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ABSTRACT 

The evolution of the P element family was studied in members of the 

Drosophila wiUistoni and Drosophila saltans species groups (subgenus Sophophora). 

The transmission of P elements among species, their spread within species and the 

strength of selective constraints, as well as the level at which they are imposed on 

these elements, were investigated using DNA sequence data. Particular emphasis was 

placed on the evolution of the canonical P element subfamily. This subfamily includes 

the functional P element first isolated from Drosophila melanogaster, which was 

termed canonical. It includes also other P elements belonging to the saltans and 

wiUistoni groups that are closely related to it 

Based on the divergence among canonical elements, it was estimated that they 

last shared a common ancestor 3 million years ago, and that a minimum of eleven 

horizontal transfer events among species have taken place since then. This indicates 

that horizontal transfer is more impmtant than anticipated in the transmission of P 

elements among species. 

The evolution of P elements within species was studied in detail in Drosophila 

sturtevanti and Drosophila wiUistoni. First, the population structure of these species 
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was infened £rom nuclear (alcohol dehydrogenase) and mitochondrial (pan of 

subunits 4 and 5 of NADH dehydrogenase, and the transfer RNA gene for histidine) 

markers. The results suggest that only peripheral populations of D. wHlistoni show 

significant genetic differentiation. In D. smrtevanti significant peculation subdivision 

was detected among populations in the central pan of the distribution, as well as 

between these and peripheral populations. These results were used as a reference to 

which P element divergence among populations could be compared. 

No selective constraints were detected in the evolution of canonical P elements 

within these two species. However, those constraints are present when elements were 

compared between species. It is concluded that selection is mostly effective at the time 

of horizontal transmission between species. Furthermore, P elements are shown to 

spread faster among populations than do neutral markers. This suggests that the spread 

of P elements within species can be achieved quickly, and surpass barriers such as 

moderate levels of population structuring within a species. 
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CHAPTER 1 

INTRODUCTION 

Tnmsposablc elements (TEs) are among the most intriguing features of 

genomes. They are DNA segments that have the ability to move, or transpose, to new 

sites within the genome of their host species (Berg and Howe 1989). They have been 

found to be pan of the genome of most organisms that have been studied, including 

several eubacteria, single-cell eukaryotes, plants, fimgi, vertebrates and invertebrates 

(e.g.. Berg and Howe 1989). Besides being present in most groups of organisms, TEs 

can also comprise a very significant proportion of each species' genome. Altogether, 

TEs f<xm 15% of the genome of Drosophila melanogaster, at least 35% of the human 

genome and a remarkable 50% of the maize genome (Hnnegan 1992, SanMiguel et al. 

1996, Kazazian and Moran 1998). Despite their ubiquity, many questions regarding 

TE evolution remain unanswered. My dissertation work addresses three main aspects 

of TE evolution: (1) the role played by horizontal transfer in the transmission of TEs 

between species, (2) the spread of TEs within species and (3) whether selection is 

effective in maintaining the DNA sequence and structural integrity of transposable 

elements. The level at which selection might be acting was also investigated. 
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In addition, my dissertadon woik also includes a study of the populadon 

genedcs of nuclear and mitochondrial markers in two species of Drosophila^ namely 

D. willistoni and D. sturtevanti. Even though my main goal is to establish a reference 

to which P element evolution within these sanoe species can be compared, this study 

addresses the subject of the use of multiple-loci comparisons to infer the evolutionary 

history of a species. Also, the evolution of the nuclear marker (alcohol dehydrogenase, 

Adh) in these species is compared to similar studies of this locus in other species of the 

subgenus Sophophora. 

Background 

There is an enormous variety of TEs, and they have been grouped into families 

according to their structure- and degree of sequence similarity. These families have 

been divided into two major classes, depending on their transposition mechanism 

(Finnegan 1989). During the transposition of Class I elements a new DNA copy is 

made by reverse transcription of an RNA intermediate (Finnegan 1992). These 

elements often encode several of the enzymes necessary for reverse transcription, 

packaging and integration in the genome, and are closely related to retroviruses and 



group n introns (Finnegan 1992, McClure 1993). Class II elements transpose directly 

from DNA to DNA, and they often encode a transposase, the enzyme that catalyses 

the transposition of the element (Finnegan 1989). 

The study syacm 

I used the P element family of transposable elements, which belong to Class n, 

to address a series of evolutionary questions. A complete functional P element, which 

was termed canonical, was first isolated from D. melanogaster (OUaie and Rubin 

1983). This transposon is 2,907-bp in length and has four open reading frames 

(ORFs), which encode a sequence-specific DNA-binding transposase that catalyzes 

transposition of the element (OTlare and Rubin 1983). P elements were first 

discovered because of several genetic abmHtnalides that their transposition induced in 

the progeny of crosses between strains of Drosophila melanogaster, this group of 

abnormal traits was termed hybrid dysgenesis (Kidwell et al. 1977). Since their initial 

discovery, the complete or partial sequences of many other P elements have been 

obtained (Lansman et al. 1987, Simonelig and Anxolab6h6re 1991, Hagemann et al. 

1992, Perkins and Howells 1992, Clark et al. 1994, Clark et al. 199S, Garcia-Planells 

et al. 199S). These elements have been organized into subfamilies, according to their 



degree of similarity and their host taxa (Hagemann et al. 1994, Clark and Kidwell 

1997). One such subfamily was termed canonical, as it includes the canonical P 

elements firom D. melanogasur and aU others that are closely related to it. This 

subfamily is present characteristically in the Drosophila saltans and Drosophila 

willistoni species groups d the subgenus Sophophora (Daniels et al. 1990, Clark et al. 

1995). Most of my wOTk was done with P elements that belong to the canonical 

subfamily. 

Canonical P elements are a recent acquisition into the D. melanogaster 

genome. 

They were transferred to D. melanogaster fn>m another species, most likely 

Drosophila willistoni^ a species that possesses a P elennent that differs from that found 

in D. melanogaster by a single base pair change (Daniels et al. 1990). They 

subsequently spread throughout worldwide D. melanogaster populations in less than 

200 years (Kidwell 1979). Because it is a cosmopolitan species and is strongly 

associated with human populations, D. melanogaster is likely not to be representative 

of most taxa. In fact it has been argued that its association with man has played a 

major role in the acquisition and subsequent rapid spread of P elements within D. 



melanogaster (Engels 1992). In this dissertation I address the subject of within-species 

spread of canonical elements, using a species which is not commensal with man. 

Horizontal transfer 

Horizontal tnmsier can be broadly defined as the introduction of genetic 

material into a species fitom which it had been previously absent. Potential 

mechanisms for horizontal transfer include vector-mediated transmission and 

introgressicHi (Capy et al. 1997). Horizcmtal transfer is a common phenomenon among 

eubacteria (e. g., Lawrence and Roth 1998, Salyeis et al. 1998), and it has also been 

suggested to occur between these and archaeld lineages (Olendzensld et al. 1998). In 

addition, Katz (1999) has argued that horizontal transfer was pervasive at the time of 

the (xigin of eukaryotic genomes. However, it is unclear how frequent a process 

horizontal transfer among eukaryoces really is in the present Possessing all die 

characteristics necessary to integrate into new genomic locations, transposable 

elements are prinoe candidates to participate in such a prcxress. Some TE families have 

widespread distributions, which often extend across genus, family and even phylum 

boundaries (e.g., Stacey etal. 1986, Daniels etal. 1990, Montchamp-Moreau etal. 

1993, Robertson et al. 1998). The distribution of a TE family in multiple taxa can 



result from vertical transmission of a TE present in their conmnon ancestor. 

Alternatively, TE could have spread among those taxa through horizontal transfer. It 

has been argued that honzontal transfier occurs rarely, and that the transmission of TEs 

among species is predominantly vertical (Cs^y et al. 1997). However, horizontal 

transfer has been proposed to be an integral part of the life cycle of sc»ie eukaiyotic 

Qass n TE families, such as the mariner-Wa and P families (Clark et al. 1995, 

Robertson and Lampe 1995). However, while horizontal transfer has been widely 

documented in the mariner-Ukc TE family, only four instances have been detected to 

date in the family (Clark and Kidwell 1997). I investigate this problem further in my 

dissertation. 

Selection 

There is a clear mechanism by which selective constraints are imposed on host 

genes. Mutatims that significantly alter the performance of a gene product have 

consequences on the fitness of the host organism, and their frequency in the 

population changes accordingly. This mechanism does not necessarily i^ply to TEs, 

however, because most TEs are not necessary to the host organisms. Therefore, a 
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mutation that inactivates a IE, unlike those that inq>air the function of a host gene, are 

not deleterious to the host organism and so do not tend to decrease in firequency. 

For selecticm to <^)erate on TEs, at least one of the following five hypothesis 

should be true O^therspoon 1999): (1) transposition increases host fitness, (2) 

peptides encoded by functional TEs increase host fitness. (3) functional elements 

transpose at a higher fincquency within a genome. (4) functional elements transpose at 

a higher frequency within a pcqiulation and/or (S) only functional elements can spread 

by hcHizontal transfer. Several of these hypotheses can be ruled out in the case of P 

elements. First, a variety of studies have shown P element transposition to be 

deleterious (Kidwell et al. 1977. Fitq)atrick and Sved 1986. Mackay 1989). ruling out 

the first hypothesis. The fact that mutant copies can transpose in the presence of a 

functional copy reveals an uncoupling between the transposing genome and its 

phenotypic expression (Mullins et al. 1989. Rio 1991). This allows us to rule out 

hypotheses three and, in most cases, four. However, hypotheses two and five can not 

be ruled out a priori. These two hypotheses yield different predictions. Nanoely. if the 

transcripts produced by functional element are advantageous to the host one would 

expect to detect selection on the evolution of TEs within species. This is because 

organisms that encode a functional element would have a higher fimess than tiiose 
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organisms that do not. However, if selection cq)eiates only at the time of horizontal 

transfer, as described by the fifth hypothesis, selective constraints should only be 

detected when elements from different species aie compaxed. In my dissertation I 

investigate evidence for selection in the evolution of P elements both within and 

between species, which will allow me to discern between the two hypotheses. 

Explanation of dissertation format 

Appendix A, entitled "Horizontal transfer and selection in the evolution of P 

elements**, is a study of the transmission of elements among species of the saltans and 

willistoni groups of the subgenus Sophophora. While the majority of die data used in 

this study was gathered from the literature, I conceived the question and did all the 

work fcx- this paper. The paper has been accepted for publication, and should appear in 

the October 2000 issue of Molecular Biology and Evolution. 

Appendix B is entided " The evolution of alcohol dehydrogenase (Adh) in 

Drosophila willistoni and Drosophila sturtevantC\ In this study I investigate the 

evolutionary fnces that contribute to the variation present in this locus in the two 

species mentioned. The results are conqiared to those obtained for other species of the 

subgenus Sophophora. All ideas and woric on this paper are my own. 



Appendix C is endded "Population structure of Drosophila wiUistoni and 

Drosophila sturtevanti based on a nuclear and a molecular marker". Here I stan with a 

study of the variation in a region of the mitochondrial DNA of both species, in order to 

assess what evolutionary forces determine it l^n I use this infoimadon and that 

presented in Appendix B to infer the degree of population structure of D. wiUistoni 

and D. sturtevanti. Appendices B and C are to be submitted as accompanying papers. 

All ideas and work cm this paper are my own. 

Appendix D, entitied "The spread of P elements within Drosophila wiUistoni 

and Drosophila stunevantC\ is an assessment of the strength of selective constraints 

on P element evolution within and between species. The spread of P elements within 

species is compared with that observed for host markers, as presented in Appendices B 

and C Again, all ideas and work on this p^r are exclusively my own. 
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CHAPTER 2 

PRESENT STUDY 

The main goal of my dissettadon veseaich was to investigate the evolution of 

TEs. I addzess three main topics: the transmissioD of TEs between species, their spread 

within species, and the role played by selection in the evolution of TEs. I selected the 

P family of transposable elements as a study system. The P family is among the most 

thoroughly studied families of eukaryotic transposable elements (TEs), and much is 

currendy known about the correspondence between its structure and function. This 

makes the P element an ideal system in which to study the influence of different 

evolutionary processes in the evolution of TEs. The methodology used, as well as a 

thorough description and discussion of the results obtained, are presented in die papers 

appended to this dissertation. Here I will briefly describe the main conclusions of each 

paper in such a way as to introduce the reader to the relevance of these findings to the 

study of P element evolution. 

While the inferences presented in the "Introduction" suggest that the 

transmission of P elements between species should occur predominantly through 

horizontal transmission, there is no documented evidence that that is the case. 



Fuithermore, a caxefiil assessment of the selective constraints on P element evolution 

within and between species should provide clear evidence as to die level, if any, at 

which select acts on these elements. 

Appendix A consists of a study of P element transmissicHi among 19 species of 

the Drosophila saltans and the Drosophila wiUistoni groups of the subgenus 

Sophophora. 

Of these 19 species. IS were found to contain canonical P elements. I conclude that 

the transmission of canonical P elements among the IS species that contain them has 

been mostly achieved through horizontal transmission, with a minimum of eleven 

horizontal transfer events in the past 3 million years. These results suggest that 

hcnizontal transfer among eukaiyoies might be naore common that anticipated. 

I then proceeded to study the evolution of P elements within species. I used 

two species, Drosophila sturtevann and Drosophila willistoni, which belong to the 

saltans and the willistoni groups, respectively. For each species several populations 

were sampled from across their geogrs^hic ranges, which extends from Central 

America and the Caribbean to Southern Brazil. The population structure of these 

species was inferred based on a nuclear and a mitochondrial marker. 



In order to determine whether these markns arc appropriate to infer the 

populaticm structufc of the species, it had to be established that the variation present 

was not adaptive. Appendix B consists of a study of the kdk kxus in D. wiUistoni and 

D. sturtevanti. I conchide that the level of nucleotide sequence polymoiphism that is 

found in these two species is similar to the levd previously observed in other spedes 

of Sophophora. According to our sampling, this enzyme is monomoq>hic in both 

species, in that no replacement substitutions were observed, and the variation present 

conforms to the expectations of the neutral model. Two classes of Adh alleles were 

found in D. willistoni, which seems to be the result of historical population 

subdivision. 

In Appendix C, I describe a study of the evolution of the mitochondrial marker. 

It consists of a fragment of mitochondrial DNA (mtDNA) containing the partial 

sequence of subunits 4 and S of the NADH dehydrogenase gene (ND4 and NDS, 

respectively) and the complete tRNA gene for histidine. Based on Tajima's, Fu and 

Li's, McDonald and Kreitman's and HKA tests, a neutral nxxlel could not be rejected 

for the evolution of the mtDNA of D. sturtevanti. However, the same is not true for D. 

willistoni, in which significant departures frcHO neutral expectations were detected 

with all tests. Several lines of evidence, which include an excess of low frequency 

mutations, an elevated level of polymorphism in silent sites and an excess of 



replacement substitutions between species, suggest that the evolution of the mtDNA of 

D. Mfillistoni is complex. The study of the population structure of the two species 

based on the nuclear and the mtDNA markers leveals that, in D. wUlistoni, only 

populations located in the periphery of the distribution, namely in the Caribbean 

islands and Florida, show significant genetic differentiation. In D. stwrtevanU 

significant population subdivision was detected among continental populations as well 

as between these and peripheral populations. 

Finally, Appendix D describes a study of the canonical P elements within these 

two species. This study yields three main conclusions. First, the evolution of P 

elements within species is characterized by an absence of selective constraints, but 

those constraints are present when elements are con^ared between species. These 

results are best explained by an evolutionary model according to which selection is 

mostly effective at the time of horizontal transmission of the elements between 

species. Secondly, the canonical P elements of D. wilUstoni are all very neariy 

identical, and seem to be a very recent acquisition in that species, while in D. 

sturtevanti, where they are more divergent, P elements have been present for a longer 

period of time. And finally, the high degree of P element similarity among D. 

willistoni populaticms, together with the apparent lack of selective constraints on the 



elements, suggests that they spread rapidly duoughout the whole range of the species. 

As some of these peculations had been shown to differ significantly based on host 

markers, it can be concluded that P elements move faster anxmg populations than do 

neutral markers. This is the first study to address the qiread of P elements within a 

species that is not commensal with man. I have shown that the spread of P elements 

throughout the range of a species can be achieved with extraordinary ease, is not 

dependent on the dispersal of the species by human commerce, and can surpass 

barriers such as a nooderate level of population structuring of a species. 
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Abstract 

The roles of selection and horizontal transfer in the evoluiioo of the canonical 

subfamily of P elements were studied in the saltatis and wilUstoni species groups of the 

genus Drosophila (subgenus St^hophora). We estimate that the conunon ancestor of 

the canonical P subfiunily dates back two vo three million years at the most, despite the 

much older age (more than 40 million years) of the f fiunfly as a whole. The evolution of 

the canonical P subfamily is characterized by weak selection at nonsynonymous sites. 

These sites have evolved at three-quarters the rate of synonymous sites, in which no 

selective ccxistraints were detected. Their recent horizontal transfer best explains the high 

degree of similarity among canonical P elements from the saltans and wilUstoni species 

groups. These results are consistent with a model oi P element evolution in which 

selective constraints are inqxKed at the time of hmizontal transfer, further, it is estimated 

that the spread and diversification of the catranical subfamily involved a tninimiim of 

eleven horizontal transfer events among the 18 species surveyed, within the past three 

million years. The presence of multiple P subfamilies in the saltans and wilUstoni 

species groups is likely to be the result of multiple invasions that have previously swept 

through these taxa in a succession of horizontal transfer events. These results suggest 

that horizontal transfer among eukaryotes miglit be more common than anticipated. 



Introduction 

Transposable elements (TEs) aie DNA segments that possess the ability to move, 

or transpose, to new sites within the genome of a host species (Berg and Howe 1989). 

