome annotations for the proper 

identification of proteins since de novo peptide sequences are matched to 

peptide sequences generated from the annotated genome of interest 
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(Keller et al. 2002).  Therefore, genome annotation errors can 

significantly affect proteomic studies and limit the depth of protein sample 

characterization. Genome annotation errors are common (Brenner 1999; 

Schnoes et al. 2009) and are largely a result of the complex process 

involved in integrating empirical data and computational gene prediction 

models into existing genome annotations (Reeves et al. 2009).  A variety 

of approaches have been used to correct errors or evaluate genome 

annotation quality on a large scale (Nagy et al. 2008; Yang et al. 2010), 

although no single method is sufficient in itself.  As a consequence, 

proteomic protein identifications are only as good as the annotations used 

to establish them.  One way to account for this limitation is by using a six-

frame translation of the target genome (Fermin et al. 2006).  This 

approach translates all of the open reading frames in the genome into the 

corresponding amino acid sequences, resulting in a database of all 

theoretical peptides that can be possibly generated by the genome 

(Fermin et al. 2006).  Recent studies have shown that by using this 

approach the vast data resource provided by proteomics can also be 

used to provide empirical evidence for annotating new genes and 

correcting annotations of previously annotated genes (Ansong et al. 

2008; Lamontagne et al. 2010; Wright et al. 2009).  It is also noteworthy 

that this approach has been particularly useful in the discovery of novel 

unannotated male reproductive proteins (Findlay et al. 2009).   

 

While the genome annotation for D. melanogaster has been highly 

refined through the use of a variety of experimental and computational 

methods (Misra et al. 2002; Myers et al. 2000; Reese et al. 2000), 

genome annotations for D. sechellia, D. yakuba and D. erecta are largely 

based upon the identification of orthologous gene models in sister 

species supplemented with de novo gene model prediction algorithms 

(Clark et al. 2007).  The current absence of direct empirical support for 

gene models in these three species is likely to influence the quality and 

completeness of the annotations and potentially render certain proteins 

unidentifiable by MS.  Our analysis supports this as 15 cases were 

detected where multiple and consecutive genes in one species were 
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identified as orthologs to a single D. melanogaster gene.  Correction of 

these particular annotation issues was possible through additional 

bioinformatic and comparative genomic but it is likely that unannotated 

genes may represent a significant category of proteins not identified in 

this project.  Recent studies using theoretical six-frame translations have 

successfully utilized empirically determined peptide sequences to identify 

previously unannotated genes (Findlay et al. 2009; Wright et al. 2009).  

This has been particularly useful in the identification of accessory gland 

genes, which are recalcitrant to genome annotation algorithms due to 

their small size and the fact that they evolve extremely rapidly (Findlay et 

al. 2009; Findlay et al. 2008).  As such, sperm proteome data could 

potentially be valuable in the refinement of current genome annotations. 

 

4.4.2 Identification of Additional Proteins with Sperm Phenotypes 

Thirty-four sperm proteins with annotated phenotypes in their D. 

melanogaster orthologs have been identified in the sperm proteomes of 

D. sechellia, D. yakuba and D. erecta.  Along with the 31 sperm proteins 

previously identified in the current study of the DmSP, this results in a 

total of 65 sperm proteins with annotated phenotypes.  Interestingly, 

despite having a defined role in sperm, nearly 70% (45/65) of these 

proteins were only identified in a single species, of which 28 were 

identified in a non-melanogaster species.  Given that the phenotypic data 

used in this study was based on phenotypes observed in D. 

melanogaster, it is likely that these 28 proteins are also present in the 

DmSP but failed to be detected by MS.  This is supported by the 

identification of four sperm proteins (Gas8, Klp3A, mtacp1 and hts) in 

non-melanogaster species, which were previously identified in the original 

characterization of the D. melanogaster sperm proteome but not in the 

current study of the DmSP (Dorus et al. 2006).  Therefore, this 

comparative analysis of sperm proteomes has not only expanded the 

catalog of known sperm proteins with annotated phenotypes but also 

provides further insight into the likely protein composition of D. 

melanogaster sperm despite the limitations already discussed in the 

reproducibility of shotgun proteomics (Fang et al. 2010). 
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4.4.3 Sperm Proteome Conservation 

One of the primary objectives of this study was to identify a core set of 

conserved Drosophila proteins that function as integral sperm 

components.  This was assessed using two alternative sets of criteria.  

The first, and more stringent, dataset was comprised of proteins identified 

in all four species and was termed the Core Sperm Proteome.  The 

second dataset, the Phylogenetically Conserved Sperm Proteome, was 

comprised of proteins present in the proteomes of both pairs of sister 

taxa.  By definition this only required proteins be identified in two species.  

However, this approach is likely to result in a more representative 

conserved sperm proteome given the inherent limitations in the use of MS 

to comprehensively characterize a complex whole cell proteome.   

Interpretation of the phylogenetically conserved sperm proteome is based 

on the assumption that a protein present in two distantly related species 

are likely to be conserved across all four species despite the lack of 

consistent identification.  Comparative analyses of the CSP and PhyloSP 

indicate that these criteria have resulted in significantly different datasets, 

which is clearly illustrated by differences in protein composition, average 

levels of testis transcript abundance and functional composition.   

 

The use of a phylogenetic framework for the analysis sperm protein 

conservation is based in the well-documented observation that highly 

abundant proteins are more likely to be repeatedly detected by MS while 

less abundant proteins may be missed altogether (Patterson and 

Aebersold 2003). Given these limitations, we explored the relationship 

between the frequency that proteins are identified across the biological 

replicates and protein transcript abundance, which is a good proxy for 

protein abundance (Vogel et al. 2010).  This analysis demonstrates a 

significant correlation between transcript abundance and the frequency of 

MS identification suggesting that protein abundance is an important factor 

in our analysis.  As such, the CSP, which includes proteins identified in a 

minimum of four biological replicates, would be expected to be biased 

towards proteins of high abundance.  This prediction is supported by our 



! "+*!

functional analyses, which indicate that the CSP is enriched for abundant 

sperm proteins such as oxidorecutases, leucyl-aminopeptidases and 

structural proteins (e.g. tubulins, dyneins and tektins) (Wasbrough et al. 

2010).  In contrast, the PhyloSP includes proteins of lesser abundance, 

which is well illustrated by the relative enrichment of nucleic acid binding 

proteins (Wasbrough et al. 2010).  It is noteworthy that abundance is only 

one of many factors influencing the likelihood of identification by MS.   For 

example, some proteins, such as hydrophobic transmembrane proteins, 

are known to be difficult to solubilze and therefore are not easily detected 

by MS, making it unlikely that these proteins would be identified 

consistently across samples (Everberg et al. 2006; Lu et al. 2008; Schirle 

et al. 2003).   In fact, the identification of sperm transmembrane proteins 

has proven to be difficult to identify and have been the subject of more 

targeted MS approaches (Brewis and Gadella 2010; Stein et al. 2006).  

This is also reflected in the composition of the PhyloSP, which contains a 

significantly higher proportion of transmembrane proteins (Brewis and 

Gadella 2010).   In conclusion, the CSP represents a biased subset of 

highly abundant sperm proteins while the PhyloSP provides a broader 

perspective of sperm protein conservation. 

 

4.4.4 Molecular Evolution of the Sperm Proteome 

Novel gene creation has been shown to be a prominent mechanism 

driving sperm evolution both in D. melanogaster (Dorus et al. 2008; 

Kalamegham et al. 2007; Nurminsky et al. 1998) and in mammalian taxa 

(Sawyer et al. 2007; Vemuganti et al. 2010).  The identification of the 

lineage-specific D. yakuba gene GE10462 indicates that this may be a 

widespread phenomenon across the melanogaster subgroup. The fact 

that our analysis only identified one such case isn’t necessarily surprising 

given that the current genome annotations are largely based on existing 

D. melanogaster gene models (Clark et al. 2007), which is likely to cause 

many species-specific genes to be excluded from this analysis as they 

have yet to be annotated.  Reanalysis of our data using whole genome 

six-frame translations would provide an unbiased estimate of novel sperm 
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genes, which will help quantify the relative contribution of gene creation in 

sperm evolution in the melanogaster subgroup.  

 

An evolutionary analysis of proteins found in the CSP provides a glimpse 

at the evolutionary forces impacting the molecular evolution of sperm.  As 

previously shown, sperm proteins appear to evolve at a conservative rate, 

presumably due to functional constraints (Dorus et al. 2006).  This finding 

has been reinforced with the evolutionary analysis of the CSP, which 

revealed an average dN/dS of 0.120.  Additionally, only two genes of the 

150 genes in the CSP have a dN/dS ratio greater than 0.5 on the 

melanogaster lineage, which indicates that even the most rapidly evolving 

genes are experiencing some level of purifying selection (Klein 2001).  

Despite the fact that many genes in the CSP are up-regulated or specific 

to the testis, the CSP appears to be under strict evolutionary constraint.  

This finding is not consistent with other studies, which show that male 

reproductive genes are rapidly evolving (Swanson and Vacquier 2002), 

however it is consistent with the previous molecular evolutionary analysis 

of sperm and suggest the compartmentalization of adaptive responses.  