There is an enonnous varies of TEs, and they have been grouped into families acccniing 

to their structure and degree of sequence similarity. These families have been divided into 

two major classes, depending on their tiansposition mechanism (Hnnegan 1992): during 

transposition of Class I elements a new DNA copy is made by reverse tnuiscripticMi of an 

RNA intermediate; Class II elements transpose directly from DNA to DNA. TEs are 

present in all species in which they have been sought and often conqnise a large 

proportion of the host's genome, in some instances reaching over 50% (SanMiguel et al. 

1996). 

Despite their pervasiveness, many unanswered questions regarding TE evolution 

remain. Two central questions address the relative contributions of vertical and horizontal 

transmission to die taxonomic distribution of TE families, and the role that positive 

selection plays on the long-term maintenance of TE functionality. Some IE families have 

widespread distributions, ixdiich ofiten extend across genus, family and even phylum 

boundaries (e.g., Stacey et aL 1986; Daniels et al. 1990; Montchan^Moreau et aL 1993; 

Robertson et aL 1998). The distribution of a TE family in multiple taxa can result from 

vertical transmission of a TE present in their common ancestor, or from the TE's spread 

among those taxa throu  ̂horizontal transfer only. These are the two opposite extremes 

in a continuum of scenarios that differ in the relative contribution of horizontal and 

vertical transmi^on. It has been argued that horizontal transfer occurs rarely, and that 

the transmission (^TEs is predominantly vertical (O^y et al. 1997, p. 3). However, 

horizontal transfer has been proposed to be an integral part of the life cycle of some 

eukaryotic Class II TE families, such as the mariner-like and F families (Clark et al. 
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1995, Robertson and Lanapc 199S). Recently, Class I elenaents have been unquestionably 

shown to transfer horizontally as well (Jordan, Matyunina and McDonald 1999), an 

event with potentially wide-ranging in^lications (Flavell 1999). I^esendy, it is unclear 

how fiequent a process horizontal tranfer among eukaxyotes really is. 

Horizontal transfer has traditionally been inferred when the high degree of 

similarity between TE sequences is impossible to reconcile with the kng divergence time 

of dieir respective host species (e.g., Daniels etaL 1990). Other observations can help 

corroborate that inference, such as the incongruence between TE and host phytogenies or 

die absence of the TE in question from taxa closely related to that into which die TE was 

supposedly transferred horizontally (e.g., Clark et aL 1995). The identification of 

horizontal transfer events is noc straightfcwward, as alternative explanations are crften hard 

to dismiss conclusively, especially when TEs from closely related taxa are coa^ared. 

Such explanations include TE ancestral polynxjrphism coupled with independent 

assortment of copies into the descendant species, inequality of substitution rates in TE 

sequences in different species and/or the stochastic loss of TEs firom a few taxa (Capy et 

al. 1997, pp. 130-135). 

There is a situation, however, in which the inference of horizontal transfer events 

is less problematic. By comparing the divergence of TE nucleotide sequences with those 

observed for host genes evolving under similar or stranger selective constraints, a 

horizontal transfer event can be inferred whenever the divergence among TE sequences is 

significandy lower than that observed for the host genes. This procedure requires a 

careful assessment of the selective constraints on the TEs under study, as those 

constraints can vary by over an order of magnitude between and within TE families (e.g., 

Eickbush et al. 1995; Robertson and Lampe 1995; McAllister and Warren 1997; 
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Witherspoon et al. 1997). Here, we use this method to estimate the firequency of 

horizontal transfer events in the canonical subfamily cithcP elements. 

The P family belongs to Class n, as its elements transpose directly from DNA to 

DNA. A con^lete, cancHucal, P element was first isolaied from D. melanogaster. This 

2,907-bp element has four open reading frames (ORFs), ̂ i^iich encode a sequence-

specific DNA-binding transposase that catalyzes transposition of the element (O'Hare 

and Rubin 1983). The first three ORFs are also part of a truncated transcript that 

encodes a transposition repressor (Misra and Rio 1990). 

The taxonomic distribution of the P family of elements is patchy and relatively 

restricted. These elements are most prevalent in the subgenus Sophophora, of the genus 

Drosophila (Daniels et al. 1990). The subgenus Sophophora consists of four major 

species groups; the D. melanogaster and D. obscwra groups, which diverged in the Old 

World, and the D. wilUstoni and D. saltans groups, which are restricted to the New 

World (Throckmorton 1975). The 200 P element sequences obtained to date have been 

organized into five subfamilies (Hagemann, Miller, and Pinsker 1994; Clark and Kidwell 

1997). Each subfamily corresponds to a monophyletic group of elements obtained from 

species of the same qiecies group, with the exception of monophyletic elements from the 

closely related saltans and wilUstoni species groups, which are grouped into the same 

subfamily (Clark and Kidwell 1997). 

With one notable exception, the canonical subfamily of P elements appears to be 

restricted to the S<^hophoran New World species groups, saltans and willistoni, two 

sister taxa, whose common ancestor dates back at least IS million years (Daniels et aL 

1990; Clark arxl Kidwell 1997). The exceptional, canonical, elements found in D. 

melanogaster have been explained by a recent horizontal transfer event (Daniels et al. 

1990). The canonical subfamily is composed of closely related elements with a range of 



divergence between 0 and 10% at the sequence level (Claik et aL 1995). The reason for 

this low divergence remains unclear. It might be the result of strong selective constraints, 

or it could be explained by multiple horizontal transfer events occurring both widiin and 

between the two species groups. 

In the present stu(ty we assess the ndes played by selection and horizontal 

transfer in detemiining die similari  ̂among canonical P elenoents from the saluuis and 

the wiUistoni species groups. The rado of nonsynonymous to synonymous substitutions, 

as well as the amount of codon bias, in P elements allows us to detennine die strength of 

selective constraints acting on the canonical elements. We compare the diveigence of die 

P elements with that of host genes evolving under similar or stronger constraints than the 

P elenoents, to determine the number (rf* horizontal transfer events that are necessary to 

explain the current taxonomic distribution of canonical P elements. The relevance of 

selection and horizontal transfer in the history of the P canonical subfamily is discussed 

in the context of the evolution and long-term survival of the family of TEs. 

Material and Methods 

DNA sequencing 

Genomic DNAs from Scaptomyza pallida and Scaptomyza elmoi were obtained 

from P. M. O'Grady and J. B. Clark, respectively. The second exon of the Adh gene was 

PCR-anq>lified under standard conditions; the primers map to the 3' end of exon 1 and 

S' end of exon 3 (O'Grady, Clark, and Kidwell 1998). The product was cloned into a 

TA cloning vector (Invitrogen) and bodi strands of a single clone were sequenced for 

each species, using an ABI377 automated sequencer. 
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Sources of data sets 

Four data sets of DNA sequences weie used for this study, a P element data set 

and three others, which coiTsqxnd to host nuclear lod: alcohol dehydrogenase iAdh\ 

period {per) and Cu/Zn superoxide dismutase iSod). the exception of the Adh 

sequences for Scaptomyza, these data were all gathered from the literature and represent 

all sequence infonnation available in GenBank for at least one species in each of Ae two 

species groups. 

The P element data set consists oiSlP element partial sequences obtained from 

the literature (see table 1). Four were sampled from species of the genus Scaptomyza: 

SpallidalS and 02 (Simonelig and Anxolabdhm 1991), Selmoi4 and 12 (J. Qark and 

M Kidwell, unpublished). The remaining 48 elements correspond to the canonical 

subfamily described by dark et al. (1995), except that we excluded Daustiosaltans22 

(identical to Daustiosal21), Dlusaltans37 (identical to Dlusal34) and DsturtBvanti24,25 

and 26 (identical to Dstuitl3). The sequence DnebulosaNlO was obtained from 

(Lansman et al. 1987). The sequences are 429 nucleotides (nt) long and map to positions 

1328 to 1757 in ORF2 of the canonical P element (O'Hare and Rubin 1983). 

The Adh data set has 27 partial sequences of405 nt each, which correspond to 

the con^lete second exon of the D. melanogaster Adh gene (table 1). Sequences for the 

saltans and wilUstoni species groups were obtained from O'Grady (1998) and O'Grady, 

Clark and Kidwell (1998), with the exception of the D. wilUstoni sequence (Anderson, 

Clarew, and Powell 1993). Adh sequences for Scapton^za pallida and 5. elmoi were 

obtained for this paper. 

The w<>r data has 39 sequences (table 1), of which 38 belong to the wilUstoni 

species group (Gleason and Powell 1997) and only one to the saltans species group 



(Peixoto et al. 1993). The mUistoni gioiq) sequences consist of a 1231 nt firagment 

mapping to amino adds 518-919, in exon 5 (Qtri et aL 1987). The D. saltans sequence 

consists of a 198 nt firagment mapfiag to amino adds 582-649, with a 6 bp gap 

corresponding to amino adds 618-619. 

The Sod data set consists of two sequences, one fromD. willistoni and one from 

D. saltans (Kwiaiowsld et aL 1994a; Kwiaiowski et aL 1994b). The D. willistoni 

sequence is 879 nt long; it consists of a 417 nt intion and of twoexons, of 66 and 396 nt 

in length. The D. saltans sequence has a shocter intn>n (352 nt) and the first 23 nt of the 

first exon are missing. 

The Adh data set is the most conq>lete, with sequences for all species listed in 

table 1. It is theiefcxe used to estimate the spedes phylogeny and its branch lengths. All 

three host genes were used to estimate DNA sequence divergence between q)ecies, 

species subgroups and/or species groups. The per data is unbalanced (with 38 sequences 

available for the willistoni group and only one for the saltans group) and die Sod data set 

is much smaller than the other two, widi only one sequence available for eadi spedes 

group. This is leflected in the standard deviation associated with the mean number of 

substitutions, which takes into account sequence length, number of sequences and their 

phylogeny (Nei and Jin 1989). 

Sequence analyses 

Alignment of P element, Adh and Sod sequences was done by eye and was 

straightforward. Sixteen alignment gaps were lequiied in the P element data set to 

compensate for the presence of indels. The per sequences were aligned as in Gleason 

and Powell (1997). 



Estimation ofdNond ds 

The numbers of synonymous substitutions per symmymous site, ds  ̂and of 

nonsynonymous substitutions per nonsynonymous site, were estimated using the 

method of Nei and Gojobcri (1986). Standard deviations for the average ds and 

between giotqjs were calculated as in Nei and Jin (1989), using the program d^/ds  ̂

(obtained from Jack da Silva). In onlerfo preserve the reading frame of the functional, 

canonical P element, the alignment g^s introduced in the element data set diat 

represent insertions relative to the canonical P element were deleted prior to estimation of 

ds and ds- The three termination codons found (in sequences DsaltSl, DwilliSl and 

DsuciZl) were recoded as missing data. The overall ratio of dtr-ds was also detemdned 

using a phylogenetic-orxented j^jproach, on a subset of the noost likely topologies for the 

canonical P element sequences (see below). The likelihood of each topology given the 

data was determined under two models, one in which ds/ds was free to vary, and a sub

model in which dn/ds was set to unity. A significant difference in likelihood under the 

two models, identified with a likelihood ratio test, indicates that a ratio <kr-ds different 

fiom one provides a significamly better fit lo the data. This analysis was done using a 

codon-based model of substitution (Yang, Gcridman, and I^iday 1994), inqjlemented on 

PAML (Yang 1998). Because of the inability of the program to handle deletions, two sets 

of analyses were performed, bi one, the 14 sequences with deletions were eliminated 

from the data set In the second analysis, codon positions containing indels were 

eliminated. 



Estimation of codon bias and G+C in synonymous sites 

Two indices of codon bias were deiennined for each sequence: die effective 

number of codons, Nc (Wright 1990) and the codon bias index, CBI (Mofton 1993). Nc 

varies between 21 for maximnm codon bias (when only one codon is used per amino 

acid) and 61 for nrinimuni codon bias (synonynxxis codons for each amino acid used at 

similar frequencies). A CBI value of zero corresponds to no bias and a value of one to 

maximum bias. 

The frequency of G and C nucleotides in third positions in synonymous codons 

was detemiined as the proportion of C- and G-ending codons, with the exclusion of 

terminadon, methionine and tryptophan codons. 

Inferring horizontal transfer 

Horizontal transfer can be broadly defined as the introduction oi genetic material 

into a species fixxn which it had been previously absent Potential mechanisms for 

horizontal transfer include vector-mediated transmission and introgression (Capy et al. 

1997, pp. 141-143). In this study, horizontal transfer was investigated by con^aring TE 

divergence widi that c€ host genes across each node of the host phylogeny. A horizontal 

transfer event can be infiened when die estimated TE divergence is significantly lower 

than that of host genes under similar at higher levels of selective constraints than those 

operating on the TEs themselves. 

DNA sequences from three host loci were used in this study: alcohol 

dehydrogenase iAdh) period (per) and Cu/Zn superoxide dismutase (Sod). The ADH 

enzyme is one oi the most abundant proteins in Drosophila, in which it is primarily used 

by both larvae and adults to catabolize ethanol present in the fermenting fruits in which 

they develop and/or feed (Sullivan, Atkinson, and Starmer 1990). per is a pleiotropic 



gene that plays a major role in essential functions such as male courtship behavior and 

circadian rhythm (Konopka and Benzer 1971; Kyiiacou and Hall 1989). Hnally, Sod 

encodes an antioxidant enzyme used in the pathway that converts oxygen radicals into 

hydrogen peroxide and water (Lindsley and Zimm 1992, and references therein). Given 

the functional significance of the duee genes, selective constraints ate expected to be 

high. Conservatively, horizontal transfer was inferred only when the divergence among P 

sequences was lower than that observed for 2I) host genes. 

Hiylogenetic analyses 

P element phyloger̂  

Phylogenetic analyses were done using parsimony and maximum likelihood. 

Previous analyses had suggested the presence of many most parsimonious trees (MPTs) 

for the canonical P element sequences (Clark et al. 199S). In order to obtain an 

exhaustive representation of those, we performed a parsimony search with SOOO random 

addition heuristic search replicates, keeping no more than SO trees per replicate. The log-

likelihood score of all MPTs was determined using the HKY8S model of substitution 

(Hasegawa, Kishino, and Yarx> 1985), with rate heterogeneity between sites, and 

parameters estimated finom die data. 

A full maximum likelihood (ML) heuristic search is precluded by the large size 

of the P element data set. Therefore, trees with the highest likelihood score were obtained 

by doing heuristic searches on all MPTs with the highest ML scores and on five 

additional trees among all MPTs, selected for the greatest differences. These five trees 

were obtained as follows: first, tree-to-tree distances (Waterman and Smith 1978) were 

used to select the two most distant trees among aU MPTs. Then, the distance of all other 
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MPTs to the first two was calculated. A third tree was then selected from among the ones 

which sum of distances to the first two was highest The process was lepeaied to obtain 

the forth and fifth trees. The ML heuristic search were perforaKd with the option 

NOMULPARS in effect, using tree-bisection-reconnection (TBR) branch swaging, and 

the HKY85 model of substitution, with rate heterogeneity between sites; the parameter 

values cf the model were estimated for each starting tree. 

Adh phytogeny 

A parsimony analysis was performed with a heuristic search of 20 random 

sequence addition replicates and TBR branch swapping. A maximum likelihood analysis 

was perfonned with 20 random addition heuristic search replicates using TBR branch 

swapping; the HKY85 model of substitudon was used, with rate heterogeneity between 

sites, and parameters estimated from the data. During the first replicate, a topological 

constraint was enforced which specified monophyly both the saltans and the willistoni 

species groups. During the following nine replicates the parameters used for the model 

of evolution were the same as those estimated in the first replicate. These parameters 

were re-estimated on the first tree found in replicate 10, and replicates 11 through 20 

were performed using the re-estimated values for the model parameters. The same 

topological constraints enforced in replicate one were used in replicate two, but not in any 

of the following 18 replicates. 

Bootstrap analyses were perfonned fw both P and Aft data sets using 

parsimony. Both analyses consisted oi 100 bootstr  ̂rq)licates, each with 10 random 

addition replicates. In the A* element analysis, a maximum of 1000 trees was saved during 

each replicate. Allphylogenedc analyses were perfonned in PAUP*, version 4.064 

(Swofford 1998). 
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Results and Discussion 

The rado ds/ds for host genes and P canonical elements 

The strength of selective constraints on P element sequences was investigated by 

comparing the estimated P element sequence divergence among species groups to that 

obtained for three DrosophUa genes, Adĥ  per and Sod. 

Estimates for are similar for and 0.04210.0053 and 

0.04210.01 IS respectively, and slightiy higher for per, ds = 0.05910.0206 (fig. 1). The 

difference in the standard errors for these estimates reflects the fact that the Sod 

con^Kffison is based on only two sequences, and duu in the per comparison only one 

very short sequence (198 nt) is used nom the saltans species group. Values of ds are 

^iproximately one order of magnitude higher than those for dn, and are more variable 

among genes: ds « 0.4510.051 for AdA, 0.6910.121 for Sod and 1.0310.246 for 

(fig. 1). These values correspond to ratios of J^d^of 0.09 for and 0.06 for both 

Sod and per. Differences in the magnitude of ds among genes have been found to be 

related to the intensity d natural selection on synonymous codon usage (Shields et aL 

1988; Moriyama and Gojobori 1992). In order to test if this was the case for the genes 

under study, we determined if the magnitude of ds between the saltans and the wilUstoni 

species groups for the three host genes was correlated with the degree of codon bias 

(table 2). Adh and Sod sequences are similar to each other in their degree of codon bias 

{Nc = 44 and 45, respectively, and CBI = 0.54 for both), and are more biased than per 

sequences {Nc = 57 and CBI = 0.29). These indices are correlated (fig. 2) and so only 

the results obtained with CBI are presented. Figure 3 shows the relationship between the 

average CBI in each of the three host genes and the respective ds values between species 



groups. The relationship observed between codon bias and the number of substitutions 

suggests that selection (Hi codon composition is indeed a major factor determining the 

rate of substitution at synonymous sites in these three genes. 