 

Maximum likelihood analysis of the CSP identified only six genes with 

evidence of positive selective, four of which were also amongst the most 

rapidly evolving genes.  Only two of these genes have annotated 

functions within D. melanogaster.  The first gene, Ald, has previously 

been demonstrated to be impacted by positive selection but this has been 

attributed to its general role in metabolism (Flowers et al. 2007).  The 

identification of Ald in sperm raises the possibility that the signature of 

positive selection may in fact be due to selection associated to its function 

in sperm.  The second gene, Msp-300, is a widely expressed membrane 

protein involved in actin binding (RosenbergHasson et al. 1996), it 

therefore is likely to have a role in sperm axoneme function.  However, 

selection upon this gene may also be due to adaptive changes 

unassociated with its role in sperm.  The remaining genes are primarily 

expressed in the testis and selection may be associated with their sperm-

specific functional roles. However, the lack of functional annotations for 
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these genes precludes definitive conclusions at this time and additionally 

functional analyses are required to elucidate the ramification of positive 

selection upon these genes.  

 

4.4.5 Summary 

This study has provided the first interspecific evaluation of comparable 

sperm proteomes in four species of the melanogaster subgroup.  This 

analysis resulted in the identification of 1942 unique sperm proteins and 

34 newly identified sperm components with characterized phenotypes in 

sperm development of function.  We demonstrate a significant correlation 

between the frequency of protein identification and levels of testis 

expression.  This observation is consistent with the known influence of 

protein abundance on MS identification.  Given the incomplete nature of 

these whole cell proteomes, we have analyzed sperm proteome 

conservation within a phylogenetic framework resulting in a 

representative melanogaster subgroup sperm proteome comprised of 519 

proteins (the PhyloSP).  Finally, a molecular evolutionary analysis 

indicated that the sperm proteome appears to be under strict evolutionary 

constraint.  Overall this study provides novel insight into sperm 

composition and evolution as well as providing the foundation for further 

interspecific analyses of sperm proteomes.    
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Chapter 5 
Sperm Proteomics Reveals Intensified Selection on Mouse Sperm 

Membrane and Acrosome Genes 
Adapted from Dorus, S., ER Wasbrough, J Busby, EC Wilkin, TL Karr (2010). Sperm 
Proteomics Reveals Intensified Selection on Mouse Sperm Membrane and Acrosome 
Genes. Mol Biol Evo 27(6): 1235-1246. 
 
 
5.1 Introduction   
Throughout Chapters 2-4, the sperm proteome has been investigated 

within the Drosophila species due to the availability of genomic 

sequences and the advantages provided by the close phylogenetic 

relationships across the melanogaster subgroup.  These studies resulted 

in the characterization of four high quality sperm proteomes that have 

provided valuable insights regarding sperm protein composition.  They 

revealed that despite compositional variation, each sperm proteome has 

a similar functional protein class profile as well as patterns of testis gene 

expression.  Furthermore, 519 proteins were determined to have a 

phylogenetically conserved presence across the species, indicating that 

they have maintained an important role in sperm development and 

function.  Finally, Chapter 4 began to explore the dynamics of sperm 

gene evolution through an evolutionary analysis of genes identified in the 

sperm proteomes of all four species.  This analysis indicated that these 

proteins are evolving under purifying selection, which is consistent with 

the previous whole-cell evolutionary analysis of the D. melanogaster 

sperm proteome (Dorus et al. 2006).  However, the extent to which this 

finding can be generalized to other sperm proteomes is limited, as the 

only existing evolutionary studies of sperm have been completed in D. 

melanogaster, preventing the identification of evolutionary trends across 

species. 
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To address this limitation, an evolutionary analysis of mammalian sperm 

genes is presented here.  This study utilizes the availability of two whole-

sperm proteomic datasets and two targeted proteomic sperm datasets in 

Mus musculus in order to compile a comprehensive Mus musculus sperm 

proteome (MmSP).  The use of these complementary proteomic datasets 

offers a unique perspective on sperm evolution as they provide 

subcellular localization for many of the sperm proteins.  This information 

makes it possible to not only examine overall sperm evolution, but more 

interestingly, to explore how evolutionary pressures vary across regions 

of the sperm cell.  

 

It has been shown on many occasions that genes involved in male and 

female reproduction evolve rapidly in both vertebrate (Swanson et al. 

2001b; Wyckoff et al. 2000) and invertebrate taxa (Clark and Dell 2006; 

Swanson and Vacquier 2002).  This can be seen in the extensive 

empirical support for rapid protein evolution in virtually all aspects of the 

reproductive process including sperm–egg recognition in marine 

invertebrates (Yang et al. 2000), accessory gland proteins in Drosophila 

(Begun and Lindfors 2005; Cirera and Aguadé 1997; Civetta and Singh 

1995) and genes expressed in various reproductive tissues in mammals 

(Clark and Swanson 2005; Dean et al. 2008; Dorus et al. 2004).  

However, at present the only evolutionary study on integral sperm 

proteins suggests that as a whole they are evolving at a much more 

conservative rate (Dorus et al. 2006).  This finding is not unexpected 

given the critical and conserved role of spermatozoa, although the 

contrast to other reproductive proteins makes it an intriguing finding.   

 

Other evolutionary studies of proteins involved in sperm-egg interactions 

have shown that many of these proteins have a rapid rate of evolution, 

which has often generated reproductive isolation.  This has been 

considered an important mechanism of speciation in marine invertebrate 

taxa (e.g., (Geyer and Palumbi 2003; Swanson and Vacquier 2002)).  

The evolutionary pressure to maintain species-specific binding of 

gametes in broadcast spawners may explain, in part, the rapid 
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divergence of proteins involved in sperm-egg recognition at the cell 

surface (Palumbi 2009; Swanson and Vacquier 2002). However, the 

selective pressures driving rapid evolution in organisms that use internal 

fertilization with more control over where, when and how gametes are 

stored and utilized may differ substantially from those acting on species 

with external fertilization.  Indeed, environmental factors within females 

influencing sperm capacitation, motility and fertilization have been 

extensively documented (reviewed in (Eisenbach and Giojalas 2006)).  

Regardless of the method of fertilization, the proteins involved in these 

interactions encounter an increased level of external selective pressures 

that could potentially increase the evolutionary rate.  As such, it would be 

interesting to establish if the integral sperm proteins involved in sperm-

egg interactions reflect this finding by having a higher rate of evolution 

compared to the sperm proteins as a whole. 

 

In addition, sperm competition has long been considered a major factor 

driving sexual selection.  Although the biological basis of sperm 

competition has been studied over the past 25 years (reviewed in 

(Birkhead et al. 2009)), the role of sperm components per se in sperm 

competition has rarely been considered and is not well understood.  

Likewise, previous studies on the rapid evolution of male reproductive 

genes, have focused on the overall expression of genes in the testis or in 

other male reproductive tissues (epididymis, prostate or seminal vesicles) 

without knowledge of the specific set of genes that encode the sperm 

proteome.  This set of genes might be expected to reflect a unique 

signature associated with sperm evolution and identify candidate 

components proximal to sperm function and sperm competition, as has 

been the case with recent analyses of the D. melanogaster sperm 

proteome (Dorus et al. 2008).   

 

Until recently, a thorough knowledge of the constituent protein elements 

of the mammalian sperm proteome has largely been limited to protein 

subsets of the complete proteome (reviewed in (Oliva et al. 2009)).  

However, three recent papers describing the human, mouse and rat 
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sperm proteomes have begun to fill this gap (Baker et al. 2008a; Baker et 

al. 2008b; Baker et al. 2007).  While these pioneering studies provided 

the first detailed view of mammalian sperm proteomes, they did not 

address functional genomic and molecular evolutionary aspects of the 

genes identified.  To address this, we have analyzed the evolutionary 

history of the mouse sperm proteome using complementary proteomic 

datasets, some of which provide subcellular localization data for the 

proteins identified.  In total we will utilized four datasets including i) a new 

whole sperm mass spectrometry analysis ii) a previously published whole 

sperm MS analysis (Baker et al. 2008b) iii) a proteomic analysis of the 

flagellum accessory structure (Cao et al. 2006) and iv) an analysis of the 

sperm membrane (including the acrosome) (Stein et al. 2006).   

 

Evolutionary comparisons of these two subcellular proteomes with the 

MS datasets of whole sperm revealed a significant 2-fold acceleration in 

evolutionary rate of the sperm cell membrane genes but not the flagellar 

accessory structure genes as measured against the dN/dS ratios of the 

whole sperm proteome. The difference in evolutionary rates of the sperm 

cell membrane genes were robust, as approximately 22% of sperm cell 

membrane genes were identified as being impacted by positive selection.  

Genes of the sperm cell membrane compartment displaying evidence for 

positive selection included several well characterized genes involved in 

sperm-egg fusion, a variety of genes encoding proteins with functions 

related to transport, and a diverse set of proteases/peptidases.  The 

enhanced influence of positive selection on sperm membrane, cell 

surface and acrosome genes suggests that interactions between sperm 

and the surrounding environment in the male during spermatogenesis, 

migration through the epididymis and the female reproductive tract may 

drive the molecular evolution of sperm. 
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5.2 Materials and Methods 
5.2.1 Tissue Sample Preparation 

Five adult male BALB/c mice were euthanized with CO2 as per standard 

laboratory protocols and testes and associated epididymis immediately 

removed and placed on ice.  Care was taken to remove sperm from the 

proximal (head) region of the epididymis to minimize post-spermatogenic 

modifications that occur during transit through the cauda epididymis.  