The numbers of substitutions per synonymous and nonsynonymous site were 

estimated for all pairwise comparisons among the 48 canonical P elements, ds was 

smaller than dis in 1102 out of the 1128 ( = 48*47/2) pairwise comparisons between 

elements, with a noedian value for the ratio of 0.37. When elements obtained from 

the saltans species group were compared to those from the wiUistoni group, the average 

values of ds and ds and their standard eirors were 0.048±0.00SS and 0.117±0.0204, 

respectively (fig. 1), for a ratio of d^/ds ~ 0.4. These values are significantly different (r 

= 3.2S, P < 0.01). The ratio df/Zds was also estimated using maximum likelihood, in a 

phylogenetic context. A set of 27 most likely P element trees was selected for this 

analysis (see phylogenetic analyses). In the likelihood analyses in which dfj/ds was 

estimated from the data, this ratio varied between 0.72 and 0.73 in all 27 trees. However, 

these values do not provide a significandy better fit to the data than a ratio of one (O.OScP 

< 0.1). The differences between the two estimates of dfjMs will be addressed in the 

discussion. Regardless, these results show that nonsynonymous sites in canonical P 

elements evolve on average at a rate between half and one times that of synonymous 

sites. 

The intensity of selection in P elements 

The ratio of dff-ds for P elements is high when compared to that at host genes 

(fig. 1). This may be due to either weak selection at nonsynonymous sites or very strong 



selection at synonynoous sites. The low to modefale level of codon bias in the sequences 

of canonical P elements, indicated by an A/c value of 32 and a CBI value oi 0.47 (table 2), 

suggests the former. Fuztfaennoie, the nature of codon bias in canonical P elements 

indicates that the bias present is due to mutation bias rather than selection-induced bias, 

for the reasons that follow. Mutation bias in Drost^hila leads to a preferential 

accumulation of A and T nucleotides (^iptox. 63%) over C and G (Shields et aL 1988), 

leading to an increase in A- and T-ending codons. Conversely, selection-induced codon 

bias in the Sophophora subgenus produces an excess of G- and especially C-ending 

codons (Shields et aL 1988; Stazmer and Sullivan 1989; Akashi 1994). The proportion 

of Gs and Cs at synonymous positions in canonical P elements is approximately 40% 

(table 2). This is very similar to the frequency expected due to genome mutation bias. It 

is, however, possible that the discrepancy in synonymous-base conqxisition between P 

elements and host genes could be due to a pattern of mutation or selection characteristic 

of P elements (Shields and Sharp 1989; Lerat, Bi^mcmt and Capy 2(XX)). The presence 

of teraiination codons in three of the 48 canonical elements and of deletions that 

unambiguously disrupt the reading frame in eight of those elements further support a 

scenario of weak selection acting on P elements. 

Comparison and ds between canonical P elements and host genes (fig. 1), 

estimated between species groups reveals that the average for P elements is similar to 

that observed for host genes. Also, the average value of ds observed fmP elements is five 

to ten times smaller than ds observed for host genes. Given our conclusion above of 

reduced selective constraints acting on /*, the smaller value of ds for P elements than for 

host genes is unexpected. As we have argued above, the low number of synonymous 

substitutions in P is not due to selective pressure on codon usage. Selection-induced 



codon bias is clearly higher in both Adh and Sod dian in the element Another possible 

e^lanation for the low number ai substitutions in P elements is that ds between species 

groups is larger in host genes because of a radical shift in codon preference between 

species groups in these genes, but not in /* elements. Shifts in codon bias between the 

subgenera Drosophila and Sophophora, and well as between D. mekmogaster and D. 

willistoni (subgenus Sophophord) have been documented (Stanner and Sullivan 1989; 

Anderson, C^arew and Powell 1993). If associated with strong selection on codon usage 

in host genes, different codon preferences in the two species groups mi^t be radical 

enough to cause a large increase in ds. Under diis hypothesis, host genes in which 

codon usage is under stronger selective pressure should have experienced the strongest 

shift and a positive conrelation between the degree of codon bias and the number of 

substitutions (as measured by ^5 ) would be expected. Figure 3 shows that this is not the 

case, ds is negatively conelated with CBI, therefore {Hoviding evidence to reject this 

second explanation. 

Selection vs. recent horizontal transfer 

An alternative ejqilanation for the low level of divergence among canonical P 

sequences in the two species groups is that these elements shared a common ancestor 

more recently than did their host qwcies. In other wants, P elements have been 

transferred horizontally between species groups more recently than these have shared a 

comnxm ancestor. In this section we draw the predictions that allow us to distinguish 

between selection and horizontal transfer as possible explanations for the high similarly 

among all canonical P elements. 
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Selection (of an ad-hoc nature) and recent hotiTontal transfer have very different 

consequences bodi on the level of congruence expected between P element and host 

phylogenies and on the propoctionali  ̂of P element divergence relative to host gene 

divergence, when sister groups of different age are compared. Namely, if the low P 

element divergence resulted from selection, and the elements have been transmitted 

vertically, TE and host phylogenies are eiqKCted to be congruent In addidcm, P element 

divergence and host gene divergence should be conelaied. If, on the other hand, recent 

horizontal transfer caused the low P element divergence, then the P element phylogeny is 

noc necessarily expected to be congruent with that oi the host species. Also, P element 

and host gene divergence should noc be correlated. When the taxa compared diverged 

lecendy, P element divergence should be high relative to the divergence of host genes 

evolving under strong selective constraints. As we coa^)are taxa that are progressively 

older, P element divergence should become smaller in relation to the divergence of host 

genes. These predictions are investigated in the following two sections. 

P eleooent v;. host gene i^ylogenies 

Host phyloger̂  

The i^ylogenetic relationships within the saltans and wiUistoni species groups 

have been studied before (Bicudo 1973; Throckmartonl97S; Gleason, GrifSth and 

Powell 1998; O'Grady 1998; O'Grady, Claric and Kidwell 1998). We analyzed the 

phylogeny of the Adh sequences to assess whether the relationships anxxig them reflect 

those previously determined for the species, and to obtain branch-length information widi 

which to compare similar information obtained for the P element sequences. Our 

parsimony analysis yielded seven most parsimonious trees (MPTs), which were found in 



all 20 heuristic search tq>licatBS. All these trees had higher likelihood scores than those 

resulting from the original maximum likelihood search and were, therefore, used as the 

initial trees in another maximum likelihood search. Three trees resulted from this search, 

which correspond to the three possible resolutions of the polytomy that includes D. 

austrosaUans, D. lusaltans and D. saltans (in all three cases the internal branch has 

length zero); the three trees were otherwise identical (fig. 4a). These results agree with 

previous hypotheses concerning the relationships in the saltans group (Bicudo 1973; 

Throckmorton 197S; O'Gracfy, Qarlc and Kidwell 1998), with one exception. The 

position of the elliptica and neocordata subgroups is unusual in that they are believed lo 

be the most anciently derived subgroups in the saltans group (Throcknx>rtonl97S). The 

relatimships within the wiUistoni group are also in agreement with previous analyses of 

the group (Gleason, Griffith and Powell 1998), with two excq>tions. The wiUistoni 

species group paraphyletic with respect to the saltans group due to the position of D. 

nebulosa, and the wiliistoni subgroup is pan4)hyletic with respect to D.fiunipennis. 

These discrepancies do not affect our results concerning P element evcdution. 

P element phyloger̂  

The parsimony analysis of the/* element data set yielded 7979 most 

parsimonious trees (MPTs), the consensus of which is presented in figure Sa. The log-

likelihood score of the MPTs varied between -2931.968 and -2913.205. Among these, 

22 had the maximum scc»e (-2913.20S). Five other trees, with log-likelihood scores 

between -2931.846 and -291S390, were chosen to represent the variation across MPTs 

(see materials and methods). Maximum likelihood searches on these 27 trees yielded 24 

trees with log-likelihood -2912.420 and three trees with log-likelihood -2912.708. The 

majority rule consensus of these 27 trees is presented in figure Sa. Most nodes well 
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represented in the likelihood analysis were also present in die parsimony analysis, and 

correspond exclusively to terminal or next to terminal nodes (fig. 5a). 

Both maximnm likelihood and parsimony analyses, as well as the parsimony 

bootstrap proportions (fig. 5b), indicate soong support for 13 small clades of canonical 

elements which conespond almost exactly to groups of sequences san^led fitom a single 

species. In the wUUstoni species gnxq), die elements fiom D. tropicalis, D. equinoxialis 

and D. nebidosa are monophyletic. In die saltans subgroup, the elements firxn D. 

sturtevana, D. subsaltans, D. lusaUans, D. prosaluua and D. austrosaltans are also 

monc^yletic. In addition, there are a few instances in which die relationships among the 

elements miiror those of the host species. The willistoni subgroup elements form a 

monophyletic group and so do those fiom the sister taxa D. capricomi and D. sucinea. 

The elements from D. paulistorum are panq)hyletic in relation to those finom D. 

pavlovskiana. Also, the elements fitom D. saltans {saltans subgroup) are closer to those 

fincMn D. subsaltans (parasaltans subgroup) than to the ones from D. stunevanti 

(stunevanti subgroup). Elements finom D. austrosaltans and D.fumipennis form the 

only well-supported clade that has elements from both species groups. 

One tree selected arbitrarily among the 24 with the highest log-likelihood score is 

presented in figure 4b. In the canonical clade most DNA mutations occur within 13 

clades identified in die bootstrap analysis. In the deeper pan of the tree branch lengths 

are small and the stnicture of the tree is largely unresolved. 

These phylogenetic analyses yield two main OHiclusions. I^t, P element and 

species phylogenies are not congruent (fig 4). Second, the fact that in the element 

phylogeny so many of the deeper branches (above species level) have length zero 

suggests that the transmission P elements among species occurred r^idly, preventing 

the accumulation of substitutions in the early stages of the diversification of this P 



element subfamily. Both conclusions aie fully compatible with the scenario of recent 

horizontal transfer of P elements into die two Sophophoran species groups, but aie 

improbable under a scenario of venical transmission according to which P elements were 

present in the common ancestor all species, and evolved under strong selective 

constraints. 

P element vs. host gene divergence 

P element and host gene divergences between pairs of taxa were estimated to 

determine if P elements are at least as divergent as host genes and if those divergences 

areconelaied. 

D. wilUstoni species group 

Figure 6a shows the results of a conq>aiison of the wiUistoni subgroup P 

elements to-all others from the wiUistoni group. dN^ocP {ds = O.OS) lies between the 

values for host genes ids = 0.08 for per and 0.04 for Adh). ds, however, is much smaller 

for P ids = 0.13) dian for per (0.62) or Adh (0.S4). Similar comparisons were performed 

across progressively younger nodes of the species tree (see fig. 4a); D. tropicalis vs. its 

sister clade (fig. 6b), D. wUlistoni vs. its sister clade (fig. 6c), D. equinoxiaiis vs. its sister 

clade (fig. 6d) and, finaUy, between D. peudistorum and D. pavlovskiana (fig. 6e). As 

expected, host gene divergence decreases with die age of the node. P element divergence, 

on the other hand, not only remains qiproximaiely constant in the first duee 

comparisons, it is always smaller than diat of host genes (figs. 6b - 6d). This relationship 

changes when D. peudistorum and D. pavlovskiana are compared. The divergence 

between the two pairs dclosely related elements (DpaulilS - Dpavlol6, and DpaulilO -



E>pavlo21) is now inteimediaie between that of the two host genes (fig. 6e). These lesults 

are contrary to the expectations under vertical transmission and constant selective 

pressure operating on tfiese sequences. 

The most likely e]q)lanation of these results is diat the introduction of canonical P 

elements into the wiUistoni subgnxq> look place before the divergence of D. paulistorum 

and D. pavlovskiana, but after the divergence of these two taxa fiom D. equuuadaUs. 

This implies at least four horizontal transfers within the wiUistoni subgroup alone; one 

into D. tropicaliSy one into D. wUlistoni, one into D. equinoxialis and one into the lineage 

leading to D. paulistorum and D. pavlovskiana. Vertical transmission from a comnoon 

ancestor is sufficient to explain the presence of canonical elements in the two later 

species. 

The same rationale was used to interpret the comparison between D. sucinea and 

D. capricomi. The most closely related elements in the two species were con:q)ared 

(I>capril5 and Dsucil). The divergence of the A* elements is intermediate between that of 

each of the two host genes (fig. 60. Therefore, we conclude that P elements could have 

been transmitted vertically to these two species from their common ancesKv. The 

lineages leading to D. nebulosa and D.fianipennis were present before the introduction 

of canonical elements into the wiUistoni group which, according to our results, took place 

at the time the divergence of D. pavlovskiana from D. paulistorum and of D. 

capricomi from D. sucinea (fig. 4). In summary, the distribution of P elements within 

the wiUistoni species group can be explained by seven horizontal transfer events, one into 

D. nebulosa, one into D./umipennis, one into the ancestor of D. sucinea and D. 

capricomi and four within the wiUistoni subgroup. 

These results rule out the possibiliQr that the monophyly of the P elements from 

the wUlistoni subgroup was due to the presence of canonical elements in the ancestor o{ 
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the subgroup. The observatkm that some of the cfosses between species within die 

willistoni subgroup produce fertile ofTspring (reviewed by Bock 1984) indicates that 

gene flow between these species could have been piesent until fairiy recently. This 

suggests introgTBSsion as a possible horizontal transfer mechanism fen* the spread of P 

elements among the species in the willistoni subgroup, and the reason why Aese 

elements fonn anaonophyletic group. 

D. saltans species group 

Similar analyses were perfonned on P elonents in die saltans group. Rrst, we 

compared the elements firom D. stunevanti to those from D. saltans and D. subsaltans 

(fig. 7a). Then, the two elements from D. subsaltans and Dsalt28 from D. saltans were 

compared (fig. 7b). As P elements are less divergent than the host gene in both 

cooqiansons we conclude that/* elements have been transmitted hcnizontally between the 

three species subgroups in question. We further compared the four species in the saltans 

subgroup, D. saltans  ̂D. prosaltans  ̂D. austrosaltans and D. lusaltans (fig. 7c, d). In 

bodi pairwise comparisons performed, P element divergence is higher than diat observed 

for Adh, suggesting that canonical eleooents might have been present in the saltans 

subgroup prior to its divergence. In conclusion, at least duee instances of horizontal 

transfer are detectable in the saltans group: one into the sturtevanti subgroiq), one into 

the parasaltans subgroup and one into the ancestor of the saltans subgroup. Finally, the 

close similarity.of D. austrosaltans elements to two others ftoaiD.fimtipennis is cleaily 

the result of horizontal transfer between those species (fig. 8). 

The results of this section strongly suggest that the invasion and subsequent 

spread of the canonical P subfamily into the saltans and the willistoni species groups by 



horizontal transfer occuired very leoemly, as most extant species subgroups were already 

present 

Age of most recent common ancestor of canonical P eleaaents 

Here wc determine the age cf the most recent common ancesUH* of all canonicai P 

elements (MRCA-/*), to assess if the age of the subfamily is consistent with the 

conclusion of die previous section. The age of the MRCA-P was detemnned in diree 

ways; (1) by calibrating the number of synonymous substitutions, dsy between P 

elements with the rate of synonymous substimtion estimated for Drosophila genes with 

low codon bias, (2) by calibrating ds between P elements with the rate of synonymous 

substitution in the /?/ and/22 TE families, and (3) from the relationship between codon 

bias and ds. The results of these three methods are as follows: 

1) According to the maximum likelihood analyses, the P elements san^iled from 

D. capricomi and D. sucinea fmm a clade that is the sister group to the other canonical 

elements (fig. 6a). The estimated average number ci synonymous substimtions between 

these two groups of elenoents is ds = 0.10010.022. Shaip and Li (1989) estimated the 

synonymous substitution rate in Drosophila genes with low codon bias to be 1.6% per 

milli(xi years (Myr). The age of the MRCA-/* can then be estimated to be s^jproximately 

3 Myr. 

2) In the R1 and/22 TE families, synonymous sites evolve roughly four times 

faster than synonymous sites in host Drosophila Adh (Eickbush et al. 1995). We 

estimated the number of synonymous substitutions per site in AdK between the saltans 

and the wUlistoni species groups, to be J5 = 0.45. If P element synonymous sites evcdved 



4 times faster, AdscS 1.8 should be observed. As dievalue observed is 18 times 

smaller than 1.8 {ds ~ 0.100), the MRCA-/' must be approximately 18 times younger 

than the MRCA of the host species. The divergence between the saltans and the 

willistoni groups has occuned between IS and 30 Myr ago (dark and Kidwell 1997). 

The MRCA-/* is dien estimated to be lou^y 1 to 2 Myr old. 

3) Based on the data available for the three host genes, the relationship between 

average codon bias, as measured by CBI, and die average number of substitutions per 

synonymous site, ds, between the saltans and the wiUistoni species groups can be 

described by the expression y = 1.6 - 1.9x (fig. 3). Assuming that the processes wl^h 

deteraune the evolution the /* element sequences are the same as those affecting die 

host genes, the average dsciP elements between species groups, given a CBI of 0.47, 

should be approximately 0.70. As die value of observed is seven times smaller than 

that, then the MRCA-P should be one seventh of the age of die MRCA of the host 

genome. This provides an estimate cf age between 2 and 4 Myr. It should be noted that 

this age is probably overBStimaied, because the relationship between CBI and ds assumes 

that the codon bias piesent is the result of natural selection pressure. As discussed above, 

the codon bias present in the f sequences seems to be caused by mutation, not selection. 

Therefore, selection-induced codon bias in is at most very small, corresponding to an 

expected value larger dian one. As the observed value of <^5 is 10 times smaller, the 

MRCA-/* must be 10 times younger that the MRCA of the host species and, therefore, 

dates to as recendy as 1 to 3 million years ago (Ma). This last estimate should be taken 

with caution. The slc  ̂of the regression is based on three points only and is not 

significandy different from zero, given the large standard deviations associated with the 



values of ds- Nevertheless, this estimate is informative in that it is in perfect agneement 

with the other two results. 

These three estimates, even though not caaq>letely independent (they all depend 

in pan on the number of substitudons in the Adh grae), are very similar to one another. 

All point to an age for the MRCA-/* of S4>pn»dmately 2 to 3 Myr, an estimate in very 

good agreement with the conclusion of the previous section. The wiUistoni subgioup 

originated between 8 and 12 Myr ago (Clark and Kidwell 1997). This date is consistent 

with the spread of canonical elements through this subgroup by horizontal transfer 

within the last one to three Myr, as most extant species in the subgroup were likely 

present by the time the MRCA-P invaded these taxa. The saltans subgroup is very 

young (O'Grady, Claik and Kidwell 1998), and so it is conceivable that its 

diversification could have oocuned subsequent to the invasion by the MRCA-/*. 

Divergence between P element subfamilies 

Autonomous elements, defined as those capable of catalyzing transposition, are 

known in two P element subfamilies: the canonical subfamily and that containing the 

Scaptomyza elements (Table 1; OHare and Rubin 1983, Simonelig and Anxolabdh  ̂

1991). We estimated 4vand ds between these two subfamilies, to deteimine the strength 

of the selective constraints in inter-subfamily divergence. The values obtained were = 

0.19S and ds = 1.25 (fig. 9), for a ratio dN/ds of 0.16. This ratio is probably 

overestimated, given that synonymous sites are saturated. This ratio is much smaller than 

that observed within both the canonical subfamily (0.75 > d^/ds > 0.42) and the 

subfamily of Scaptomyza elements {ds/ds =• 0.26). ds and ds were also estimated 



between the canonical subfamily and other nxxe divexgent subfamilies of P elements 

present in the saltans and wUIistoni subgroup. Even diough the divergence between diese 

and the canonical suMamily^is too laige to allow accurate estimation of for all pairwise 

comparison of elements between subfamilies, the coiiq)aris(Mis that were possible suggest 

that ds is again about one oider of magnitude higher than dfi (results not shown). These 

results indicate tfiat Ae divergence between P element subfiamilies is characterized by 

stronger constraints in nonsynonymous sites than those observed in die divergence 

between closely related elements. 

Using a rate of synonymous substitution of 1.6% per Myr, the estimated 

divergence time between Scaptomyza elements and the canonical /' element clade is at 

least 40 Myr (saturation of synonymous sites precludes a more accurate estimate). The 

existence of an even more divergent P element sequence, found in the Calliphcrid blow 

fly LjdcUia cuprina (Feikins and Howells 1992), indicates that the P element family is 

considerably older than 40 Myr. 

Conclusions 

In the present study we investigate die relevance of horizontal transfer and 

selection in the evoluticm of the canonical subfamily of P elements. Our results show that 

while the P element family as a whole is older than 40 Myr, the diversification of the 

canonical P subfamily dates back only two to three Myr. Since then, canonical P 

elements have spread into nine out of ten species surveyed in the wiUistoni group and 

into six out of eight species surveyed in the saltans group. Our results suggest that this 

spread occurred soon after introduction of the subfamily into these groups and that it 

was achieved mosdy by means of horizontal transfer, with subsequent diversification 

within species. We estimate that a minimum of eleven horizontal transfer events is 
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necessary to e7q)laiii the distribution of the canonical subfamily within the saltans and 

willistoni species groups. This shows that not only is horizontal transfer a £tequent 

occunence in the P fiamily but that a single subfamily is able to spread by this 

through two species groups in only a few million yeais. The high motility of P elements 

previously remained unnoticed because these horizontal transfer events took place 

between closely related taxa. 

While horizontal transfer cleariy plays a major part in the evduticn of the 

canonical subfamily, the role of selection is not as easy to ascertain. Our results show 

that when canonical P elements are compared among species groups, the ratio dff/ds is 

jq̂ noximately 0.45. However, when this ratio is estimated over the entire canonical P 

element phylogeny, it increases to 0.75 (and is not signiftcandy different from zero). 

This suggests that the evolution of P elements in younger branches of the element 

phylogeny, namely among and within species, is characterized by weaker selective 

constraints in nonsynonymous sites than those in older branches. This was confirmed by 

estimating the average ratio dN/ds within the ten clades formed by elements from a single 

species, df^ds in these inoraspecific con^arisons varied between 0.39 and 2.9, revealing a 

general lack of constraints in nonsynonymous sites. These results contrast sharply with 

those observed when subfamilies of P elements are compared; the ratio dfilds among 

subfamilies is one order of magnitude smaller, revealing strong selective constraints in 

the evolution oi P element sequences when the elements compared are only distamly 

related. 

Several questions are raised. First, is there a relationship between the high rate of 

horizontal transfer observed for the canonical subfamily and the "patchy" distribution of 

P elements in the saltans and willistoni species groups? Second, what is the origin of the 

canonical P elements, given that their presence in the New Worid Soptu^hora groups is 



so recent? Third, why do selective constraints, as reflected in the ratio of dtr^s  ̂vary 

throu  ̂different levels of P element divergence? And finally, how do the scenarios of 

fiequent hodzontal transfer and low selective constraints fit into the life cycle of the f 

family? These questions will be addressed in the following sections. 

Horizontal transfer and the distribution of P elements 

The distribution of P elements in the subgenus Soptu^hora is not homogeneous, 

but ''patchy'̂  while some species lack P elements altogether, others seem to host 

multiple P sub&milies (Clark and Kidwell 1997). 

Within the wUlistoni species group, D. insularis, a species restricted to a 

few islands in the Lesser Antilles (Spassky et al. 1971), has no canonical P elements 

(Clark et aL 199S; Daniels and Strausbaugh 1986). Daniels et al. (1990) pnqxKed that 

this could be due to the spread oi canonical P elements by horizontal transfer after the 

geographical isolation at D. insularis was established. Alternatively, Clark et aL (1995) 

prc^XKed that these elements could have been lost following the geographic isolation of 

this species (Clark et al. 1995). Our results provide support for the first hypothesis. D. 

insularis is the oldest species in the wiUistoni subgroup (Gleason, Griffith, and Pt>well 

1998), which is between 8 to 12 Myr okl (Qark and Kidwell 1997). Hence, it seems 

more plausible that this q)ecies was already formed when the canonical P element spread 

took place 2 to 3 Myr ago, and that its geographical isolation shielded the species from 

invasion. 

In the elliptica and cordata subgroups, represented here by D. emarginata and 

D. neocordata, all species surveyed are devoid of any discemable P elements (Clark et 

al. 1995, Daniels et al. 1990). These two subgroups, thought to be the most anciently 



derived within the saltans group, are believed to have diversified in North America 

(Throckmcxion 1975). Meanwhile, and prior to fonnatian oi the isthmus of Panama, an 

ancestor of the sturtevanti  ̂ parasaltans and saltans subgroups crossed to South 

America, where these subgroups later diversified (Throckmorton 1975). Daniels et aL 

(1990) suggested that P elements could have spread throughout the saltans and wUUstoni 

groups in South America, at a time when the elUptica and cordata subgroups were still 

geographically is(daied in North America. Altematively, Clark et al. (1995) proposed diat 

P elements could have been lost from the elliptica and cordata subgroups early in the 

history of the saltans group, when those two subgroups were isolated from the lineages 

leading to the more recently derived saltans subgroups. However, we now know that the 

spread cS canonical P elements within die group took place within the last three million 

years, at a time when North and South America were no longer disconnected. The current 

distributions of the elliptica and cordata subgroups through Central and South America 

overlf  ̂those of the other saltans and willistoni subgroups (Patterson and Mainland 

1944; Magalhaes 1962; Spassky etal. 1971). Therefore, the absence oi canonical P 

elements in the elliptica and cordata subgroups does not seem to be due to their 

geographical isolation. An alternative hypothesis is that there might be host factors in the 

elUptica and cordata lineages that confer resistance to P element invasion. For exan^le, 

recent simulation studies show that the inability of a species to cope with the type of 

mutations induced by tran^xisition could prevent P element invasion (QuesneviUe and 

Anxolabeh  ̂1997). This hypothesis, which can explain the coooplete absence of P-

homologous sequences in these species, could potentiaUy be tested with transformation 

studies. 

Our analyses suggest that the patchy taxonomic distribution of canonical P 

elements is not due to the loss oi vertically transmitted elements but to their spread by 
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hocizontal transfer. A few other instances of horizontal transfer involving P elements 

have already been docummted (Claik, Maddison, and Kidwell 1994; Hagemann, Haring, 

and Pinsker 1996; Oaik and Kidwell 1997, Loreto et aL 1998), which suggests that this 

phencMnemMi is present in other taxa carrying P elements. Also, preliminaiy analyses of 

additional P subfamilies present in the saltans and wiUistoni groups indicate that 

horizontal transfer is common in other P subfamilies (J. S., unpublished results). 

Detailed analyses, similar to the ones performed here for the canonical elements, of all 

subfamilies could be done to ascertain if the histoty of the canonical subfamily is 

representative of that ci the whole P family. 

Where did canonical P elements conoe firom? 

This question has been previously asked, in the context of the recent introduction 

of canonical P elements to D. melanogaster (Engels 1989). The same question 

resurfaces now that we know that the invasion of the wiUistoni and saltans groups by 

canonical P elements, even though earlier than D. melanogaster, was still fairly recent A 

detailed phylogenetic analysis of P elenoents sequences in the subgenus Sophophora 

places the clade of canonical elements as the sister group to all odier subfamilies of 

Drosophiia and Scaptomyza P elements (Clark and Kidwell 1997). In addition to the 

canonical subfamily, that study identified three other P subfamilies in species of the 

saltans and willistoni groups. The four subfamilies form distantly related clades, as 

indicated by mutational saturation at third codon positions when elements in different 

subfamilies are compared (J. S., unpublished results). However, within P subfamilies, 

elements sampled from different species, and even species groups, are often very closely 

related (J. S., unpublished results). The discreteness of these subfamilies coexisting in 



the same genome provides a strong indication that die presence of multiple P subfamilies 

in the saltans and wUlistoni species groups is the result of multiple waves of horizontal 

transfer events. This further emphasizes the relevance d this mode at transmission in the 

evolution of the TE family. The source of these waves of horizontal transfer is 

unknown. It is possible that lineages leading to each subfamily were present but donnant 

in a New World Sophc^horan species and that at some point spread through the two 

species groups. Alternatively, a reservoir may exist in zaaCaa Drosophila species or 

perhaps even in a different taxonomic group. This could potentially be investigated by 

PCR analysis, using pools d DNA 6om multiple species. These species could be 

san^led among the species that have easy access to rotting fruits in which the eggs of 

these Drosophila species are laid, such as soil organisms, nematodes or other fruit-

feeding dipterans. 

Selection in the family (rf'TEs 

Hve mechanisms through which selection can be effective on TE sequences have 

been recentiy summarized (Withenpoon 1999): selection on TEs is esqjected if (1) 

transposition increases host fitness, (2) transcripts from functional TEs increase host 

fitness, (3) functional elements transpose at a hi^ier frequency within a genome, (4) 

functional elements transpose at a higher frequency within a population and/or (5) only 

functional elements can spread by horizontal transfer. According to the first four 

mechanisms one would eiqMct selection to be effective on TE intraspecific evolution. 

However, if selection operates only at the time of horizontal transfer, as described by the 

fifth mechanism, selective constraints should only be detected when elements from 



58 

different species are coixq>ared, as horizontai transfer between taxa creates a sieve 

through which ftinctianal elements pass more easily than non-functional elements. 

Our results show that the laiio of 4v:4s in intraspecific P element comparisons 

does not differ significantly fiom one, but that this ratio decreases for interspecific P 

comparisons (0.4 < (kifds < 1), providing strong support for the fifth selection 

mechanism. The fact that it is even smaller (fMds < 0.2) in inter-subfamily P 

comparisons is also easfly explained: lineages leading to distandy related elements have 

survived for longer periods of evolutionary time, with die concurrent accruing of 

mutations at synonymous sites. These elements would have likely survived through 

further rounds of horizontal transfer, which would have imposed selective constraints in 

mxi-synonymous positicMis. Consequendy, the ratio of dff.ds among elements of 

different subfamilies is expected to be lower than that observed for conqiarisons among 

the closely related elements diat conqxise a subfamily. 

Long-term maintenance, horizontal transfer and the life cycle of /'elements 

The life cycle of P elements is similar to that described for members of other 

Class n TE families, such as the manner-like elements (Engels 1989; Hard et aL 1997). 

This cycle starts with the invasion of a naive host, the nq)id increase in copy number, the 

spread through the host population and the eventual stabilization oi copy number, once 

repression of transposition arises. The frequency of functional elements then decreases, 

as functional copies are lost through mutation, excision, drift and selection. Extinction is 

the eventual fate of TE systems such as /*, in which die transposition of full length, 

fiuictional elements can give rise to both functional and non-functional elements, non

functional elements can also transpose and transposition is a negative function of copy 
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number (Kaplan, Daiden, and Langley 1985). Honzontal transfer of a functional element 

into a naive host, with its concomitant high rates of umepressed transposition, provides 

the source fOT a large number of functional copies and a chance to escape extinction 

(Lohe et aL 1995; Robertson and Lanqie 1995). Overall, our results together widi those 

of Whitherspoon (1999) provide soong enqnrical evidence that horizontal transfer is the 

main, and maybe the unique, source of selective coostndnt on the element transposase 

sequence as a whole, at least in the hosts surveyed to date. Whether this selection 

mechanism is sufficient to have maintained the P element family for over 40 Myr is 

unknown. The existence of a reservoir species is possible in which selection acts during 

intraspecific evolution of P elements. Simulation studies are needed to address this 

question finxn a dieoretical stam^xmL At the same time, surveys of the genomes of 

species that share the habitat of sophophoran drosophilids are needed to assay for the 

presence of canonical P elements. 

Supplementary Material 

The Adh sequences for the Scaptomyza species have the following accession 

numbers: 

Scaptomyza pallida: AF264071; Scaptomyza elmoi: AF264072. 
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Table 1. Taxa used in the study. The number of sequences analyz.ed from each gene in 

each species is listed in the body of the table. 

Genus Species Species 

group subgroup 

Drosophila saltans cordata 
elliptica 
parasaltans 
saltans 

sturtevanti 

Species 

D. neocordata 
D.emarginata 
D. subsaltans 
D. austrosaltans 
D. lusaltans 
D. prosaltans 
D. saltans 

D. dacunhai c 
D. sturtevanti 

pa Adh b per b 

1 
3 

2 1 
2 1 
2 1 
4 2 
2 1 1 

1 
3 3 

willistoni ? D. capricorni 1 1 1 
? D. fumlpennis 4 1 
? D. nebulosa 2 1 1 
? D. sucinea 2 1 1 

willistoni D. equinoxialis - 4 1 7 
D. insularis 1 2 
D. paulistorum 7 1 6 
D. pavlovskiana 3 1 1 
D. tropicalis 4 1 1 

Sod 

1 

D. willistoni 6 2 18 1 
Scaptomyza S. pallida 2 1 

S. -elmoi 2 1 

a Multiple P sequences per species were obtained from the same fly stock, with the 
exception of D. willistoni., for which P elements were obtained from two stocks 
(Clark et al. 1995). 
b Multiple sequences correspond to alleles sequenced from different 
stocks/populations. 
c Species not surveyed for P elements. 
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Table 2. Average codon bias and G+C content at synonymous sites in the canonical P 

sequences and the three host genes studied. 

Gene Nc Ull t»'*^lntron~ 

species group mean (range) niean (range) mean (range) mean (range) 
(# of sequences) 

P transposasc 

saltans {\S) 49.8 (43.2 - 61®) 0.46(0.40 - 0.51) 0.41(038-0.45) 

willistom03) 52.7 (42J - 6lb) 0.48(0.43 - 0.52) 0.41(035-0.44) 

overall mean 51.9 0.47 

Adk 

saltans (13) 

willistoni (11) 

overall mean 

saltans (1) ND  ̂

willistoni (38) ^7.0 (50.1 - 58.9) 

overall mean 

Sod 

saltans {I) 47.6 0.50 0.47 

willistom (1) 42.9 0.57 0.52 

overaU mean ^5.3 0.54 

 ̂One value was greater than 61 and tevised to the maximum of 61; mean determined 
after collection. 
 ̂Eight Nc values were revised to the maximum of 61; mean demmined after corrections. 

c Indices not determined because more than half the amino acids for at least one 
degeneracy group are absent. 

44.7 (38.8 - 52.8) 035 (0.45 - 0.66) 0.47 (0.48 - 0.54) 0.27 (27.8 - 32.4) 

43.5(403-47.9) 0J3 (0.49 - 0 J9) 0.54(0.48 - 0.54) 0.30 

44.2 034 

NDP 

0.29 (0.27 - 0.37) 032 (0.49 - 0.66) 

0.29 

036 

0.42 
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Figure Legends 

Fig. 1. Mean number of substitutions per synonymous ids) and nonsynonymous (div) 

site between tiie saltans and wilUstoni species groups, in canonical P elements and three 

host genes, Adh, Sod and per. 

Fig. 2. Conelation between two indices of codon bias, Nc and CBI, in sequences 6om 

three host loci, Adh (crosses; shoct-dash line; conelation coefficient r=-.56), per (solid 

circles; long-dash line; r=-J9) and Sod (solid triangles; solid line). 

Rg. 3. Relation between codon bias index, C!BI, and number of substitutions per 

synonymous site, ds (r2=0.84; NS). 