Sperm were aspirated from a small puncture in the head region, diluted 

approximately 10-fold with cold PBS and sperm pelleted at 20,000 x g for 

two minutes.  The washed pellet was rinsed 3X in cold PBS, resuspended 

in 0.25 ml PBS and 10µL mixed with an equal volume of DAPI and 

transferred to a clean microscope slide and coverslip.  Sperm purity was 

assessed by examining nuclei present in the sample were then visualized 

using a Zeiss AxioPlanII microscope under epi-fluorescence or DIC (not 

shown). 

 

5.2.2 HPLC-MS/MS Analysis   

Purified sperm were solubilized in 50µL of ammonium bicarbonate (100 

mM, pH 8.5) and digested with modified trypsin (500ng/µL Promega) at 

37˚C for 16 hours.  Following digestion, the sample was loaded onto a 

RP-HPLC C-18 column (Higgins Analytical, CA), and eluted using a linear 

gradient of solution A (0.1% TFA in water) and ending with solution B 

(60% acetonitrile/0.085% TFA in water) over a period of 100 minutes 

(repeated independently twice).  Eluting peptides were collected in 1 

minute fractions over the entire duration of the gradient (100 fractions).  

The 100 fractions were subsequently collected into four sets of 25 

fractions by successively combining every 4th fraction (i.e., fractions 1, 5, 

9, 13, etc.).  Each of the four sets was separately loaded onto a nano-

HPLC pre-column, which was washed and connected to an analytical 

column.  Samples were analyzed by a combination of a nano-

HPLC/microelectrospray ionization on an LCQ Deca mass spectrometer 

(ThermoElectron, San Jose, CA) as described previously (Ficarro et al. 

2002).  The HPLC gradient (A = 100 mM acetic acid in water, B = 70% 



! "")!

acetonitrile/100 mM acetic acid in water) was 0-5% B in 10 minutes, 5-

60% B in 160 minutes, 60-100% B in 10 minutes, 100-0% B in 2 minutes 

and 0% B for 5 minutes.  

 

5.2.3 Criteria for Protein Identification  

Scaffold v2.02 (Proteome Software, Portland, Oregon, USA) was used to 

validate protein identifications derived from MS/MS sequencing results.  

Peptide identifications were accepted if they could be established at 

greater than 95.0% probability as specified by the Peptide Prophet 

algorithm (Keller et al. 2002).  Peptides identified under these criteria and 

the proteins from which they originated are provided in Supplemental 

Table 5.1. 

 

5.2.4 Sperm Proteome Database  

Inclusion of genes for analysis in this study was based on empirical data 

of a protein’s presence in mouse sperm by mass spectrometry (MS) (an 

overview of MS studies utilized is provided in Table 5.1).  The dataset 

analyzed in this study is comprised of three previously published datasets 

and our own MS data collected in this study:  (1) a dataset of 49 proteins 

of the accessory structures of the flagellum (Cao et al. 2006), (2) a 

dataset of 114 cell membrane, cell surface and acrosome proteins that 

mediate sperm/egg interactions (Stein et al. 2006), (3) a dataset of 808 

unique proteins identified in whole sperm purified from the caudal region 

of the epididymis (Baker et al. 2008b) and (4) our whole sperm MS 

analysis which resulted in the identification of 205 proteins.  The 

combined unique proteins from all four databases resulted in a total 

sperm proteome consisting of 1001 proteins.  All sperm proteins identified 

in these four studies are provided in Supplemental Table 5.2. 

 

5.2.5 Functional and Phenotypic Description of Mouse Sperm Genes 

Determination of gene functions was based on Protein Class annotations 

provided by the PANTHER classification system (Thomas et al. 2003) 

using the Genes and Orthologs tool (Mi et al. 2010).  Knock-out and 

mutant phenotypes related to male reproduction and fertility was obtained 
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by batch query from Mouse Genome Informatics 

(http://www.informatics.jax.org/) and is provided in Supplemental Table 

5.3. 

 

5.2.6 Evolutionary Analyses 

Evolutionary analyses were conducted on 754 mouse sperm genes that 

have annotated orthologs in rat, at least two primates (human, 

chimpanzee or macaque) and either dog or cow.  Gene orthology 

relationships were based on the SPEED database 

(http://bioinfobase.umkc.edu/speed/) (Vallender et al. 2006).  Orthologous 

nucleotide coding sequences were downloaded from NCBI and aligned 

“in-frame” using ClustalW.  Evolutionary analyses were conducted using 

maximum-likelihood methods implemented by the codeml program in the 

PAMLv3.14 package (Yang 1997; Yang 2007).  Pairwise dN and dS 

values were estimated using the method of Nei and Gojobori as 

implemented by the PAMLv3.14 package (Nei and Gojobori 1986).  

Pairwise estimates are provided in Supplemental Table 5.4.  Mouse 

lineage specific # values were obtained using the free-ratio model (Yang 

and Nielsen 2002).  Codeml site model M8 was compared to the null 

model, M8a (#s=1.0), to detect positive selection on codons (Wong et al. 

2004).  We use a conservative threshold of p=0.01 to reduce the 

expected number of false positives identified.  This threshold is equivalent 

to a 50:50 point mass ratio of 0 and #2 with 1 degree of freedom and is 

therefore 5.41 (Swanson et al. 2003).  Likelihood ratio statistics for the 

M8 versus M8a comparison are provided in Supplemental Table 5.5.  

 

5.2.7 Expressional Profiling of Sperm Genes 

Levels of testis overexpression of all sperm genes, relative to a large set 

of other tissue types, were obtained from the SymAtlas gene expression 

database (Su et al. 2004) (http://biogps.gnf.org).  The proportion of sperm 

genes within each of the three datasets with 3-fold and 10-fold 

overexpression in the testis was calculated.  The relative proportions 

between datasets were nearly identical using either threshold indicating 
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that genes identified as overexpressed in the testis are highly specific to 

this tissue type. 

 

5.2.8 Statistical Analysis 

Distributions of dN, dS and dN/dS ratios were compared using the non-

parametric Komologorov-Smirnov test. Additional statistical analyses 

between proteomic datasets with regard to their functional composition, 

the proportion of rapidly evolving genes or genes putatively under positive 

selection were conducted using $2 or two-tailed Fisher’s Exact Test, 

where appropriate.  
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5.3 Results 
5.3.1 Mouse Sperm Proteome Dataset Organization 

Inclusion of genes for analysis in this study was based on the existence 

of empirical data of a protein’s presence in mouse sperm by mass 

spectrometry (MS).  The complete dataset analyzed in this study is 

comprised of results from three previously published MS studies of 

mouse sperm and our own MS analysis of sperm purified from the 

proximal head region of the epididymis (Table 5.1).  The first is a 

previously published set of proteins from the sperm flagellum accessory 

structures that were identified by MS following the isolation and 

purification of these structures (Cao et al. 2006).  The second is a set of 

proteins identified by MS in sperm regions that mediate sperm/egg 

interactions (Stein et al. 2006).  This study used subcellular fractionation 

to generate a proteome of the acrosomal contents and the sperm cell 

membrane which included membrane vesicles released from the sperm 

head following the acrosome reaction in addition to proteins present on 

the whole sperm cell surface.  Given that many of the membrane proteins 

were derived from acrosomal membrane vesicles and that many of the 

acrosomal contents contain transmembrane domains (Stein et al. 2006), 

we have analyzed all the proteins identified as a single dataset (termed 

“sperm cell membrane” proteins).  The third is a set of proteins identified 

by MS of sperm purified from the caudal region of the epididymis (Baker 

et al. 2008b).  Finally, to complement the dataset of Baker et al., the 

fourth set of proteins is based on MS analysis of whole mouse sperm 

purified from the proximal head region of the epididymis.  This analysis 

identified 205 proteins that are analyzed as a single dataset (termed 

“whole sperm” proteins) with that of Baker et al. (2008b).  These four 

complementary datasets include a total of 1,001 unique sperm proteins 

(Supplemental Table 5.2). 
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Table 5.1.   Mass Spectrometry Studies of Mouse Sperm 

Cellular 
Compartment Reference Sample Analyzed MS 

Method 

Number of 
Proteins 
Identified 

Subcellular 
Compartment 

Cao et al. 
(2006) 

accessory structure 
of flagellum 

MALDI-
TOF/TOF 49 

Stein et al. 
(2006) 

cell membrane and 
acrosome LC-MS/MS 114 

Whole Sperm 

Baker et al. 
(2008) 

purified sperm from 
caudal region of 

epididymis 
LC-MS/MS 808* 

Dorus et al. 
(this study) 

purified sperm from 
proximal/head 

region of 
epididymis 

HPLC-
MS/MS 205 

Combined Total - - - 1,001** 
* This number reflects the number of proteins identified following the removal of protein 
variants. 
** This number reflects the number of unique proteins after the removal of proteins 
identified in multiple studies. 
 