Fig. 4. (^(Hi^arison of species and P element phylogenetic histories. Diagonal lines unite 

P element clades with the species fitom which they were sanq)led. Thick vertical lines 

alcHig the species tree indicate taxa whose P elements are not monophyletic. Thick 

vertical lines along the P element tree indicate clades that are fonned by elements oS more 

than one species, (a) Maximum likelihood tree of the host species, based on the Adh data 

set Values on the branches represent parsimony bootstrap support, (b) One of 24 

maximum likelihood trees for the element data seL 

Fig. 5. Phylogeny of the canonical P elements, (a) Result of the parsimony and 

maximum likelihood analyses. Values above the branches represent the S0% majwity-

riile consensus of 27 trees firom the maximum likelihood analysis. The log-likelihood 

score of these trees varied between -2912.7077 and -2912.4197. None of these scores 
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differs significantly using a Kishino-Hasegawa test Indicated below the bcanches are 

the 50% majority-nile consensus of7979 most parsimonious trees, which were 419 

steps long. Q)) Results of the bootstrap analysis using parsimony. The tree represents 

the 50% majority rule consensus of 168,931 parsimony bootstrap trees. 

Fig. 5. Mean number of substitutions per synonymous, 4$, and nonsynonymous, site 

for canonical P elements, Adh and p«r, in six pairwise comparisons of sister clades 

within the wUUstoni species group. 

Fig. 7. Mean number substitutions per synonymous, ds, and nonsynonymous, site 

for canonical P elements andi4 ,̂ in four pairwise conqiarisons of sister clades within 

the saltans species groiq>. 

Fig. 8. Mean number ai substitutions per synonymous, ds, and nonsynonymous, d ,̂ site 

for canonical P elements and Adh between D.fumipennis {wUUstoni group) and D. 

austrosaltans (saltans group). 

Fig. 9. Mean number of substitutions per synonymous, ds, and nonsynonymous, dff, 

site for P elements and Adh between the two species of Scaptomyia (Diosophilidae) and 

the species in the saltans and willistom species groups (genus Drosophila, subgenus 

Sophophora). 
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APPENDK B. 

THE EVOLUTION OF ALCOHOL DEHYDROGENASE {ADH) IN 
DROSOPHILA WILUSTON! AND DROSOPHILA STURTEVANTI 
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The evolution of alcohol dehydrogenase iAdh) 

in Drosophila yriUisUmi and DrosophUa sturtevanti 

ABSTRACT 

The alcohol dehydrogenase (Adh) locus has been extensively studied in members 

of the melanogaster and obscwra species groups of the subgenus Sophophora, with 

particular emphasis on DrosophUa melanogaster. These studies provided abundant 

evidence that this locus is a target for selection. In Ofder to determine whether this 

observation is applicable to members oi die two other Sophophora species groups, the 

evolution of the Adh gene was studied in SS strains of DrosophUa willistoni (wUlistoni 

species groi^) and 16 strains of Drosophila sturtevanti {saltans species group), using 

DNA sequence data. The level oi nucleotide sequence polymorphism found in these two 

species is similar to that previously observed in other species of Sophophora. No 

replacement substitutions were observed in either species, a result tfiat contrasts sharply 

with a previous study d Adh in D. willistoni. A neutral model of evcriution could not be 

rejected for these Adh sequences based on McDonald and Kreitnum's, Tajima's and Fu 

and Li's tests. This result suggests that the lack of replacement pcdymcHphisms is due to 

a low rate of neutral mutation in replacement sites, rather than to a selective event that 

would have eliminated amino add polymorphisms. There is aconsiderable level of 

linkage disequilibrium among polymorphic sites in D. willistoni  ̂which allowed us to 

define two Adh allelic classes in this species. This observation is best explained by 

historical population subdivision. The results presented suggest that, in the two species 
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studied, the variation in the Adh kxnis is strictly neutraL This provides a caveat about the 

danger of generalizing results obtained with D. melanogaster to other species of 

Drosophila. 
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INTRODUCTION 

During the past two decades great enyhasis has been placed on trying to 

understand how different evolutionary forces shape the variation present at the molecular 

level in natural populations (e.g  ̂Kimura 1983, Gillespie 1991). Studies of the alcohol 

dehydrogenase {Adh) gene have figured prominently in this endeavor. Using this gene, 

several new methods of analysis were developed to try todififercntiaie the signatures that 

different evolutionary processes leave on DNA sequences (Hudson et al. 1987, Krdtman 

and Aguad  ̂1986, IQeitman and Hudson 1991, McDonald and Kreitman 1991). Based 

on these and other studies (e. g., Kreitman 1983, Laurie et al. 1991), the Adh locus has 

provided one of the best documented cases of a balanced polymorphism (but see Begun 

et al. 1999). This polymorphism has been in:q)licatBd in the clinal distribution of Adh 

alleles in DrosophUa melanogaster in several geogr^hic regions (Oakeshott et al. 1982, 

Simnxxis et al. 1989). In addition, evidence of directional selection has been detected in 

this gene (McDonald and Kreitman 1991), and it has been shown that some of the 

polymorphism present in the Adh locus in D. melanogaster may be maintained by 

epistatic selection (Stam and Laurie 1996). This locus has also been extensively studied 

in DrosophUa pseudoobscura. In this species the ADH enzyme is found to be 

monomorphic at the amino acid level, and the locus seems to have evcdved mostly 

according to a neutral model (Schaeffer and Miller 1992). However, the nonrandon 

associations of polymorphisms in two Adh introns seem to be best explained by epistatic 

selection among sites within these regions that maintain pre-mRNA secondary structure 

(Schaeffer and VfiUer 1993). These studies provide anq|)le evidence that the Adh locus is 

a major target for selection. 
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Although the evolution cf the Adh gene has been extensively studied in 

representatives of the melanogaster and obscura groups, the New World species groups 

of Sophophora, wilUstoni and saluuis  ̂have received relatively less attention. Here we 

describe a study of the Adh locus in one species of each oi the New Worid species 

groups, DrosophUa wiUistoni and DrosophUa smrtevanti, which was done to determine 

whether the results obtained with the melanogaster and obscura group species can be 

generalized. 

The distributions of D. wiUistoni andD. stunevanti are rimilflr to one another 

and extend firom Mexico to Southern Brazil, including the Caribbean islands, but D. 

wiUistoni is also present in Florida and west of the Andes (Magalhaes 1962, Ehnnan and 

Powell 1982). Extensive allozyme studies have sampled D. wilUstoni firom across the 

range oi the species. As in D. pseudoobscura  ̂the ADH enzyme in D. wiUistoni is 

monomorphic at the electrophoretic level (Ayala et al. 1972). However, Griffith and 

Powell (1997) found six replacement polymorphism among a sample of 18 Adh 

sequences and suggested that the ADH amino acid variants that could have co-migrated 

in agarose gels and were therefoie iixlistinguishable using electrophoiesis. 

This study aims to identify the evolutionary pnxxsses that determine the variation 

in Adh in D. wUUstoni and D. stunevanti. We extended the analysis of the Adh locus of 

GrifHth and Powell (1997) in D. wiUistoni and describe the first intraspecific molecular 

study of this locus in a species of the saltans species group, D. stunevanti. We have 

sequenced the majority of the Adh transcript from populations sampled across the range 

of these species. The levels of polymorphism in the locus and the evolutionary processes 

that determine them ate compared to those found in other studies of Adh in species of the 

subgenus Sophophora. 
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MATERIALS AND METHODS 

Strains: We used SS strains of D. wiUistoni and 17 strains of D. sturtevarai. Their dates 

and places ci collection are listed in Table 1 and Figure 1. MostD. wiUistoni strains 

were started as isofemak lines, widi the exception of those obtained fiom the BowUng 

Green Drosophila Center, the ones firom Manaus, IMel, PMC, and some of diose from 

the Lesser Antilles (1,3,4 and S), which were all started as mixed stocks. All the/>. 

sturtevanxi strains were started as mixed stocks, with the exception of those from 

Panama, which were kept as isofemale lines since collection. 

The D. mllistoni strains were grouped into eight populations according to their 

geographic locatkm, namely Fknda, Antilles, Mexico, Central America, Ecuador, 

Amazon, S. Brazil - islands and S. Brazil - mainland (Table 1). The D. sturtevand 

strains were grouped into four populations: Antilles, Mexico. Central America and BraziL 

DNA isolation and sequencing: From each strain, total genomic DNA was isolated 

frcnn a pool of 30 to SO flies. Flies were homogenized in SCO ul of buffer (10 mM Tris-

HCl, pH8.0,10 mM EDTA, pH 8.0, SO mM NaQ and 0J% SDS), incubated and 

protein digested with proteinase K at SO °C for 30 minutes, phenol extracted and 

prec^taied. DNA was isc^aied from RNA by treatment with RNAse A (lOm^ml), and 

resuspended in20 ul of water. One ul of a 1:20 or 1:S0 solution of this DNA stock was 

used in polymerase chain reactions (PCRs). 

A DNA fragment (Hg. 2) was amplified by PCR from each of the strains Usted 

above, using non-degenerate oligonucleotides AdhA/6 S' 

GGCGGCATTGGTCTGGACAC and Adh%%9 S' CCCGAATCCCAGTGCTTGGT. 

The integer in the primer designation corresponds to the approximate position of dieir S* 

end in die Adh gene ci D. melanogaster (starting from the initiation codon). The PCR 
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conditions consisted of an initial ieaq)laiB denaturation of 2 min at 9S X, followed by 25 

cycles of 1 min denaturation at 95 *C, 1 noin primer annealing at 68 (for Z). wUlistoni; 

65 °C for D.̂ iumevaiuO and piimer extension for 1 min at 72 "C The reactions ended 

with a final extension of 7 min at 72 "C PCRs were performed using regular Taq DNA 

polynxvase (GibcoBRL) and standaid coocentxations of all reagents. The PGR products 

were sequenced direcdy with primers AdhAlQ 5" ATACCACXIACAGCCATTT and 

AdhSTO 5' TTTGGATGGGGAATAGAC Some of the strains from Apazapan  ̂Nfexico 

and southern Brazil were still heieiD;^gous, and some of the sites were polymoiphic. In 

this case, the linkage phase of the polymorphisms was resolved by cloning. Prinoers Adhl 

5' TTAGTrGAGAAGAGAAGAGCC and Adha 5* CGATTATCAAATCAGCCITC 
(Griffith and Powell 1997) were used to obtain the con^lete coding sequence for sooae 

of the D. wilUstoni strains (Hg. 2). Sequences were obtained by the Laboratory for 

Molecular Systematics and Evolution, at the University of Arizona, using an ABI377 

automated sequencer. An additional Adh sequence, fcr Drosophila tropicalis (yvilUstoni 

species group), was obtained from GenBank (U95274). 

Sequence analyses: Alignment of all sequences was straightforward and performed by 

eye using MacQade 4.0bll-18 (Maddison and Maddison 2000). Sequences are 

coUinear except that the first intron is slightly longer in D. stwrtevanti than in D. 

wilUstoni and that the coaq>lete second intron is missing in D. wilUstonî  as well as in all 

other species of the wiUistotu group (Anderson et al. 1993). Sites with alignment gaps 

were excluded from all analyses. 

Nudeodde variation: The frequency of heterozygosity per site was estimated by 

calculating x, the average pairwise number oi dififerences within species (Nei and Li 

1979), and 0, which is calculated from 5, the number of polymorphic sites (Watterson 

1975). These calculations were done using DnaSP, version 3.14 (Rozas and Rozas 



1999). Lower and upper limits (rf' 0 (6  ̂and 6^) were estimated as described in Kreitman 

and Hudson (1991). The lower limit is the lowest value of Ofor which there is a 25% 

probability of observing the same or higher number of polymorphic sites. The upper 

limit is the highest value of Ofor which diere is a 25% probability of observing the same 

or lower number d polymorphic sites. Together they provide a 95% ccxifidence interval 

based on the expected distribution of polymorphic sites. These values are estimated 

using equations 10 through 12 frmn Hudson (1990). 

Divergence between spedcs: The numbers of synonynraus substitutions per 

synonymous site, and of nonsynonymous substitutions per nonsynonymous site, 

were estimated using the method of Nei and Gqjobori (1986). Standard deviations for 

the average and between groups were calculated as in Nei and Jin (1989), using the 

program dNdSwq (written and provided by Jack da Silva, Fennsylvanya State 

University). 

Linkage disequilibrium: Non-random associations of polymorphisms were 

detomined using the statistic D (Lewontin and Kojima 1960), which reflects the degree 

of linkage disequilibrium between each pair of markers. The significance of the 

associations was tested with Fisher's exact test. We corrected for multiple conqiarisons 

with the Bonferroni procedure. These tests were performed using DnaSP (Rozas and 

Rozas 1999). In cases where several sites were found to be in significant linkage 

disequilibrium, we investigated whether limited migration or epistatic selection was the 

likely cause of the disequilibrium, using Ohta's test (Ohta 1982). This test assumes a 

species that confonns to Wright's island model at equilibrium for mutation, 

recombination and migration. This test is based on conq)arisons between the variance 

components of linkage disequilibrium, '̂sv (fonnulas 10 to 13 in Ohta 

1982). is the expected variance of linkage disequilibrium within a subpopulation; 
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is the vaxiance of the conelation between the firequency of polynxnphisnis in a 

subpopulation relative to the that in the total population. D'̂  is the variance in the 

association into a haplotype of polynxxphisms in pairs of sites relative to that in the total 

pc^Hilation, andD'̂  ̂is the variance of the linkage disequilibrium in the total population. 

(%ta (1982) showed that D'̂  > D'̂  and > Ds'suggest limited migration among 

subpopulations; on the odier hand,D'̂  < '̂sr' <D^indicate epistatic 

selection as a likely cause of the disequilibrium. When one condition is fulfilled but the 

other is not, the evidence was considered ambiguous (Schaefifer and Miller 1993). This 

test can be intuitively understood as follows: if die linkage disequilibrium is caused by 

epistatic selection among polymcfphisms, then one would e^qiect the same pairs of sites 

in linkage disequilibrium in all populations. In diis case one would expect a high variance 

of the linkage disequilibrium within subpopulations, D ,̂ and in the total population, 

but that the firequency of polymoq>hisms and haplotypes is similar among 

peculations, leading to low values of and In die case of population subdivision, 

the fincquency of haplotypes could become different among populations due to drift If 

the fluctuations in the ha^loQrpe frequencies were large enough to cause linkage 

disequilibrium, it would be likely that different pairs of sites were in linkage 

disequilibrium in different populations. In this case the linkage disequilibium is likely to 

be associated largely with differences in polynooiphism and h^lotype finequendes 

among sul^pulations (large values of and D .̂ This test was performed only 

between the populations from Southern Brazil, because they were the only ones that 

contained both allelic states in the sites that showed disequilibrium. Only sites for which 

each state was present in at least two alleles in both populations were used. 

Neutrality: To lest die hypothesis that the variaticMi present can be explained by a 

balance between mutation and drift as predicted by the neutral theory (Kimura 1983), we 
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peifcHined two tests for selective neutrally. Tajima's test (1989) is based on a 

coaq)arison of ;rand 6L Bodi of these parameters estimate the neutral mutation parameter, 

4A^u, where is the efifective population size and 11 is the mutation rate per generation per 

sequence. Under neutrality, the eiqiected value for the test statistic, A which is 

proportional to the difference between ;rand 9, is zero. This test was performed with 

DnaSP (Rozas and Rozas 1999). In additicMi. under the neutral mutation model, the 

expected distribution of the frequency of polymorphisms in a sample of i sequences of 

length m, can be determined from the number of polymorphisms (Tajima 1989). This 

allows us to gn^h and visually con^are observed and expected frequency distribudons. 

The second test of neutrality, the McDonald and Kreitman test (1991), is based on DNA 

polymorphism and divergence. It tests a corollary of the neutral theory which states that, 

under neutrality, the ratio of silent lo replacement polymorphism should equal the ratio of 

silent to replacement substitutions between species. Because one of these values is zero 

(no replacements within species; see below), statistical significant deviation from 

expected values was determined using Hsher's exaa test 

RESULTS 

Intraspedfic variability in D. wUUstoni: A 744-bp region of the Adh gene was 

amplified from 55 strains oi D. wiUistom. These strains were grouped by regions as 

follows: two from Florida, eleven from Mexico, two from Ontral America, six from the 

Antilles, five from Ecuador, seven from the Amazon basin, eleven from islands off the 

coast of Southern Brazil, and eleven from the mainland of Southern Brazil (Table 1 and 

Fig. 1). The fragment amplified can be partitioned into four subtegions (Fig. 2): (a) the 

last third of exon 1, (b) intron 1, (c) exon 2 and (d) exon 3 (excluding the region where 



the 3' primer binds). Of the total 744 bp, 68 bp are non-coding (intxon 1), and the 

remainder 676 bp oonespond to coding sequence. There are 36 variable positions among 

the S5 sequences (Hg. 3). Of these, 35 are sites with two nucleotide variants and one is a 

site with an indeL All mutations are silent: 21 are synonymous and 15 are ncm-coding 

(i.e., occur in the intron). We did not observe any of the iq)Iacemait polymoq)hisms 

reported in a previous study of this species (Griffith and Powell 1997). The 25* amino 

acid of the last exon, which is the position of the "Fast/Slow" amino addpcdymorphism 

of £>. melanogaster, is a lysine. This is the amino acid present in the "Slow" allele of D. 

melanogaster. 

Requencies of total and silent polymorphism in each of the four functional 

regions, as measured by ;rand 0, are described in Table 2. Average polymorphism 

frequency in the intxon and exon 3 is hi^er than in exons 1 and 2. However, the average 

frequency of polymorphism at silent sites does not differ significantly among regions, or 

from the average value for all regions (Table 3). The average level of polymorphism in 

the coding region of Adift in D. witfisiom is similar to that found in other species of 

Sophophora (Table 4). Estimates of non-coding polymorphism are higher in D. 

willistoni dian in other species previously examined, although probably not significandy 

different, judging by the confidence intervals oi ̂ presented in table 3. 