 

5.3.2 Reproductive Phenotypes and Annotated Functions 

Fifty-nine of the 1,001 mouse sperm proteins analyzed in this study 

(Supplemental Table 5.2) have previously characterized male 

reproductive phenotypes (Supplemental Table 5.3).  These phenotypes 

range from abnormalities in male reproductive physiology, germ/sertoli 

cell morphology, and meiosis to abnormalities in mature sperm 

morphology and impaired acrosome reaction/fertilization.  It is noteworthy 

that only two of these genes, Adam2 and Krt19, show evidence of being 

impacted by positive selection in our analyses (see below).   

 

Functional classification of mouse sperm proteins revealed that the 

largest category is comprised of proteins lacking annotation (Figure 5.1).  

This is consistent with the functional breakdown of the Drosophila 

melanogaster sperm proteome once again highlighting the paucity of 

information regarding genes encoding for sperm proteins.  The functional 

analysis also reveals categories involved in energetics and metabolism 
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(oxidoreductase, tranferase and hydrolase) to be enriched, as would be 

expected from a cell of this type.  In addition, there are a high number of 

proteins that are involved in cytoskeletal roles, which reflects the 

composition of the sperm flagellum. Functional classification of mouse 

sperm proteins also provides an independent bioinformatic method to 

assess the quality of previous MS characterization of subcellular sperm 

structures.  For example, the cell membrane dataset contains no sperm 

structural proteins while the flagellum accessory structure dataset is 

enriched in this category.  Additionally, the cell membrane dataset is 

highly enriched for proteins with catalytic and proteolytic functions, 

consistent with a role in sperm/egg membrane fusion (data not shown). 

 
 
 

 
Figure 5.1 Functional Protein Classes for Mouse Sperm Proteins. The distribution of 
functional protein classes for the mouse sperm proteome based on categories provided 
by PANTHER.  The largest category is proteins that lack annotation, although 
enrichment in proteins involved in energetics and metabolism is also observed.    
 

 

5.3.3 Evolutionary Analysis of Sperm Proteome Genes 

Pairwise divergence estimates (dN/dS) between mouse and rat orthologs 

resulted in an average dN of 0.036 (StDev=0.046), an average dS of 0.22 

(StDev=0.105) and a dN/dS ratio of 0.20 (Figure 5.2; Supplemental Table 
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5.4).   None of these estimates differs significantly from previously 

reported genomic estimates between these species (Gibbs et al. 2004).  

Analysis based on functional categories revealed the accelerated 

evolution of sperm genes with unknown functions relative to the 

remainder of the dataset (D=0.224; p=0.002).  Consistent with the 

analysis of the Drosophila sperm proteome, genes with structural, 

metabolic and energetic functions tend to be evolving under stronger 

purifying selection (Dorus et al. 2006).  In contrast to previous findings in 

Drosophila, mouse sperm genes with DNA/RNA binding functions do not 

display an evolutionary acceleration relative to other sperm genes. 

 

 

 
Figure 5.2 Evolution of Mouse Sperm Genes Based on Functional Classification. 
Comparison of the average evolutionary rates (w = dN/dS) for each functional category 
defined in Figure 5.1 (95% confidence intervals are indicated).  A significant evolutionary 
acceleration is observed for genes without annotated functions relative to the remainder 
of the sperm gene dataset (* P<0.01).  
 
 
 
We next examined the 38 sperm genes representing the top 5% dN/dS 

ratios (Table 5.2).  On a percentage basis, sperm cell membrane genes 

are over-represented (15/106, 14.2%) compared to either whole sperm 
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proteome genes (22/602, 3.7%), or the flagellum accessory structure 

dataset (1/46, 2.1%).  This represents a significant deviation from equal 

representation from each subcellular dataset ($2=21.6; df=2; P<0.0001).  

Amongst these faster evolving sperm genes, only Izumo 1, Crisp 1 and 

Zona pellucida binding protein 2 have known phenotypes associated with 

male fertility.  Only one gene, Acyp1, was found to have a dN/dS ratio 

greater than 1.0 and this gene has acquired testis specific expression in 

the mouse based on previous microarray studies (Su et al. 2004). 

 

 

Table 5.2.  Mouse Sperm Genes with Highest dN/dS (top 5%) 

Gene Name Gene Symbol Cellular 
Compartment dN/dS dN dS 

acylphosphatase 1, 
erythrocyte (common) 

type 
Acyp1 whole sperm 1.201 0.448 0.373 

RIKEN cDNA 
1700018L24 gene 1700018L24Rik cell membrane 0.905 0.233 0.258 

cDNA sequence 
BC049635 BC049635 whole sperm 0.866 0.147 0.170 

leucine rich repeat 
containing 37A Lrrc37a cell membrane 0.848 0.139 0.164 

zona pellucida 3 
receptor Zp3r cell membrane 0.816 0.138 0.169 

CD46 antigen, 
complement regulatory 

protein 
Cd46 cell membrane 0.816 0.120 0.147 

predicted gene 46 Gm46 cell membrane 0.815 0.163 0.200 
biliverdin reductase A Blvra whole sperm 0.813 0.069 0.085 

lactotransferrin Ltf whole sperm 0.807 0.194 0.240 
izumo sperm-egg 

fusion 1 Izumo1 cell membrane 0.770 0.190 0.247 

cDNA sequence 
BC089491 BC089491 whole sperm 0.752 0.106 0.141 

RIKEN cDNA 
1700023E05 gene 1700023E05Rik whole sperm 0.750 0.127 0.170 

DNA segment, Chr 11, 
Wayne State 
University 47, 

expressed 

D11Wsu47e whole sperm 0.743 0.156 0.209 

RAB8B, member RAS 
oncogene family Rab8b whole sperm 0.728 0.106 0.145 

sperm equatorial 
segment protein 1 Spesp1 cell membrane 0.725 0.137 0.188 

cysteine-rich secretory 
protein 1 Crisp1 whole sperm 0.722 0.191 0.264 

cancer susceptibility 
candidate 1 Casc1 whole sperm 0.706 0.461 0.653 

!
!
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Gene Name Gene Symbol Cellular 

Compartment dN/dS dN dS 

serine peptidase 
inhibitor, clade A, 

member 1F 
Serpina1f cell membrane 0.686 0.140 0.204 

serine peptidase 
inhibitor, clade A, 

member 3K 
Serpina3k cell membrane 0.683 0.173 0.254 

a disintegrin and 
metallopeptidase 

domain 4 
Adam4 cell membrane 0.675 0.158 0.234 

predicted gene 6413 Gm6413 whole sperm 0.654 0.322 0.492 
synaptotagmin-like 2 Sytl2 whole sperm 0.651 0.122 0.188 
mannose phosphate 

isomerase Mpi whole sperm 0.649 0.045 0.070 

immunoglobulin heavy 
constant gamma 1 

(G1m marker) 
Ighg1 whole sperm 0.631 0.129 0.204 

serine peptidase 
inhibitor, clade B, 

member 6a 
Serpinb6a whole sperm 0.621 0.089 0.144 

DnaJ (Hsp40) homolog, 
subfamily B, member 6 Dnajb6 whole sperm 0.612 0.345 0.564 

carbonic anhydrase 4 Car4 cell membrane 0.588 0.163 0.277 
esterase 1 Es1 whole sperm 0.565 0.097 0.172 

RAN guanine nucleotide 
release factor Rangrf accessory 

structure 0.553 0.026 0.047 

RIKEN cDNA 
1700026D08 gene 1700026D08Rik whole sperm 0.546 0.109 0.200 

serine peptidase 
inhibitor, clade A, 

member 1E 
Serpina1e cell membrane 0.542 0.141 0.261 

a disintegrin and 
metallopeptidase 

domain 24 (testase 1) 
Adam24 cell membrane 0.533 0.140 0.263 

apolipoprotein O Apoo whole sperm 0.531 0.023 0.044 
zona pellucida binding 

protein 2 Zpbp2 cell membrane 0.531 0.088 0.167 

pregnancy zone protein Pzp whole sperm 0.530 0.100 0.188 
serine peptidase 
inhibitor, clade A, 

member 1B 
Serpina1b cell membrane 0.526 0.134 0.254 

ATP synthase, H+ 
transporting, 

mitochondrial F0 
complex, subunit g 

Atp5l whole sperm 0.521 0.066 0.127 

serine peptidase 
inhibitor, clade A, 

member 1D 
Serpina1d whole sperm 0.516 0.142 0.275 
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5.3.4 Accelerated Evolution of Sperm Cell Membrane Genes 