Intraspecific variability in D. sturtevanti: The fragment an^lified with primers 

Adh46 and Adh&%9 in D. sturtevanti is 845 bp long. It is longer in this species than in D. 

willistoni due to the presence of intron 2 and a slightly longer intronl (Fig. 2). This 

fragment was anqilified from 17 strains oi D. sturtevanti: five from Mexico, four from 

Central America, three from the Antilles and five from Brazil (Table 1 and Hg. 1). 

Of the total 845 bp, 109 bp and 88 bp correspond to the first arxl second introns, 

respectively. There are a total of 35 base pair changes among the D. sturtevanti 
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sequences, 18 of which ate silent, five are replacements, and 12 are indels (Hg. 4). Most 

of these mutations aie observed whoi the strain fitom the Dominican Republic is 

compared with all others, hi fact, almost half of the base pair changes (17 out of 35), 

including all r^lacements, and over half of the indels (five insertions and two deletions) 

are characteristic of this line (Hg. 4). This line dififers from all the others not only at the 

sequence level, but also at the morphological leveL Even though the external mcrphcdogy 

resembles that characteristic of Z>. stunevand  ̂noale genitalia preparations reveal 

differences in internal morphology (data not shown). These observations strongly 

suggest that the line from the Dominican Republic classified as D. sturtevanti may in 

fact represent a dififerent species. Therefore, we have excluded this line from all 

subsequent analyses. 

Among the remaining 16 D. sturtevanti strains, diere are 18 silent base pair 

changes and five indels. Oie position (565) harbors both Q^s of variation. All base pair 

changes are synonymous; consequently, ADH is also a monomorphic enzyme in oarD. 

stunevanti sanq)le. This enzyme also has lysine in the amino acid position 

correqxMiding to that of die "Slow" allele of D, melanogaster. The level of nucleotide 

pc^ymorphism is lower in D. sturtevanti than in D. willistoni (Table 2), and the 

distribution of polymorphic sites is also slightly different; there is no variation in exons 1 

and 3, and excm 2 is the subregion with the highest average polymorphism frequency. 

However, these differences are not statistically significant, as seen from the overly of 

upper and lower bounds d the estimated values of 0per silent site in each subregion for 

the two species (Table 3). 

Testing neutrality from the distribution of polymorphisms: The spectra of the 

distribution of polymorphisms in D. wUUstoni and D. sturtevanti are presented in Hg. 5. 

In both species die observed values are higher dian expected for some of the lower 
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&equency classes. This is in agreement with the values of Tajima's D, estimated 

independently for each subregion and for the whole Adh fragment sequenced (Table 2). 

Tajima's D is negative in all instances, except for exon 3 in Z>. wilUstoni, ̂ niiich indicates 

an excess of low frequency polymoqrfiisnL However, since there was no significant 

deviation fiom expectadon for any of the subregions, or for the total region (Table2), a 

neutral model of evolution cannot be rejected based on the distribution of 

polymorphisms in either q)ecies. 

Testing neutrality from the patterns of polymorphism and divergence: The 

number of synonymous and replacement polymorphisms within, and substitutions 

between, D. wiUistoni and D. sturtevanti sequences are shown in Table S. Because these 

two species diverged between IS and 30 MY ago (Clark and Kidwell 1997), intron 1 

could not be reliably aligned between qxicies and was not used in the test. This gene has 

been sequenced firom other species in the wilUstoni group, and we usedD. tropicalis 

in an additional comparison with D. wilUstoni sequences. D. tropicaUs was chosen 

because it is close enough toD. wiUistoni so that their intnms can be aligned, but also 

distant enough that several substitutions have occurred between these qpecies. The results 

of the McDonald and Kreitman tests are presented in Table S. None oi Ae tests allow us 

to reject a model of neutral evolution for the Adh gene in D. wUUstoni or D. stunevand. 

Linkage disequilibrium: In our sample of SS D. wilUstoni sequences there are 35 

nucleotide pcdymorphisms. Of these, 26 are informative, Le., they are not singtetons. 

Linkage disequilibrium was estimated for all pairs of informative variable nucleotide 

positions for a total ci650 comparisons using Lewontin and Kojima's D (1960). The 

significance level used was 7.7 X lO"  ̂(0.05 initial significance level/650 pairwise 

comparisons). The pairwise comparisons that show significant linkage disequilibrium are 

shown in Hg. 6. Over half of the polymorphic sites are associated non-randomly with 
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other sites. The panem observed does not aHifocm to a distance effect, where linkage 

disequilibrium is higher among mutations that are close together. The disequilibrium 

extends across the whole region, and sites in linkage disequilibrium are intermixed with 

polynxxphic sites in which mutadons are randonoly distributed among sequences (but 

not among allelic classes - see below). We find that most polyoxxphic sites in intron 1 

(nine out of eleven) are ncMi-randomly associated with one site in exon 2 and with four 

sites in exon 3 (Figs. 3 and 6). This linkage group defines two allelic classes, between 

which there are nine fixed differences. One, which we will call "class F, is found in die 

whole range of the species. The other, "class IT*, is less frequent and found only in the 

two populations in Southern BraziL It should be noted that the polymorphic sites in 

linkage equilibrium are still monomoiphic in "class IT*. One additional site in intron 1 

(site 69) is in disequilibrium with the two polymorphic sites in the 5' end of the intron 

and an insertion, also in the intron. This second linkage group is found predominandy in 

the northern range of the distribution (Mexico, Central America and Ecuador), but is also 

present in the Amazon region (Pari) and southem Brazil (Itapua). Two additional pairs 

of sites in disequilibriimi (sites 412-611 and 716-7S8) are present in most, or all, 

populations sampled (Fig. 3). 

Most sites invcdved in linkage disequilibrium are variable only in the D. willistoni 

populations ci southern BraziL We investigated whether linkage disequilibrium of the 

polynxxphic sites in these two populations is likely to be due to limited migration or 

epistatic selectioiL The results of this test (Fig. 7) suggest the latter (but see Discussion). 

The pattern in D. stunevanU is strikingly different, as no pairs of mutations were 

found to be in linkage disequilibrium after the significance level was connected for 

multiple comparisons. 



95 

DISCUSSION 

We studied the evcriutioii of the Adh locus in a sample of 55 sequences firom D. 

wUlistoni and 16 sequences fiom D. sturtevanti, obtained firom a wide variety of 

geographic locations (Hg. 1, Table 1). 

The nature of the variatioii in thtAdh gene: We used Tajima's D (1989), Fu and 

Li's F* and D* (1993; not shown) and the McDonald and Kieitman (1991) tests to 

determine, in both species, whether the pattern of nucleotide variation present exhibits 

significant departures 6om the neutral Wright-Fisher model. Simulation studies have 

shown Fu and Li's tests to be the most powerful tests to detect background selection, 

while Tajima's test is more powerful than those in die case of population growth and 

genetic hitchhiking (Braverman et aL 1995, Fu 1997). However, the power of these tests 

is linuted when the departure 6om neutral expectations is due to population subdivision 

(Simonsen et al. 1995, Fu 1996). It has also been shown that the power of these tests 

depends on sample size, and that a minimum of about 50 sequences is usually necessary 

for reasonable power to be achieved (Simonsen et al. 1995). While the D. sturtevanti 

data set is considerably smaller than this (16 sequences), the D. wUlistoni data, with 55 

sequences, does fit this reqiuremenL 

All tests failed to reject departures firom neutrality, and thus provide no evidence 

for recent episodes of positive selection, background selection or population e;q)ansion. 

These results suggests that the absence of amino acid polymorphisms in the ADH 

enzyme in both D. wUlistoni and D. sturtevanti is due to a high level of constraint (i.e., a 

low neutral mutation rate in replacement sites) rather than to a selective sweq> that could 

have eliminated nonsynonynxxis polymcn>hisnis previously present Indeed, silent 

polymorphism levels are con:q>arable to or higher than those found in other species 



(Table 4). Overall these results suggest that the variation in the Adh gene of D. willistoni 

and D. sturtevand is strictly neutraL 

Sequence pdymorphisin among subregions: Polymorphism analyses were 

peifomied in the Adh region as a whole, as well as separately for each of four or five 

subregion. These subregicms correspond to functional motifs, namely three exons and 

two introns in D. stunevanti, but only one intron in D. wQUstoni as that is all it has. The 

lack d statisticaUy significant differences in the neutral mutation parameter for silent 

sites among regions within and between species (Table 2) suggests that selective 

constraints in silent sites do not vary considerably across the gene. 

Sequence polyinorphism in coding regions: The overall level of polymorphism in the 

D. willistoni Adh coding region is similar to that found in previous studies, while that in 

D. stunevanti is slightly lower (Table 4). The lower amount of polymorphism might be 

due to die fact that our sample is not representative of the variation present in D. 

stunevanti, as the sampling was less exhaustive in this q)ecies than in D. wUUstoni. 

However, it is unlikely that diis could be the sole factor because the estimates of 

polymc»phism in D. sinudans and D. melanogaster are based on samples of similar or 

smaller size than our samples of D. stunevanti, and because our lines of D. stunevanti 

cover a considerable area of this species' range (Table 3, Hg. 1). Alternatively, the 

reduced level cf polymorphism found in D. stunevanti might reflect a smaller effective 

peculation size between this and the other species represented in Table 4. We can use the 

polymorphism information to estimate effective population size, as 0=ANji. Assuming 

a similar neutral mutation rate in both species, the 2:1 ratio of 9in silent sites between 

these species (Table 2) suggests that the effective population size of D. willistoni is 

twice that of D. stunevanti, despite the fact that the two species occupy geographic 

ranges of con^arable size. In fact D. willistoni is often the most common drosophilid 



found in collections across the range of its distiibutian (Ayala 1972), but D. sturtevanxi 

is not nearly as comnon. The average divergence per base pair in silent sites among D. 

willistoni and D. stunevanti. Adh sequences is 0.42. Given an estimated divergence time 

between the two species of 15 to 30 MY (Claxk and Kidwell 1997), u is ̂ iprox. 0.8 to 

1.5x10' per million years. Given Oof0.034 per silent site in D. wUUstoniy can be 

^prox. estimated to be 5.6x10  ̂to 10*. Ayala (1972) had suggested that the population 

size qS this species is well over 10 .̂ These two estimates might reflea a difference in 

census population size and effective population size. 
9 

According to our san^ling, the ADH enzyme is mononxxphic in both D. 

wilUstoni and D. stunevanti. The lack aS replacement ptriynxxphism in D. willistoni is 

particulariy surprising, considering the high level of replacement polymcq>hism found in 

a previous study of this species (Griffith and Pbwell 1997; see Table 4). All six 

replacement polymorphims found in that study fall in the region sequenced in our study. 

Because we sampled a larger number of strains than did GrifBth and Powell (1997), we 

would have expected to find at least some of the same replacement polynxxphisms, and 

even different (Hies. Two of the sequences that we obtained are firom die same strains 

used by Griffith and Powell (1997), namely those from Atlixco, Mexico, and from 

Nicaragua, both from the Drosophila Stock Center at Bowling Green. Of these two 

strains, those authcns found a replacement polymorphism only in that from Nicaragua. 

We found the same silent polymorphisms that those authors found, but not the one 

replacement that they found in the Nicaraguan strain. There could be several reasons for 

the discrepancy. First, this polymorphism could be segregating in the strain. This seems 

unlikely, as the strain has been maintained at the Center for a few decades and, as a 

consequence, is likely to be homozygous. Also, this strain could have been cross-

contaminated with a different strain of D. willistoni in the interval of time between the 
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two analyses. But, if so, it still remains puzzling that we don't find that (or any other) 

replacetnent podynsorphism in any of the lines. Hnally, because Griffith and Powell 

(1997) used an intermediatB step between the PGR and the sequencing stages (dieir 

sequences were obtained finom clones) it is possible that these mutations represent 

sequencing errors in single clones. All of the six replacement mutations in their san^le 

were singletons. In the present stwfy all sequencing was perfotmed directly on PGR 

products to avoid cloning enocs. 

Sequence polymorphism in non-coding regions: The level of polymorphism in non-

coding regions in D. sturtevanti is similar to that found in other species, while that in D. 

willistoni is considerably higher. The values in D. willistoni and D. sturtevanti may be 

inflated in relation to those found in the other species described in Table 4 because, in the 

laner, 3' and S' flanking regions were also included in the estimates d non-coding 

polymorphism. These flanking regions are less polymorphic than are the introns 

(Moriyama and Powell 1996) which, to some extent, may account for the lower level of 

silent polymcrphism found in those studies. The amount of polymorphism found in the 

intron in D. wUUstoni is two to ten times higher than that found in non-coding regions of 

other species (Table 3). This is likely due to the high amount of linkage disequilibrium 

found in this species. 

Linkage disequilibrium in D. willistoni'. A considerable amount of linkage 

disequilibrium was found in this species, which allowed us to define two classes of Adh 

alleles, named classes I and n. Class I is the most abundant and is present in all 

populations, and class n is present only in the populations of Southern BraziL Alleles in 

class I differ on average fitom those in class II in twelve sites, nine of which are fixed 

differences. Several hypotheses are described below that might explain this result. 



First, each allelic class, as d^ned by linkage phase, could be associated with a 

replacement polymorphism in a legion of the Adh transcr^t that lies outside primers 

AdhA6 andi4dIA889 (Fig. 2). This polymocphism, if maintained by balancing selection, 

could lead to an inciease in die level d pcdymoiphism in closely linked sites (Strobeck 

1983). In (xder to address this possibility we obtained the full Adh transcript for two 

sequences in each of the two allelic classes, using primers located in the adult intron and 

in the 3' non-coding region oi the gene (Hg. 2). We found no replacement 

polymorphism in the coding region lying outside primers AdhA6 and Adh&99. Another 

possibili  ̂is the presence of an inversion polymoiphism containing the region of the 

Adh locus. The two classes would then represent alleles sequestered in different 

inversion phases, which would be largely prevented from recombining. However, no 

invasions that contain the Adh locus could be detected segregating in our strains (C. 

Rhode and V. Valente, pets. comm.). While there is always the possibility that an 

inversicMi is present but that it is too small to be detected with in situ hybridization to 

polytene chromosomes, further evidence against the inversion hypothesis is the presence 

of sequences that seem to result fiom recombination between class I and class H alleles 

(e.g., Itapua 6,15 and 16, and Dha 8). Additionally, it could be that Adh lies in a region d 

low recombination of the genome of D. wiUistoni. Despite the presence of two major 

alleles there is evidence fw recombination in die sample. The recombination parameter, 

4M: (Hey and Wakely 1997) per base pair for the D. wUlistoni Adh dataset is 0.038, 

which results in a ratio of recombination to mutation events per base pair (c/u) of 3.7. 

This ratio is higher than the average for other species of Drosophita. 

£>iscounting the possibilities oi a balanced pcdymofphism, the presence of an 

inversion polymorphism and low recombination rate, we used Ohta's test to difTerentiaie 

between epistatic selection and limited migration as possible explanations for the pattern 
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of linkage disequilibrium observed (Table 6). The results suggest that, under the 

assun^tions of die test, the'patiem observed is best explained by epistatic selection 

between mutations at the sites involved. Given that some of these sites are located in the 

intron, selection would presumably act at the level of the pre-mRNA confomiaiion. 

Epistatic selection has been invoked to e]q>lain patterns of linkade disequeilibrium in the 

Adh locus in D. pseudoobscura (Schaefifer and Miller 1993). In that species, epistasis is 

restricted to mutations within each of two clusters oi sites. Ifowever, in our stwfy, 

epistasis would involve sites that are spread duoughout the gene and probably require 

complex secondary structures. This test assumes that the population evolves accofding to 

Wright's island model and that it is at equilibrium of mutation, recombination and 

migraticHL The fact that class n alleles are present only in the soudiem part of die 

distribution of the species suggests that this is not the case. We therefore suggest an 

alternative explanation for flie pattern erf" linkage disequilibrium observed, which we think 

is nxne likely than the epistatic selection scenario. Given that class II alleles have been 

detected only in Southeni Brazil, it is conceivable that this class evolved in a population 

in that pan of the distributicm. This population could have been geogn^hically isolateid 

&om the rest of the species until recently, with the current Southern Brazilian pcqnilations 

representing a recent mix of previously isolated populations. If this is indeed the case, die 

presence of two allelic classes could be the result of historical population substructuring 

coupled with genetic drift, and their cunent presence in multiple populations the result of 

recent migration. If this hypothetical population was isolated and only recently did it 

intermix with other populations of the species, there woukl have been an insufiScient 

amount of time passed for recombination to break the historical pattern of linkage 

disequilibrium. This, and not epistatic selection, could be the reason that the same 

nucleotide positions are in linkage disiquilibrium is both southern populations. 
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Consistent with this hypothesis is the fact that class n alleles axe still restiicted to 

Southern Brazil, and the presence of several sequences in these Southern Brazil 

populations that are likely the xesuh of recombination between class I and class U alkies. 

A survey of additional maikers would help elucidate this matter. 

In conclusion,D. wiUistonimdD. sturtevanti provide two additional examples, 

together with D.pseudoobscura, of species in which ADH is likely to be a 

monomorphic enzyme, probably due to a low neutral nutation rate in replacement sites. 

It is not surprizing that selection acting on replacement sites is strong. These species 

breed on rotting fruit and ADH is the main enzyme responsible for detoxifying ethanol. 

However, unlike for most otho* species studied, in D. wUUstoni and D. sturtevanti the 

variation present in ̂ Adh gene seems to be strictly neutraL This is paiticulariy 

surprising as the species exhibiting evidence for adaptive variation in this locus, such as 

D. melanogaster or D. pseudoobscura, occupy a seemingly similar ecological niche, in 

the sense that they are also exposed to alcoholic fermentation, as they all breed and feed 

on rotting fruits. These results show very conclusively that the gene might evolve 

under different selective pressures in different taxa and thus that it is unwise to 

extrapolate to other Drost̂ hila species results obtained from studies of D. 

melanogaster. 
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TABLE 1 

Strains of D. wUUstoni and D. sturtevandi dates and locations of collection. 

Strains Location Date CoUectof'' * 

D. wUUstoni 

Won da 
Florida2 
Florida6 

Antilles 
Lantillesl 
LAntillesS 
LAiUilles4, S, 6.7 

Meiicn 
Apaz2.5.7.8.10.11. 
27. 32, 33. 35 

Atlixco 
Central Amcnca 

ElSalvador 
Nicaragua 

JSachal. 3,4,5,6J 

Manaus 
Para3.4.5,8.11.12 
RraTil -itlandit 

Imel 
Ilhal.2.3.4.5.6.7. 
8.9.10 

^ rrayil ^ainlami 
Itapiial.6.9. la 11. 
12.13.14.15.16 

PMC 

Royal Palm Park, FL 
Fairchild Gardens, FL 

Toro N^ro. Pueno Rioo 
Grand Etang. Cntor Lake. Grenada 
St. Vincent and the Grenadines. Vermont 

Apazapin (behind cemetery). Veracniz, 
Mexico 

Atlixco, Vencniz, Mexico 

Institute Tropical. San Salvador, ES 
Santa Maria de Ostuna, Nicaragua 

Jaton Sacha. near Tena, Ecuadv 

Manaus, Amazonia 
Bel£ni,Pari 

Dha do Mel. Ptfani, Brazil 
Oha dos Ratdes, Sanu Catarina, Brazil 

Itapui Park, Rio Grande do Sul, Brazil 

Prafa Maurfcio Cardoso, Pono Alegre, 
R. G. S.. Brazil 

1986 
1997 

1994 
1997 

BG-0811  ̂
BG-0811  ̂

1994 HH 
1997 HH 
1997 HH 

1998 JS 

BG-06113 

BG-0811.1 
BG-0811.0 

1997 PO 

Wand OR 
WandCR 

WandCR 
WandCR 

1997 WandCR 

1999 WandCR 



Strains Location Date Collector  ̂* 

D. sturtevanti 

Antilles 

DominicanR Montecristi, Dominican Republic BG-0871.11 
Baibadosl, 2 Tuner's Hall WoodsBarbados 1999 HH 

Merico 
AlOS, 16S. 30S Apayapm, Veracruz, Mexico 1998 JS 
Matlapal, 2 Matlapo. San Luis Potosi, Mexico 1998 JS 

Central America 
ElSalvador Instituto Tropical. San Salvador. ES BG-0871.5 
Pajuina6, 12 Panama 1999 TM 
Colombia Bucaramanga. Colombia BG -0871.1 

Ceaxi Pacatuba. Ceari. Brazil 198? FMS (viaCC) 
MatoGrosso Maio Gfosso. Ekazil BG-0871.8 
127 Sena do Cipo, Minas Genis. Brazil 1995 CV(viaCC) 
SJRP Sio Jos£ do Rio Plcio. Sio P^o. Brazil 1988 CC 
Maquine Maouine. Rio Grande do Sul. Brazil 1995 W (via CO 

' Collectors names and affiliations are as follows: BG, National Drosophila Species 
Resource Center at Bowling Green. CC, Qdudia Carareto, Universidade Estadual 
Paulista; CR, CUudia Rhode, Universidade Federal do Rio Grande do Sul; CV, Carlos 
Vilela, Universidade de Sao Paulo; FMS, Fibio de Melo Sene, Universidade de Sao 
Paulo; HH, Hope HoUocher, Princeton University; JS, Joana Silva, Universi  ̂of 
Arizona; PO, Patrick O^Grady, American Museum of Natural History; TM, Terry 
Maikow, University of Arizona; W, Vera Valente, Universidade Federal do Rio 
Grande do Sul. 
'' The D. willistoni stocks from the Drosophila Center at Bowling Green are numbered 
14030^81 IJC and those of D. sturtevanti 14043-0871.X (where X stands for the 
number of each specific stock of the species). In the table only the digits after the dash 
are listed. We could not obtain the collection dates for these stocks but they are likely 
to date from the 1960*s or 1970's. 



TABLE 2 
Degree of polymorphism for several functional subregions of the Adh gene. 

Silent RepI Total 

Tajima's D Length 
(in bp) 

#mul* re #mut r 6 Tajima's D 

D. wiiiistoni (55) 
exon 1 (partial) 31 1 .0055 .0328 0 .0012 .0071 -1.093 NS 
intron 1 67 14 .0447 .0457 -0.066 NS 
exon 2 405 12 .0171 .0259 0 .0043 .0065 -0.988 NS 
exon 3 (partial) 240 8 .0461 .0326 0 .0103 .0073 1.108 NS 
TOTAL 743 35 .0316 .0334 0 .0097 .0103 -0.158 NS 

D. sturtevanti (16) 

exon 1 (partial) 31 0 0 0 0 0 0 -

intron 1 72 6 .0218 .0251 -0.457 NS 
exon 2 405 9 .0219 .0267 0 .0055 .0067 -0.671 NS 
intron 2 65 2 .0086 .0093 -0.189 NS 
exon 3 (partial) 240 0 0 0 0 0 0 — 

TOTAL 813 17 .0145 .0171 0 .0053 .0063 -0.605 NS 

'Number of mutations; equals the number of segregating sites, as there are, at most, two variants per 

site. 

* Nucleotide diversity per silent site, based on average pairwise differences between sequences. 

' Nucleotide diversity per silent site, based on the number of segregating sites. 
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tables 
Estimates of 9per silent site in each subregion of 

D. willistoni (n=55) 
exon 1 (partial) 7 1 0.000 0.033 0.203 
intron 2 67 14 0.021 0.046 0.099 
exon 2 101 12 0.011 0.026 0.058 
exon 3 (partial) 54 8 0.012 0.033 0.080 

TOTAL 228 35 0.034 
D. stunevanti (n=6) 

exon 1 (partial) 7 0 0.000 0.000 0.201 
intron 2 72 6 0.006 0.025 0.080 
exon 2 101 9 0.008 0.027 0.077 
intrcMi 3 65 2 0.000 0.009 0.045 
exon 3 (partial) 54 0 0.000 0.000 0.026 

TOTAL 300 17 0.017 
Legend: m, number of silent sites; S, number of segregating sites; $, polymorphism 
estimated from the number of segregating sites; Bu, lower limit of But upper limit 
of 9. 01, and 0u define a 95% confidence interval of ^infened from the expected 
distribution of segregating sites (see materials and methods). 



TABLE 4 

Comparison on Adh polymorphism values In D. sturtevanti and D. willistoni 

with those of other representatives of the main species groups of Sophophora 

Coding DNA Non-coding (introns) 

Species #seq length 
(in bp) 

# 
silent 

# 
replacement 

K e length 
(in bp) 

# mutations n 0 

D. sturtevanti 16 676 9 0 .0033 .0040 137 8 .0155 .0176 
D. willistofU 55 676 21 0 .0063 .0068 67 14 .0447 .0457 

D. willistoni ' 18 759 14 6 .0053 .0076 409 15 .0057 .0104 

D. melanoROSter  ̂ 15 768 16 3 .0081 .0076 1210 61 .0191 .0170 

D. simulans  ̂ 5 768 11 0 .0068 .0069 206 12 .0271 .0272 
D. pseudoobscwrc  ̂ 107 762 38 1 .0040 .0098 1280 188 .0202 .0315 
' Data from Griffith and Powell (1997); non-coding polymorphism values includes point mutations in 3', 5* and intron 

regions. 
* Data fiom Laurie et al. (1991). 
' Data from McDonald and Kreitman (1991). 
* Data from Schaefer and Miller (1992b, 1993). 
*Non-coding polymorphism values include 3', 5' and intron regions. Values fiDm Moriyama and Powell (1996). 
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TABLES 

Results of McDonald and Kreitanan tests. 

D. willistoni vs. D. stunevant̂  D. wiUistoni vs. D. tropicalî  

Silent 

Replacement 

Fixed Polymafphic 

47 29 

4 0 

Fisher's exact test: P = 0.291 NS 

Fixed 

24 

1 

Polymorphic 

34 

0 

P = 0.424 NS 

* Coding region only. 

''Coding region and intion 1 (intion 2 is absent in the willistoni species group). 
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List of Hgures 

Fig. 1. showing the locations of origin of the strains of D. mllistoni (hatched 

circles) and D. sturtevaati (full ovals) used in the study. The sizes of the circles and 

ovals axe roughly proportional to the nunaber of strains obtained firom each location. 

Fig. 2. Schematic representation of the structure of the Adh locus in D. sturtevanti and 

D. willistoni. Open blocks represent exons, hatched blocks represent the putative 

mRNA leader, single lines represent inoons, double Unes represent part of the putative 

adult intron (on the left) and part of the 3' untranslated region (on the right). The 

second intron is missing firom D. willistoni (Anderson et al. 1993). Arrows indicate the 

direction of amplification with each primer. Primers AdM6 and Adh&S9 yield a 744 

base pair (bp) PCR fragment in D. willistoni and a 84S bp firagment in D. sturtevanti. 

This fragment is indicated by a solid line above the gene 

Fig. 3. Variable nucleotide positions in D. willistoni partial Adh sequences. On top are 

marked the subregions into which these positions fall (el stands fOT exon 1). The 
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position in the data set is indicated for each mutation, and should be read vertically. 

All mutations in die coding region are synonymous. 

Fig. 4. Variable nucleotide positions in D. sttirtevanti partial Adh sequences. The 

subregions in the gene are on top (el stands for exon 1). The position in the 

data set is indicated for each mutation, and should be read vertically. Asterisks 

indicate replacement mutations. All other mutations in the coding region are 

synonymous. Underlined positions correspond to mutations unique to the strain firom 

the Dominican Republic. 

Fig. S. Spectra of the distribution of mutations among 55 lines of D. wilUstoni and 16 

lines of D. strutevanti. Observed fitequencies are represented by <^n bars. Expected 

frequencies were calculated according to Tajima (1989) and are represented by 

diamonds, connected by a line. In the D. willistoni graph only half of the distribution 

is represented because of the large number of lines (note that these distributions are 

symmetrical, which makes it easy to visualize die half that is missing). 
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Fig. 6. Linkage disequilibrium in the Adh locus of D. willistoni. The numbers in each 

column correspond to the position of polymorphic sites marked along the gene. Black 

rectangles indicate pairs of sites that ate in significant linkage disequilibrium. 

Fig. 7. Schematic representation of the results of the linkage disequilibrium analyses 

using Ohta's (1982) test. Blank cells mark pairs of sites that ate in linkage 

equilibrium. All others ate in linkage disequilibrium. 'E' marks the comparisons in 

which the variance components of linkage disequilibrium suggest epistasis. *?* marks 

comparisons for which the evidence did not point conclusively towards epistasis ac 

population subdivision. 
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D. willistoni 

D. sturtevanti • 



D. sturtevanti 
84Sbp 

D. willistoni 
744bp 

• 
AdJal __.. 

exon1 exon 2 

• • 
Adft410 Adh520 __.. ._ 

117 

exon 3 

~ 
• • 

Adla889 AdJa n ._. ._. 

100bp 
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el intron 1 exon 2 exon 3 

11111 233344444445 66666777 
1 456666779900000 015814667890 12678145 
3 9006894 71402348 295825035165 13573638 

Florida/wBG6 G TATTGTA-CTCCGCT CCCCTCGCCCTT GGTCCTAT 
Florida/wBG2 ....... -....... ••• T ••••••• C •• • T • • •. 
LAntillesl ....... -. . . . . . . ............ . .... c.c 
LAntilles3 ....... -. ...... • T •. • ••••••• ........ 
LAntilles4 . . . . . . . -. . . . . . . .T. • •. •. • • •• ........ 
LAntillesS ....... -. ...... • T. •. • •••••• ........ 
LAntilles6 . . . . . . . -. ...... .T •••• A ••••• ........ 
LAntilles7 . . . . . . . -. ...... • T ••••• • •••• ........ 
Apaz2 AC ••• G.A ••••••• • • • T •• •. • ••• • •• T.C.C 
Apaz5 ······· -....... .T.T •••••••• ........ 
Apaz7 A AC ••• G.A ••••••• .T.T •••••••• ••• T.C •• 
Apaz8 AC ••• G.A ••••• · •• .T.T •••••••• •• • T •• •. 
ApazlO . . . . . . . -. ...... ••• T •• • • •••• ........ 
Apazll ....... - . ...... • T.T •••••••• A ••••••• 
Apaz27 . . . . . . . - . ...... ••• T •• • ••••• ........ 
Apaz32 ....... -. ...... .T.T •••••••• ••• T.C.C 
Apaz33 ....... - . ...... .T.T •••••••• . .... c.c 
Apaz35 . . . . . . . -....... .T.T •••••••• ........ 
Atlixco/wBG3 AC.C.G.A .•••••• ••• T ••.••••• A •• T •••• 
ElSalvador/wBGl ....... - . ...... ............ . ....... 
Nicaragua/wBGO AC ••• G.A ••••••• •• TT •••••••• . ....... 
JSachal ....... -....... ••• TC .•••••• A •• T •••• 
JSacha3 ....... - ....... ••• T. • •••••• . .... c .c 
JSacha4 ....... - ....... .T.T.T •••••• . .... c .. 
JSachaS . . . . . . . - ....... ••• T •••••••• ........ 
JSacha63 AC ••• G.A ••••••• ••• TC ••••••• A •• T •••• 
Mana us •• G •••• - • • ••••• • •• T ••. • •• • • • • • T •••• 
Para3 •••• A •• - •• T •••• ••• T ••• • ••• • ..... c .. 
Para4 AC ••• G.A ••••••• ............ • •• T.C.C 
ParaS ....... - ....... A .• T •••••• G. ........ 
Para8 ....... -....... ••• T ••••• • •• ........ 
Par all • .G •••• - ••••• •. ............ ........ 
Para12 ....... -....... ••• T •• • ••••• . . . . . c.c 
Imel AC •••• G-TG. ATTG • T.T ••• G •••• .CCTT.G • 
Ilhal ....... - . ...... .T.T •••••••• ........ 
Ilha2 AC •••• G-TG. ATTG .T.T ••• GTG •• .CCTT.G. 
Ilha3 ....... -. ...... ••• T •••••••• . . . . . c.c 
Ilha4 ....... - . ...... ••• TC •.••••• A •• T ••.• 
IlhaS ....... -....... ••• T •••••••• ........ 
Ilha6 . . . . . . . - ....... .T.T •••••••• A •• T •••• 
Ilha7 AC •••• G-TG. ATTG .T.T ••• G •••• • CCTT.G. 
Ilha8 AC •••• G-TG.ATTG .T.T ••• G •••• • CCT •• G. 
Ilha9 ....... -....... • • • TC ••••••• A •• T •••• 
IlhalO ....... -....... .T.T •.•••••• ........ 
Itapual AC •••• G-TG.ATTG .T.T ••• GTG •. • CCTT.G. 
Itapua6 AC •••• G-TG.ATTG .T.T ••• G •••. • CCT.C •• 
Itapua9 ....... -. ...... A •• T •••••••• ........ 
ItapualO ....... - ....... . ........... . ....... 
Itapuall . . . . . . . -....... ••• TC ••••••• A •• T •••• 
Itapual2 ....... - ....... ••• TC ••••••• A •• T •••• 
Itapua13 AC •.•• G-TG.ATTG .T.T ••• G •••• • CCTT.G. 
Itapua14 AC ••.• G-TG. ATTG .T.T ••• G •••• • CCTT.G. 
ItapualS ....... - ....... ••• T ••• G •••• .CCTT.G • 
Itapua16 AC •.• G.A ••••••• .T. T •••••••• • ••••• G. 
PMC ....... - ....... • • • TC ••••••• A •• T •••• 
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Apaz16S 
Apaz30S 
Matlapal 
Matlapa2 
ElSalvador 
Panama6 
Panama12 
Colombia 
Barbadosl 
Barbados2 
Ceara 
MatoGrosso 
I27 
SJRP 

Maquine 
DominicanRep 

el intron 2 exon 2 intron 3 ex3 

1 112222333333344 55555555556 6677 
2 4444555555566666666688888889990 251889234456656 22455566790 1722 
8 1234145678901234567803456790153 106012270351476 47657845471 8467 
G --CA---AATCTGGGTAAAGT----CACTTC GTTTCAGTCCCCCCA T--T-ATC-A- GACT 

-- .. --- ..•.•........ A---- ..... . 
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••• A ••• G ••••••• 

.--c- ... -.-
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. TA.C-TT .............. CACA .. T.A ..... T .. G .. TT .... --.- .. --T-
. -- .. -TT •..•......•. A.CACA .. T.A ...•...... T ...... --C- .• T-.-

-- •• --- ••••••••••••• A----. • • • • • • •• A ••• G ••••••• 

. -- •. --- .••••......... ----A .....•.....•. T ••••.•. -G.- •. --.
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Population structure of DrosophUa wittistom and DrosophUa sturtevaiUi, 

based on nudear and mitochondrial nuirkers 

ABSTRACT 

DrosophUa wiUistoni and DrosophUa smrtevantU two species of the subgenus 

Sophophora, occupy cooqiaiable geographic ranges, from Mexico to southern Brazil and 

the Caribbean, but apparently differ by two-f(  ̂in effective population size. In order to 

distinguish between population-level and locus-specific effects on patterns of genetic 

variation in these species, sequence data were used both from a mitochondrial DNA 

(mtDNA) marker (partial sequences of subunits 4 and S of NADH dehydrogenase and 

the con^lete transfer RNA gene for histidine) and from a nuclear marker (alcohol 

dehydrogenase, Adh), each sampled from a set of SS strains of D. wUlistoni and 16 

strains of D. stwrtevanti. Based on Tajima's, Fu and Li's and McDonald and Kreitman 

tests it was determined that die variation in Adh in diese species does not depart from a 

neutral modeL This marker reveals a significant genetic diffeientiadon between the 

Caribbean and continental populations of both species. In addition, the same marlcer 

shows an isolation-by-distance effect among continental populations of D. wUUstoni. 