Evolutionary analysis based on subcellular compartments revealed no 

significant differences in the distributions of dS values either for the 

mouse or combined rodent lineages (Figure 5.3a).  However, the average 

dN value for sperm membrane genes on the mouse lineage (dN=0.034) 

was 2-fold higher than either whole sperm genes (dN=0.016) or 

accessory structure genes (dN=0.014).  Statistical comparison of the 

sperm dN distribution revealed significant differences from either the 

whole sperm (D=0.327, P<0.0001) or accessory structure distributions 

(D=0.278, P=0.011), while no significant difference was observed 

between the whole sperm and accessory structure distributions.  A nearly 

identical trend was observed in pairwise comparisons between mouse 

and rat orthologs (Figure 5.3a).  The average dN value for the cell 

membrane dataset (dN=0.065; StDev=0.057) was more than two-fold 

higher than either whole sperm genes (dN=0.031; StDev=0.044) or 

accessory structure genes (dN=0.028; StDev=0.019).  The distribution of 

cell membrane dN values is also significantly different from the 

distribution of the whole sperm (D=0.321, P<0.0001) or accessory 

structure distributions (D=0.303, P=0.004).  Comparison of dN/dS ratios 

amongst subcellular categories of mouse sperm genes was consistent 

with the previous analysis.  For the mouse lineage and the mouse-rat 

ortholog comparison, the average dN/dS ratio of sperm membrane genes 

was significantly greater than that of either the whole sperm or accessory 

structure datasets whose averages are comparable with previously 

estimated genome averages (Figure 5.3b).  The evolutionary 

characteristics of genes identified from the analysis of sperm purified from 

proximal head region of the epididymis (this study) or the caudal region of 

the epididymis (Baker et al. 2008b) were comparable and statistically 

indistinguishable (data not shown). 
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Figure 5.3a 

 
Figure 5.3b 

 
Figure 5.3 Evolution of Mouse Sperm Genes Based on Cellular Compartment. a) 
Average dS (solid circles) and dN (open circles) for flagellum accessory structure, whole 
sperm MS and cell membrane datasets (95% confidence intervals are also indicated).  
Evolutionary rate estimates for the mouse lineage are presented on the left and 
estimates from mouse-rat pairwise comparisons on the right.  Significantly higher dN 
values are observed for sperm cell membrane genes relative to other classes of sperm 
genes (* P<0.01).  b) Comparison of the average evolutionary rates (dN/dS) for 
flagellum accessory structure, whole sperm MS and cell membrane datasets.  Average 
evolutionary rates using mouse-rat comparisons also include a comparison to the 
genomic average between orthologs (95% confidence intervals are also indicated).  
Significantly higher dN/dS values are observed for sperm cell membrane genes relative 
to other classes of sperm genes (* P<0.01).  
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5.3.5 Enrichment for Positive Selection on Membrane and Acrosome 

Genes 

Maximum likelihood analysis of sperm genes using site models M8 and 

M8a revealed evidence for the influence of positive selection on 81 

genes, of which 23 are sperm membrane genes (out of 106 genes; 

21.6%), 54 are whole sperm genes (out of 602; 9.0%) and four are 

accessory structure genes (out of 46; 8.6%).   The proportion of genes in 

each category putatively impacted by positive selection is significantly 

different between the subcellular datasets ($2= 15.4; d.f.=2; P=0.0004).  A 

list of all genes showing evidence for positive selection is included in 

Table 5.3 and 5.4.   

 

Table 5.3.  Sperm Cell Membrane Genes Identified using Maximum 
Likelihood Site Models of Positive Selection 

 
Gene Name Gene Symbol !2 Chromosome 

CD109 antigen Cd109 113.6
8 9 

a disintegrin and metallopeptidase 1b Adam1b 86.83 5 
a disintegrin and metallopeptidase 4 Adam4 60.80 12 

zona pellucida 3 receptor Zp3r 31.48 1 
serine peptidase inhibitor, clade A, 

member 3K Serpina3k 23.54 12 

a disintegrin and metallopeptidase 
domain 24 (testase 1) Adam24 18.71 8 

a disintegrin and metallopeptidase 6B 4930523C11Rik 18.08 12 
CD46 antigen  Cd46 17.73 1 

a disintegrin and metallopeptidase 6A Adam6 17.00 12 
leucine rich repeat containing 37A Lrrc37a 16.31 11 

hyaluronoglucosaminidase 5 Hyal5 12.31 6 
carbonic anhydrase 4 Car4 11.61 11 

a disintegrin and metallopeptidase 2 Adam2 11.20 14 
prolylcarboxypeptidase (angiotensinase 

C) Prcp 10.69 7 

aquaporin 7 Aqp7 8.96 4 
sperm acrosome associated 1 Spaca1 8.61 4 

ATP-binding cassette, sub-family G 
(WHITE), member 2 Abcg2 8.08 6 

mannosidase, alpha, class 2C, member 1 Man2c1 7.93 9 
integrin beta 2 Itgb2 7.70 10 

ATPase, Na+/K+ transporting, beta 3  Atp1b3 7.68 9 
izumo sperm-egg fusion 1 Izumo1 7.47 7 

secretory carrier membrane protein 2 Scamp2 7.25 9 
serine peptidase inhibitor, clade A, 

member 1F Serpina1f 5.81 12 
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We note that only three of the 81 genes, (Izumo 1, Adam2 and Krt19), 

have characterized mutant phenotypes related to male reproduction and 

fertility.  This list also contains nine genes (CD109, CD46, C3, Hc, Irgc1, 

Ighg1, Itgb2, Trf, Mug1) involved in cell defense/immunity.  This is in 

keeping with other studies showing rapid adaptive evolution of the 

Drosophila immune system (Sackton et al. 2007; Schlenke and Begun 

2003).  Most of these genes show relatively low expression in the testis 

and more generalized expression elsewhere in the animal suggesting that 

positive selection on these genes could be a response to pathogen 

and/or other interactions associated host defense mechanisms.  Two 

notable exceptions are CD46 which has acquired testis-specific 

expression in the mouse and a putative role in acrosome reaction 

dynamics (Inoue et al. 2003) and Irgc1 which is also testis specific in 

expression. 

 

Table 5.4.  Sperm Genes Identified using Maximum Likelihood Site 
Models of Positive Selection (excluding sperm cell membrane genes) 

 
Gene Name 

(whole sperm dataset) Gene Symbol !2 Chromosome 

autophagy-related 16-like 1 (yeast) Atg16l1 113.65 1 
hexokinase 1 Hk1 56.41 10 

CWF19-like 1, cell cycle control (S. 
pombe) Cwf19l1 47.52 19 

keratin 19 Krt19 34.95 11 
pregnancy zone protein Pzp 32.67 6 

ubiquitin-conjugating enzyme E2 variant 2 Ube2v2 29.83 16 
transferrin Trf 29.23 9 

protein phosphatase 1, regulatory 
(inhibitor) subunit 7 Ppp1r7 27.55 1 

cDNA sequence BC005764 BC005764 27.24 10 
calcium-binding tyrosine-(Y)-

phosphorylation regulated (fibrousheathin 
2) 

Cabyr 26.79 18 

thioredoxin domain containing 3 
(spermatozoa) Txndc3 25.87 13 

dopamine receptor 2 Drd2 22.60 9 
5-oxoprolinase (ATP-hydrolysing) Oplah 22.58 15 

inositol polyphosphate-5-phosphatase A Inpp5a 21.72 7 
lactotransferrin Ltf 21.55 9 

choline dehydrogenase Chdh 21.03 14 
collagen, type VIII, alpha 2 Col8a2 19.41 4 

murinoglobulin 1 Mug1 19.08 6 
hemoglobin, beta adult minor chain Hbb-b2 18.60 7 

RIKEN cDNA 1700023E05 gene 1700023E05Rik 17.20 5 
!
!
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Gene Name 

(whole sperm dataset) Gene Symbol !2 Chromosome 

hemoglobin, beta adult major chain Hbb-b1 17.17 7 
RIKEN cDNA 4933400C05 gene 4933400C05Rik 16.28 11 
coiled-coil domain containing 11 Ccdc11 16.22 18 

pyruvate dehydrogenase complex, 
component X Pdhx 15.54 2 

cutC copper transporter homolog (E.coli) Cutc 15.03 19 
mannose phosphate isomerase Mpi 14.26 9 

synaptotagmin-like 2 Sytl2 13.92 7 
potassium channel, subfamily K, member 

4 Kcnk4 12.21 19 

immunoglobulin heavy constant gamma 1 
(G1m marker) Ighg1 11.42 12 

RAB10, member RAS oncogene family Rab10 10.90 12 
coiled-coil domain containing 116 Ccdc116 10.83 16 

tropomyosin 3, gamma Tpm3 10.04 3 
spectrin beta 2 Spnb2 9.93 11 

enabled homolog (Drosophila) Enah 9.34 1 
myosin, light polypeptide 6, alkali, smooth 

muscle and non-muscle Myl6 9.15 10 

cDNA sequence BC089491 BC089491 8.95 7 
RIKEN cDNA 4921523A10 gene 4921523A10Rik 8.79 17 

mitochondrial trans-2-enoyl-CoA reductase Mecr 8.73 4 
Parkinson disease (autosomal recessive, 

early onset) 7 Park7 8.68 4 

WD repeat domain 64 Wdr64 8.65 1 
NADH dehydrogenase (ubiquinone) 1, 

subcomplex unknown, 2 Ndufc2 8.31 7 

hemolytic complement Hc 8.25 2 
protocadherin 7 Pcdh7 7.98 5 

lactate dehydrogenase C Ldhc 7.87 7 
complement component 3 C3 7.85 17 

protein phosphatase 1B, magnesium 
dependent, beta isoform Ppm1b 7.44 17 

testis-specific serine kinase 6 Tssk6 7.07 8 
spastic paraplegia 20, spartin (Troyer 

syndrome) homolog (human) Spg20 6.65 3 

alcohol dehydrogenase 1 (class I) Adh1 6.65 3 
acyl-Coenzyme A dehydrogenase, very 

long chain Acadvl 6.58 11 

DNA segment, Chr 11, Wayne State 
University 47, expressed D11Wsu47e 6.43 11 

ATP synthase, H+ transporting, 
mitochondrial F0 complex, subunit s Atp5s 5.94 12 

thioesterase superfamily member 4 Them4 5.61 3 
GRIP and coiled-coil domain containing 2 Gcc2 5.42 10 

Gene Name (flagellum accessory 
structure dataset)    

voltage-dependent anion channel 2 Vdac2 56.29 14 
RIKEN cDNA 1110017D15 gene 1110017D15Rik 10.61 4 

RAN guanine nucleotide release factor Rangrf 7.94 11 
immunity-related GTPase family, cinema 1 Irgc1 7.30 7 
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5.3.6 Testis Expressional Specificity of Sperm Genes 

There is an inverse correlation between breadth of expression across 

tissue types and the evolutionary rate of genes (Duret and Mouchiroud 

2000).  To determine if testes specificity of expression underlies the 

evolutionary acceleration of sperm cell membrane genes we utilized 

existing microarray data to determine the proportion of mouse sperm 

proteome genes that exhibit high levels of relative testis over-expression 

(>3 and >10-fold over-expression relative to median expression in other 

tissues).  This analysis determined that the most conservatively evolving 

dataset, the accessory structure genes dataset, had the highest 

proportion of genes displaying testis over-expression (45%).  Additionally, 

the whole cell sperm proteome dataset displayed the lowest proportion of 

testis over-expressed genes (21%) while the rapidly evolving cell 

membrane gene dataset displayed an intermediate proportion (29%).  

The relative proportion of testis over-expressed genes in each class 

remains unchanged using either a 3- or 10-fold over-expression threshold 

cutoff (data not shown).  Thus, testis over-expression of sperm genes 

does not solely account for the observed evolutionary acceleration of cell 

membrane genes. 

 

5.3.7 Drosophila Sperm Proteome Orthology 

An analysis of orthology between mouse sperm genes and D. 

melanogaster was completed using ENSEMBLE 61 ((Vilella et al. 2009), 

www.biomart.org).  Of the 1001 mouse sperm genes used throughout this 

study, 584 (58.3%) have defined orthology to a D. melanogaster gene 

(Supplemental Table 5.6a) which is comparable to the amount of 

orthology established between D. melanogaster sperm genes and 

mammals (Chapter 2, (Wasbrough et al. 2010)).  Nearly 50% (291/584) of 

the orthologous genes are present in the complete dataset of 1924 

Drosophila sperm genes, however only 233 orthology relationships are 

unique Drosophila genes (Supplemental Table 5.6b).  A total of 16 genes 

have known sperm phenotypes in Drosophila including critical structural 

genes betaTub56D and betaTub85D (Fuller et al. 1988; Kemphues et al. 

1979), chaperone genes Hsp83 and Hsp60B (Timakov and Zhang 2001; 
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Yue et al. 1999) and the Y-linked dynein gene kl-3 (Carvalho et al. 2000), 

although none of the orthologous mouse genes have known sperm 

phenotypes.  Twenty-seven of the genes encode proteins with subcellular 

localization information in the mouse:  15 are localized to the flagellum 

and 12 are localized to the cell membrane.  While 10 of the 233 genes 

were identified in the evolutionary study of the mouse as experiencing 

positive selective pressures, none of the orthologous D. melanogaster 

genes analyzed in the preliminary evolutionary analysis provided by 

Chapter 4 were found to have evidence of similar selective pressures. 
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5.4 Discussion 
Recent advances in transcriptomic and proteomic technologies, coupled 

with well annotated genome sequences and bioinformatics, have resulted 

in larger, more comprehensive datasets relating to various male 

reproductive cell and tissue types (Baer et al. 2009; Dorus et al. 2006; 

Findlay et al. 2008; Karn et al. 2008).  Although few studies have focused 

on the impact of sexual selection on the evolution of mammalian sperm 

proteins from a global perspective, one targeted study (Torgerson et al. 

2002) analyzed 35 genes from the published literature and found 

evidence of positive selection on a functionally diverse set of sperm 

genes, including Protamine-1, GAPDS, Adam-2 precursor and Sperm-

Adhesion Molecule-1.  The relatively small number of genes analyzed 

and potential bias inherent in a survey of the primary literature may limit 

the generality of conclusions concerning the forces that determine sperm 

protein evolution.  One primary obstacle in this, and other studies on the 

molecular analysis of sperm evolution is the lack of correlation between 

gene over-expression in the testis and sperm protein composition.  For 

example, in the one sperm proteome that has been analyzed in this 

respect to date, fully half of the sperm proteome genes are expressed at 

nominal levels in the testis (Dorus et al. 2006).  Furthermore, in both 

Drosophila (Lifschytz and Lindsley 1972; Wakimoto et al. 2004) and the 

mouse (Cooke and Saunders 2002) a significant proportion of mutations 

affecting sperm form or function are specific to spermatogenesis and are 

not components of mature sperm. Therefore, in order to conduct a more 

focused and comprehensive analysis on those genes encoding bona fide 

sperm components we have analyzed existing published proteomic data 

and supplemented them with our analysis of the mouse sperm proteome. 

 

5.4.1 Proteases and Protease Inhibitors: a major class of genes in the 

sperm proteome 

Proteases and peptidases are highly abundant in Drosophila sperm 

(Dorus et al. 2006) and may be import in sperm-egg fusion and 

fertilization.  Likewise, analysis of the mouse sperm proteome identified 

numerous proteases, in particular a set of eight ADAMs (A Disintegrin 
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and Metalloproteinase).   Of the 33 ADAM genes identified in vertebrates, 

18 are either over-expressed or exclusively expressed in the male 

reproductive tract (Evans 2002; Han et al. 2009; Seals and Courtneidge 

2003).  Although Adams 1–3 (a-fertilin, b-fertilin and cyritestin, 

respectively) were originally thought to be intimately involved in mediating 

sperm-egg fusion, (Blobel 2000; Evans 2002; Seals and Courtneidge 

2003; White 2003) genetic studies using knockout mice lacking the 

corresponding functional proteins were fertile, suggesting that the ADAMs 

are important for binding rather than for sperm-egg fusion (Cho et al. 

2000; Rubinstein et al. 2006).  In addition to the well-studied Adams 1-3, 

we identified Adams 4, 5, 6, 6B and 24.  Adams 4, 6 and 24 are all 

processed during sperm maturation and localized to the mature 

spermatozoa (Han et al. 2009).  Cell biological and biochemical studies 

demonstrated formation of an ADAM2/3/6 complex in testicular cells (Han 

et al. 2009) suggesting an intricate network of ADAM interactions during 

sperm formation and maturation.  Finally, widespread evidence for 

positive selection was found for the ADAM genes (Table 5.3) suggesting 

that elements of the ADAM network in sperm are undergoing adaptive 

evolution, a finding that is consistent with previous studies (Glassey and 

Civetta 2004).  

 

Another class of proteins involved in proteolytic pathways, the Serine 

peptidase inhibitors (Serpins), were also found to be prevalent in sperm.  

This finding is consistent with the observed enrichment of a variety of 

protease inhibitors in various mouse reproductive tissues (Dean et al. 

2009).  Serpins are prevalent in seminal fluids and accessory gland 

secretions in both mammals (Espana et al. 1991) and invertebrates 

(Borner and Ragg 2008) as well as being present in mature spermatozoa  

(Baker et al. 2008b; Cho et al. 2000).  Our present study included 10 

members of the Serpin superfamily:  seven members of the Serpin A 

clade group, Serpina5, Serpinb6a and one member of the serpin Kazal 

type 5 group (Spink5).  The large number of serpins identified in highly 

purified samples of sperm has important functional implications as the 

majority of serpins contain an N-terminal secretory signal and therefore 
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follow a secretory pathway to the extracellular environment.  As such, 

they are not usually considered to be integral sperm components, and 

their action on and around sperm is believed to mostly involve inhibitory 

actions on acrosin post-acrosomal activation of sperm (Hermans et al. 

1995; Moore et al. 1993).  Our results call into question this assumption 

and it will be interesting to determine the subcellular distributions of these 

proteins.  

 

5.4.2 Compartmentalization and Adaptive Evolution in the Sperm 

Proteome 

Consistent with previous studies of genes involved in male reproduction 

(Civetta 2003; Gasper and Swanson 2006; Inoue et al. 2005; Torgerson 

et al. 2002), our analysis also identified a set of rapidly evolving sperm 

genes including genes putatively involved in sperm-egg adhesion and 

binding.  Our maximum likelihood analysis provided evidence for positive 

selection on ~11% of the combined sperm proteome gene set (81/754).  

Interestingly, the 81 genes identified included a preponderance of genes 

encoding cell membrane proteins.  Contrary to our expectation, sperm 

cell membrane genes showed an intermediate proportion of genes that 

are highly overexpressed in the testis with the highest proportion of testis 

over-expressed genes found in flagellum accessory structure genes (the 

most conservatively evolving dataset analyzed in this study).  So, while 

testis expression specificity may underlie the evolutionary acceleration of 

some sperm genes, it is unlikely to completely explain the significant 

acceleration of sperm cell membrane genes.  Thus the subcellular 

compositional data (Cao et al. 2006; Stein et al. 2006) has proven key in 

identifying a localized enhancement of positive selection on cell 

membrane molecules.   

 

Previous analyses in Drosophila led to the hypothesis that differential 

selection across reproductive tissue/cell types resulted in the 

compartmentalization of adaptation in response to sexual selection, 

whereby proteins that interact with the environment (including the male 

and female reproductive tract, female-contributed proteins and other 
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sperm) would be expected to evolve most rapidly (Dorus et al. 2006).  

Our present findings provide further support for this hypothesis and 

demonstrate that such compartmentalized adaptation exists at the 

subcellular level within sperm.  Recent analyses of several mouse 

reproductive tissues also found evidence of highly delineated accelerated 

evolution amongst proteins specific to the seminal vesicle (Dean et al. 

2009).  Interestingly, the average evolutionary rate of seminal vesicle 

proteins analyzed in this study is very comparable to that of sperm cell 

membrane proteins.  As such, sperm interactions with other male 

ejaculate proteins may be a predominant molecular focal point for the 

impact of sexual selection (see below). 

 

The enhancement of positive selection amongst proteins localized to the 

sperm cell membrane and acrosome, which are likely to interact with the 

intrauterine environment and ultimately the egg surface, focuses attention 

on several types of molecular interactions as primary mediators of sexual 

selection.  An essential interaction, which has been studied in great detail 

(reviewed in (Karr et al. 2009)), is the process by which sperm adhere 

and fuse with the oocyte during fertilization.  This process has been 

demonstrated to involve molecular recognition between ligand and 

receptor molecules present on the sperm and zona pellucida of the egg 

and that these molecules tend to evolve rapidly possibly due to co-

evolutionary forces as has been described in detail in invertebrate taxa 

(Galindo et al. 2003; Swanson et al. 2001a; Yang et al. 2000).  Our 

analysis is generally consistent with the findings from previous studies in 

that we identify the signature of positive selection on a variety of genes 

known to be involved in sperm-egg interactions including Zonadhesin, 

Zona pellucida 3 receptor, Izumo1 and the Adam gene family (Table 5.3) 

(Civetta 2003; Gasper and Swanson 2006; Inoue et al. 2005; Swanson et 

al. 2003; Swanson and Vacquier 2002).   

 

Our analyses also identified a variety of immunity-related genes in sperm 

that have been impacted by positive selection.   Many of these, including 

C3, Hc, Ighg1, Itgb2, Trf and Mug1 are expressed at relatively low levels 
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in the testis in comparison to their expression in non-reproductive tissues.  

It is therefore possible that selection upon these genes is specifically 

associated with immunity response mechanisms as has been previously 

demonstrated and not related to sperm interactions (Sackton et al. 2007; 

Schlenke and Begun 2003).  However, several immunity-related sperm 

genes are either expressed specifically in the testis (CD46 and Irgc1) or 

over-expressed in the testis (CD109) and are likely to be under selection 

due to their role in reproduction.  Interestingly, CD46 functions as a 

generalized complement receptor that protects cells by inhibiting the 

autologous complement system in most mammals, but it has also evolved 

a specialized function in mouse sperm. CD46 localizes to the inner 

acrosomal membrane and analysis of CD46 knock-outs exhibit 

accelerated acrosome reactions and improved fertilization ability (Inoue et 

al. 2003).  As such, this specialized immune gene may play an adaptive 

functional role in sperm competition and fertilization.  Although 

reproductive functions have yet to be elucidated for other immunity-

related sperm genes in the mouse, it is known that several complement 

regulatory proteins are present in the cell membrane of human 

spermatozoa and may protect sperm from complement mediated lysis in 

the female reproductive tract (Harris et al. 2006).  It is therefore plausible 

that positive selection on mouse sperm immunity genes (especially 

complement proteins in the cell membrane, such as CD109 and C3) may 

be associated with avoiding detection by immune response mechanisms 

in the female reproductive tract. 

 

An alternative class of molecular interactions related to the rapid 

evolution of sperm membrane proteins may involve interactions with other 

sperm and male contributed proteins.    Although the basic construction of 

mammalian sperm occurs during spermatogenesis in the testis, sperm 

must complete maturation during transit through the epididymis to 

become fertilization-competent.  During this time extensive interactions 

between sperm and the epididymis occurs and epididymis-derived 

proteins are added removed or modified to the sperm.  Thus mature 

spermatozoa are chimeric in nature, consisting of a complex amalgam of 
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both testis and epididymal proteins as a result of developmental 

processes in both tissues.   Recently a large set of epididymis-expressed 

genes encoding putative secretory proteins (~1,300) which could 

potentially interact directly with maturing sperm in the lumen was 

described (Dean et al. 2008). Many epididymis secreted genes were also 

found to have undergone recurrent positive selection and functionally 

involved in protein modification.   As such, sperm interactions and 

modifications during transfer through the epididymis may result in 

selection upon sperm cell membrane genes that ultimately impacts sperm 

interactions within the female. Similarly, sperm/female interactions may 

generate selective forces that drive the evolution of sperm cell membrane 

proteins in a manner that indirectly impacts epididymal gene function and 

evolution.  One excellent candidate for such a scenario is the sperm 

membrane protein B-1,4-galactosyltransferase, which must undergo post-

translational modification to bind ZP3 in the zona pellucida (Macek and 

Shur 1988; Miller et al. 1992; Nixon et al. 2001).   Similar scenarios could 

be envisioned regarding sperm interaction with seminal vesicle proteins 

(Clark and Swanson 2005; Dorus et al. 2004) that are known to evolve 

rapidly in mammals and also play a critical role in the timing and extent of 

sperm activity and reactivity during transit through the female 

reproductive tract and ultimately in the fertilization process.   It is 

therefore of great interest to understand the molecular mechanisms of 

sperm maturation during transfer through the epididymis and how it may 

relate to the evolution of sperm membrane and acrosome genes. 

 

5.4.3 Sperm Proteome Orthology 

Comparative interspecific analyses can provide a broader perspective of 

sperm evolution by highlighting genes that are expressed in sperm across 

species and taxa.  The recent interspecific study of three mammalian 

(mouse, rat and human) sperm proteomes identified 134 gene encoding 

proteins in at least two of the sperm proteomes (Baker and Aitken 2009).  

Currently, estimates of the sperm proteome size ranges from 2000-2500 

proteins (Baker and Aitken 2009).  Therefore, if the mammalian study 

represents an accurate estimation of protein presence conservation, then 
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less than 7% of the sperm proteome is conserved across mammalian 

species.  In contrast, the interspecific analysis of Drosophila (Chapter 4) 

identified a Phylogenetically Conserved Sperm Proteome of 519 proteins, 

which represents a much higher level of conservation at around 25%. An 

analysis between Drosophila and Mus musculus identified 233 

orthologous genes encoding proteins in both the MmSP and the complete 

Drosophila sperm proteome dataset of 1924 proteins.  This indicates that 

roughly 10% of each sperm proteome has been conserved, in terms of 

presence, across a vast period of evolutionary history.  In addition, this 

suggests that the mammalian estimate of protein presence conservation 

is very conservative as it is unlikely that insects maintain a higher level of 

conservation with the mouse than is observed between other mammalian 

species.  This analysis, therefore, indicates the further need for 

completing proteomic studies that are of a standardized quality.   These 

studies will provide the necessary resource to fully clarify the 

conservation of sperm protein presence between species. 

 

5.4.4 Summary 

This study has provided the first functional and evolutionary analysis of a 

mammalian sperm proteome.  The use of multiple and complementary 

datasets has provided the ability to divide the dataset into subcellular 

locations allowing us to pinpoint groups of related genes that are 

experiencing a heightened level of evolutionary pressures.  Our findings 

suggest that sperm evolution might be largely driven by interactions 

between sperm proteins on outside factors, such as sperm-egg 

interactions, immunity responses and other male secreted reproductive 

proteins.  Further evolutionary studies of sperm proteomes will provide 

the essential conformation of this pattern of evolution, although this study 

has provided a detailed step towards understanding how the sperm 

proteome has evolved. 
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Chapter 6 
Conclusions and Future Work 

 

 

The study of spermatozoa has seen a period of immense growth as a 

result of the development of high-throughput proteomic techniques, which 

have provided the opportunity to examine the molecular composition of 

the cell in its entirety. This has resulted in novel insights into how the cell 

develops, functions and evolves.  The principle goal of this dissertation 

was to provide a functional and genomic interspecific analysis of 

spermatozoa as well as to expand upon the current understanding of 

sperm evolution.  Throughout this chapter, the broad conclusions of each 

study will be discussed along with potential research directions that have 

developed as a result of this work. 

 

In order to meet the goals for this project, it was essential to characterize 

sperm proteomes to an equivalent quality and depth.  In Chapter 2 a 

standardized methodology was developed to improve reproducibility and 

reduce variability between biological replicates of sperm from the same 

species.  This method was applied to the characterization of the 

Drosophila melanogaster sperm proteome (DmSP) and resulted in a two-

fold expansion of known sperm components (Chapter 2, (Wasbrough et 

al. 2010)).  This study indicated that improvements incorporated into the 

new methodology increased the sensitivity of the analysis allowing for 

more protein identifications, including many transmembrane proteins that 

have previously been difficult to identify.  This resulted in an expansion of 

known functional categories in sperm as well as providing a measure of 

protein abundance.  Finally, this analysis brought the total size, 

approximately 1000 proteins, of the DmSP in line with other well-studied 

mammalian sperm proteomes, ranging between 800-1000 proteins 
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(Baker et al. 2008a; Baker et al. 2008b; Baker et al. 2007), as well as 

confirming patterns of sperm gene distribution and expression. 

 

Following the successful characterization of the DmSP, the methodology 

was then applied to the characterization of sperm proteomes for D. 

simulans (DsimSP), D. sechellia (DsecSP), D. yakuba (DyakSP), D. 

erecta (DereSP) and D. pseudoobscura (DpseSP).  An evaluation of 

proteome quality for each species based on proteome size, biological 

replicate reproducibility, gene expression patterns and functional protein 

classes revealed that the sperm proteomes of D. sechellia, D. yakuba 

and D. erecta were characterized to a similar high quality.  However, the 

sperm proteomes for D. simulans and D. pseudoobscura were 

characterized to a much lower quality and therefore were not suitable for 

an interspecific analysis.  While the removal of the two species with low 

quality sperm proteomes did not preclude an interspecific comparison of 

the remaining species, it did limit the potential scope of the findings.  

Therefore, a re-analysis of these sperm proteomes is necessary in order 

to fully address protein conservation within and beyond the melanogaster 

subgroup.  In addition the sperm proteomes for these species would 

further aid in understanding species-specific sperm development and 

evolution. 

 

In particular an analysis of the DpseSP would provide unique insights into 

the molecular composition of spermatozoa due to the dimorphic nature of 

its sperm (i.e. long and short sperm), a trait that has been observed 

throughout the Obscura group (Joly et al. 1989; Joly and Daniel 1994).  

Interestingly, while equal quantities of both forms of sperm are transferred 

to females, it has been shown that only long sperm fertilize the egg 

(Snook and Karr 1998; Snook et al. 1994).  This is despite the presence 

of cell membrane proteins, on both forms of sperm, that are necessary for 

sperm-egg binding potentially indicating that both long and short sperm 

are functionally capable of fertilizing the egg (Pasini 2010).  It is currently 

unclear what evolutionary pressures have lead to the production of 

dimorphic sperm in these species, but understanding the molecular 
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composition of the sperm is a critical step towards answering this 

question.  Additionally, the characterization of the D. pseudoobscura 

sperm proteome would provide the opportunity to examine how gene 

location affects gene function.  In D. pseudoobscura, the ancestral Y 

chromosome, shared throughout the melanogaster subgroup, fused to an 

autosome resulting in the evolution of a de novo Y chromosome 

(Carvalho and Clark 2005).  Therefore, 11 of the Y-linked genes 

discovered in D. melanogaster are now autosomal genes in D. 

pseudoobscura (Koerich et al. 2008).  The empirical evidence acquired 

by a proteomic study would provide a unique evolutionary perspective on 

these genes by indicating if the essential sperm components from the 

ancestral Y chromosome still maintain sperm-specific roles in D. 

pseudoobscura.  It would also be possible to determine if any genes on 

the newly evolved Y chromosome have acquired sperm-specific roles. 

 

In Chapter 4, an interspecific comparison was completed for the sperm 

proteomes of D. melanogaster, D. sechellia, D. yakuba and D. erecta.  

This study revealed that the sperm proteomes of the melanogaster 

subgroup are functionally consistent despite apparent diversity in 

molecular composition.  While 1924 non-redundant genes were identified 

across all four species, only 150 proteins were found to be conserved in 

all four sperm proteomes with an additional 369 proteins found to be 

present in both phylogenetic sister pairs.  Analyses of transcript 

abundance and the frequency of protein identification revealed that the 

Phylogenetically Conserved proteins likely provide a good indication of 

the true patterns of protein conservation across the subgroup.  In 

addition, this study explored the evolution of sperm genes through an 

analysis of the Core Sperm Proteome.  This analysis indicated that these 

genes have a very conservative rate of evolution, consistent with other 

evolutionary studies of sperm (Dorus et al. 2006; Dorus et al. 2010), and 

identified six genes with a signature of positive selection. 

 

While this study provides a good foundation for the general 

understanding of sperm proteome composition and conservation, there 
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are also numerous ways in which the data and results can be used 

further.  Firstly, as discussed in Chapter 4, the proteomic data for each 

sperm proteome can be utilized to revise current genome annotation.  It 

has recently been shown that proteomic peptide data can be used in 

conjunction with a six-frame genome translation, which allows peptides to 

be mapped to the genome regardless of protein annotation status 

(Fermin et al. 2006).  This analysis could be used to confirm and correct 

existing gene models as well as identify additional genes that have yet to 

be annotated.  This approach has already been used in numerous studies 

resulting in the identification of novel genes (Ansong et al. 2008; Findlay 

et al. 2009; Wright et al. 2009).  Therefore, such an analysis of the 

proteomic data from this study will undoubtedly improve the quality and 

quantity of known sperm components as well as benefit all areas of 

genomic research by improving genome annotations.   

 

Furthermore, an extensive evolutionary study of each sperm proteome 

could provide a more detailed perspective of how the molecular 

composition of sperm has changed over time across the melanogaster 

subgroup.  An evolutionary analysis of the original characterization of the 

DmSP concluded that overall sperm proteins evolve at a conservative 

rate, although functional categories within the sperm do display varying 

rates of evolution (Dorus et al. 2006).  This conservative rate is consistent 

within the Core Sperm Proteome, however these genes represent a 

biased subset of the sperm proteome, as shown in Chapter 4, and 

therefore may experience increased purifying selection due to critical 

functional or developmental constraints within sperm.  An evolutionary 

analysis of all 1924 genes would begin to provide a broader perspective 

of the evolutionary history of sperm proteomes.  Additionally, the 

mechanisms driving sperm evolution could also be explored through the 

analysis of potential lineage-specific genes.  It has been illustrated in D. 

melanogaster that gene creation and duplication are some of the 

mechanisms that drive sperm evolution (Dorus et al. 2008; Kalamegham 

et al. 2007; Nurminsky et al. 1998; Ponce and Hartl 2006).  Currently, 

only one lineage-specific duplication has been identified in D. yakuba 
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indicating that these mechanisms may also be affecting sperm evolution 

in other Drosophila species.  The discovery of a single lineage-specific 

duplication is not entirely unexpected given that the genome annotations 

for non-melanogaster species are largely based shared homology with D. 

melanogaster genome annotations (Clark et al. 2007).  Therefore, it is 

possible that additional lineage-specific genes could be identified as a 

result of the six-frame translation analysis (discussed above) further 

clarifying how sperm evolve.   

 

Finally, in Chapter 5 an evolutionary analysis of the Mus musculus sperm 

proteome (MmSP) was presented.  The MmSP was used to take 

advantage of proteomic datasets that were created using complementary 

proteomics methods, which allowed sperm proteins to be localized to 

subcellular compartments.   An in-depth evolutionary analysis revealed 

that genes encoding sperm proteins that are localized to the cell 

membrane or are components of the acrosome have higher evolutionary 

rates than genes localized to the flagellum or genes without specific 

localization.  In addition, the cell membrane and acrosome category was 

enriched for genes evolving due to positive selection.  It was suggested 

that adaptive evolution of these genes might result from pressures to 

maintain species-specific recognition and binding or are a result of 

interactions with the external environment.  However, it would be 

informative to establish if this trend is repeated in other species.  While 

the methodology used to characterize the Drosophila sperm proteomes 

does not provide localization of proteins to subcellular compartments, it 

may be possible to subdivide the proteomes into similar categories based 

on functional roles and protein domain annotations.  This may result in a 

comparable evolutionary analysis although to be truly equivalent similar 

compartmentalized methods would need to be applied to the 

characterization of Drosophila sperm. 

 

These studies were completed as the beginning of a broader project with 

the ultimate goal of characterizing the sperm proteomes for all 12 

Drosophila species with annotated genomes (Clark et al. 2007) and to 
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complete an interspecific comparative functional and evolutionary 

analysis.  A final extension of this thesis would be to complete these 

analyses for the remaining six Drosophila species with annotated 

genomes.  This will provide the most comprehensive view of sperm 

protein composition and evolution possible at this time.  Although 

pursuing this goal will likely present its own challenges, as continued 

advances in the proteomics field will result in further improvements in 

proteomic data, which will likely require additional evaluation of existing 

sperm proteomes to maintain comparable proteomic datasets.  Despite 

future challenges, this project has resulted in high quality characterization 

of four Drosophila species, identified 519 proteins that are likely to be 

present in the sperm across the melanogaster subgroup, as well as 

highlighting a class of proteins in Mus Musculus that are experiencing 

increased adaptive evolutionary pressures.  Through the creation of novel 

proteomic datasets this dissertation has helped to clarify the biochemical 

composition of sperm, illustrated some of the factors driving sperm 

evolution and provided the foundations for future comparative genomic, 

functional and evolutionary studies of spermatozoa.   
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