Based on the same tests d neutrality nnentioned above and on an HKA test, a neutral 

model could not be rejected for the evolution of the mtDNA of D. sturtevanti. However, 

the same is not true for D. wUUstoni  ̂in which significant dq)artures from neutral 

expectations were detected widi aU tests. Several lines of evidence, which include an 

excess of low frequency mutations, an elevated level of polymorphism in silent sites and 

an excess of replacement substitutions between species, suggest that the evolution oi the 
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mtDNA of D. wiUistoni is coii^>lex. Sevaal hypocheses that mi^t explain the 

observations are discussed. The mtDNA data reveal significant genedc difTetentiation 

between the Florida versus the lemainder populadons of D. wiUistonî  while in D. 

sturtevand significant population subdivision was detected among continental 

populations as well as between these and the Caribbean population. The degree of overall 

population subdivision is much larger in D. sturtevanti (F. «£0.48 for both markers) that 

in D. wiUistoni (F„ 0.15 for both markers). This difference between the two species is 

probably e;q)lained by the larger effective population size, greater density and wider 

ecological niche of D. wUUstoni compared to D. sturtevanti. 
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INTRODUCTION 

The subgenus Sophophora (genus Drosophila) consists of four major species 

groups (Thiockmorton 197S). Of these, two. the melanogaster and obscura groups, 

originatBd in the Old Worid tropics. The other two, the wiUistoni and saltans groups, 

diversified in the New World tropics and their species ranges are still all restricted to the 

American continents. The wiUistoni and saltans are sister groups and diverged from each 

other between IS and 30 MY ago (Qaik and Kidwell 1997). 

Both the willistoni and the saltans species groups are presently found in the Neartic and 

Neotropical regions, and include species widi wide geographic distributions, as well as 

very nanow endemic species (Patterson and Wheeler 1949, Magalhaes 1962, Spassky et 

al. 1971). The willistoni group includes 25 species (Throckmoiton 197S), whose 

phyk>genetic relationships are not yet totally defined. Six sibling species conqnise the 

willistoni subgroup (Spassky et al. 1971), while at least five ̂ pedes conqnise the 

algitans-bocainensis complex (Wheeler and MagalhSes 1962). The phylogenetic 

positions of the remaining species are not clear, but they likely are outgroups to the two 

clades mentioned above (Wheeler 1949, Throckmoiton 197S, Gleason et al. 1998). 

D. willistoni is a member of the willistoni subgroup. Its geographic distribution 

is the broadest d the subgroup, and extends from Noctiiem Mexico and Southern 

Florida, through Central America and die Caribbean islands, to Peru, Northern Argentina 

and Uruguay (Spassky et al. 1971). It is (tften the most common species in all majcH-

bioclimatic regions of S. America, and its density can surpass that of D. psetidoobscura 

by an order of magnitude (Burla etal. 19S0). In a previous study (Chapter 2) I have 

determine the effective population size of this species to be ̂ iprox. 5.6x10  ̂to 10 ,̂ and 

Ayala (1972) has suggested that the overall pcqxilation size might be larger than 10*. 
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This species has great ecological versatility, being found in habitats diat include humid 

tropical foiests, savannas and the Brazilian caiinga desert, where it feeds and breeds on a 

wide variety ai rotting firuits (Burla et al. 1950, Dobzhansky and Pavan 1950). D. 

willistoni consists of at least two subspecies,/), w. wiilistoni andD. w. quechua: the 

latter includes the pcqxilations of Peru and Ecuador west of die Andes, and the former the 

remaining populations (Ayala 1973, Dobzhansky 1975). This species is remarkably 

polymorphic at the chromosomal inversioo and allazyme levels (da Cunha et al. 1959, 

Ayala et al. 1972). The highest frequency of polymorphism is found in populations in 

the central part of the distribution, aiKl is lowest in island and other peripheral 

peculations (Dobzhansky 1957, Ayala et al. 1972). These authors have argued that much 

of the genetic variation present in this species at the allozyme and chromosomal inversion 

levels is maintained by selection (Dobzhansky 1957, da Cunha 1959, Ayala et al. 1972, 

Ayala 1972). 

In comparison with X). willistoni, ccMisiderably less is known about the saltans 

species group, and/7, sturtevann in particular. The saltans group is ccxnposedof 21 

species, divided into five subgroups. The elUptica and cordata subgroups are the most 

anciently derived and the saltans and parasaltans subgroups the ixx>st derived. As the 

sister subgroup to the latter two, the sturtevand subgroup is in an inmmediate position 

(Throckmorton and Magallutos 1962, OGrady et al. 1998). D. sturtevanti {sturtevanti 

subgroup) is the most widely distributed species of the group. It ranges firom Northern 

Mexico to Southern Brazil, including the Caribbean islands (Magalhaes 1962), and it is 

of  ̂the most commonly found species of the group in field collections in Mexico and 

possibly the rest of its distribution (Patterson and Mainland 1944). This species is 

attracted to fallen fiuits and artificial fruit baits, and can be found in humid tropical 

forests. I previously estimated the effective population size of this species to be apptoK. 
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half of that of D. wiUistoni. While D. wUUstoni and/), sturtevanti have roughly 

oveilapping distributiofis, and feed on similar lesoutces, diey also differ in some legaids, 

such as population size. Also, while/). wiUistoni is the noost common of die two, butD. 

sturtevanti oumumbers it in human-disturbed environments (Spassky et ai. 1971). 

A plethora of studies indicates that when inferences on the population structure 

of a species are based on individual maikers, true population-level processes might be 

obscured by locus-specific effects (e.g., Pneworsld etal. 2000). In ofder to account for 

this possibility, we studied the population structure of D. wilUstoni and D. sturtevanti 

using both a nuclear marker (alcohol dehydrogenase, Adh) and a mitochondrial DNA 

(mtDNA) marker (partial sequences of subunits 4 and 5 of NADH dehydrogenase and 

the conq>lete transfer RNA gene for histidine). Because it is tuqiloid and maternally 

inherited, the effective population size of the mitochondrial genome is 1/4 that of the 

nuclear genome. Therefore, under a Wright-Hsher model and an equal mutation rate in 

both genomes, a VBduction of one-forth in polymorphism in die mitochondrial data is 

expected relative to that observed for the nuclear data. In addition, the shorter coalcscent 

time within populations of mtDNA sequences relative to die Adh sequences, which is due 

to the difference in effective population size of the two maricers, should result in a hi^ier 

degree of peculation subdivision vdien infeired with the mitochondrial than with the 

nuclear maiker. These predictions can be used to make sure that the population-level 

history is not confounded by locus-specific processes. 

The larger effective population size of D. wiUistoni should be reflected in a 

higher degree of pcdynxxphism in neutral markers and lower population subdivision in 

this q)ecies, con âred to D. sturtevtuiti. However, a stronger association of D. 

sturtevanti with man might contribute to increase dispersal of die species, and dierefore 

reduce the degree of population subdivision. In this study we investigate these 



129 

predictions, based in a set of SS strains of D. willistoni and 16 strains of D. smrtevanti 

sampled from across their geografltuc ranges, using informatioa from a nuclear and a 

mitochondrial marker. 

MATERIALS AND METHODS 

Strains: We used 55 strains of D. willistoni and 17 strains of D. sturtevanti. 

The origin of the lines used is described in Table 1 and m£q)ped in Hg. 1. For the 

purpose investigating population structure, the D. wUUstoni strains were pooled by 

region into ei^t populations as follows: Mexico, Florida, Central America, Antilles, 

Ecuador, Amazon, Southern Brazil -islands and Southern Brazil - mainland. The 

Ecuadorian strains were ccdlected in Jaton Sacha, between the Napo and Arajuno rivers, 

both effluents of the Amazon, on the eastern sk  ̂d the Andes and therefore they 

probably are of the D. w. willistoni subspecies. The D. sturtevanti strains were pooled 

together to form four populations as follows; Mexico, Central America, Antilles and 

Brazil. Because of die fewer number of strains of D. sturtevanti, they had to be pooled 

into a smaller number oi groups and across wider geognq>hic regions. Collection 

infOTmation for each strain is described in Chapter 2 (Table 1). From each of these 

strains we obtained the sequence of a nuclear (Adh) and a mitochondrial marker, with two 

exceptions: mtDNA was not sequenced from one strain of D. willistoni (JSacha5) or 

from the D. sturtevanti strain from Mato Grosso, Brazil (Table 1). 

DNA isolation and sequencing: The collection of the Adh data was already described 

in (Chapter 2. Total genomic DNA was obtained from each strain as described in chapto  ̂

2. A mtDNA fragment was PCR-amplilied, using non-degenerate oligonucleotides 

ND7201J 5' AATACjCTCCTGCGCATAT and ND8266N 5' 
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TTACATTGATTGCCTTTA (Hg. 2). The integer in the primer designation conesponds 

to their 5' positicMi in the mitochondrial DNA of D. melanogaster (Garesse 1988). This 

fragment includes 42 base pairs (bp) in the 3' extremis of NADH dehydrogenase 

subunit 4 (ND4), the transfer RNA for histidine and first 920 bp in the 5* end of NADH 

dehydrogenase subunit S (NDS). The PCRs consisted of an initial lenqilate denaturation 

of 2 min at 95 "C, followed by 35 cycles of 1 min denaturation at 95 "C 1 min primer 

annealing at 55 "C and 1 min primer extension at 72 "C The reactions ended with a final 

extension for 7min at 72 "C The PGR products were sequenced directly with primers 

ND7784N 5* TGGTCrTGGATTAGTTTC and ND7712J 5' 

CGATTAGATAACX3CAGTT or ND7e91J 5' AATAAAGCAACATCTCCAA. 

Sequences were obtained by the Laboiatory for Molecular Systematics and Evoltition at 

the University ai Arizona, using an ABI377 automated sequencer. 

Sequence analyses: Alignment of all sequences was done by eye using MacClade 

4.0bl 1-18 (Maddison and Maddison 2000), and was straightforward. There is a fixed 2-

base pair insertion in the tRNA sequence of D. stunevanti in relation to that of D. 

wilUstoni. Otherwise, sequences are coUinear except diat one oi the D. wUlistoni 

sequences (Itsq[>ua 16) has an insertion (Hg. 3) and the D. stunevanti sequence from the 

Dominican Republic (Bowling Green #14043-0871.11) has a one base pair deletion (Fig 

4), both in the tRNA gene. 

Nucleotide variation; Estimates of heterozygosity per site were obtained from the 

average pairwise number of differences within species, x (Nei and Li 1979), and from 0, 

which is estimated based on the number of polymorphic sites, 5 (Watterson 1975). 

These calculations were done in DnaSP, version 3.14 (Rozas and Rozas 1999). Upper 

and lower limits 0 (6  ̂and 6^) were estimated as described in Kreitman and Hudson 

(1991). The lower limit is the lowest value of 6 for which there is a 2J% probability of 



131 

observing the same or higher number of polymorphic sites. The ui^)er limit is die highest 

value oidfor which there is a 2J% probability of observing the same or lower number 

of polymcq>hic sites. Together th  ̂provide a.95% confidence interval based on die 

expected distribution of polymorphic sites. These values are estimated using equations 

10 through 12 from (Hudson 1990). 

Divergence between species: The numbers of syncmymous substitutions per 

synonymous site, and of nonsynonymous substitutions per nonsynonymous site, 

were estimated using the method oi Nei and Gojobori (1986). Standard deviations for 

the average and 44 between groups were calculated as in Nei and Jin (1989), using the 

program dNdSwq (written by Jack da Silva, Pennsylvania State University). 

Neutrality vs. selectioii: Three tests of neutrality were performed on the data. Tajima's 

test (1989) is based on a cooqiarison d icand ft In die case of mtDNA, both of diese 

parameters estimate the neutxal mutation parameter, where is the effective 

peculation size of females and u is the mutation rale per generation per sequence. Under 

neutrality, the expected value for the test statistic, D, which is prc^oitional to the 

difference between ^and 0, is zero. This test was petfonned with DnaSP (Rozas and 

Rozas 1999). In addition, under a neutral mutation model, the expected distribution a£ the 

frequency oi polymorphisms in a sample of i sequences of length m can be determined 

from the number of polymorphisms (Tajima 1989). The observed and expected 

distributions were graphed for visual comparison. The second test, die McDonald and 

Kreitman (1991) test, is based on DNA polymcfphism and divergence. It tests the 

corollary of the neutral dieory diat states that under neutrally, the ratio of silent to 

replacement polymorphism within species should equal the ratio of silent to replacement 

substitutions between qiecies. Significant deviation from expected values was determined 

with G and Fisher's exact tests. The levels of polymorphism and divergence in the 
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nuclear and mitochoodrial marker were compared using the Hudsoo-Kieitman-Aguadf 

(HKA) test (Hudson et al. 1987). This test is based (m the assun^tion that, under a 

neutral model, the same evolutionaiy forces act in each locus to detemiine the level of 

polynxxphism within species and the degree of divergence between species. A condlary 

of this assumption is that aconelation among loci of the ratio of polymorphism and 

divergence is expected. 

Population structure: Between-populadon genetic divergence relative to total 

diversity in the sample was measured with F„ (Hudson etal. 1992). Significance levels 

were obtained widi 1000 Monte Carlo randomization simulations (program written by 

Steve Palumbi). To detemiine whether the degree of isolation between populations, as 

measured by was related with their geographic distance, we performed a Mantel test. 

The significance ci the test statistic, Z, was assessed with 1000 Monie Carlo 

randomization simulations (program written by Vasilis Riginos). Straight-line 

geographic distances between populations were estimated roughly on low-resolution 

maps. This test was applied only to the populations in contiguous points of the 

distribution of the species. This minimizes the effect of extraneous factors, such as 

stretches of inhospitable habitat Also, this-test was done with D. wUlistoni populations 

only. In D. sturtevanti tiiere are only 3 continental populations, and these are compo<scd 

of strains collected quite a distance apart (e.g., Colombia and El Salvador, or northeastern 

and southern Brazil). 

RESULTS 

Intraspecific variability in D. wUUstonii The results of the variability analyses 

of the Adh gene were presented in cluqiter 2. A fragment of mitochondrial DNA 
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(mtDNA) 1044 bp in length was also obtained from 54 of the 55 sixains of D. wiUistoni 

examined ftxAdh. The fragment anq)lified includes sections of three mtDNA genes 

(Fig. 2): the 3' end of the ND4 gene, the complete tRNA for histidine and the 5' end o£ 

ND5. There are 27 segregating sites, one of which is in the ND4 sequence. The 

remaining 26 are in the ND5 gene (Rg 3). There are no nucleotide mutations in the 

tRNA gene, but there is one base pair insertion in one of these sequences. Only one 

mutation results in an amino add change 0>osiiion 677, in the ND5 gene), from valine to 

alanine; all others are silent The replacement mutation is present in three out of the four 

EcuadcHian strains and one strain from Ilha (Fig. 3). Silent, replacement and total 

polymorphism per gene, as measured by ;cand 0, are presented in Table 2. While there is 

no ptriymocphism in the tRNA gene, similar levels of polymnphism are found in ND4 

and ND5. The value of ;rfor silent sites and for tfie total region is much lower than that 

for 0 which reflects the fact that most mutations are singletons (Le, are present in one 

sequence only). This is investigated findier in a subsequent section. The value of 0 for 

the tRNA gene is significantly lower than that for silent sites in ND4 and ND5, which 

are similar to each other (Table 3). This result indicates that significantly higher selective 

constraints apply to the tRNA gene than to the silent sites of its neighboring genes, 

which is not an unexpected result 

Intraspedfic variability in D. sturtevanti: The fragment of mtDNA amplified 

from this species is 1046 bp in length, and it was obtained from 15 of the 16 strains 

examined for Adh. The fragment amplified includes sections of three mtDNA genes 

(Fig. 1): ND4, tRNA for histidine and ND5. There are a total of 26 segregating sites, two 

of which are in the ND4 sequence, one in the tRNA and 23 in the ND5 gene. In addition, 

there is one base pair deletion in die tRNA from the Dominican Republic in relation to 

the others. Just as observed in the Adh data set, most of diese mutations (18 out of 26 
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nucleodde mutatioiis and the deletion) aze specific oi the strain from the Dominican 

Rq)ublic (Hg. 4). This divetgence, together with the diveigence in the Adh gene and 

differences in the male genitalia, leads us to believe that this strain is notD. sturtevann 

but a different species not yet identified. This strain was therefore eliminated fiom 

subsequent analyses. 

Among the reooaining strains diere are only seven nucleotide mutations, one in 

the ND4 gene and the other six in ND5. Of diese, one mutation, which is present in only 

one strain, induces an amino acid change (position 832, in the NDS gene, fiom valine to 

alanine), and the other six are silent (Hg. 4). Silent, replacement and total polynxxphism 

per gene are presented in Table 2. Similar to D. wilUstom^ iris lower dian O'mD. 

sturtevann, but the difference is not as maiked as in that species. The value of 0 in the 

tRNA oi this species is not significantly lower than that observed for silent sites in the 

ND4 and NDS genes, or from the region as a whole (Table 3). This, however, is likely to 

be due to the reduced power to detect significant differences because of the small number 

of strains, rather than to similar selective constraints in tRNA and silent sites of imDNA 

protein-coding genes. 

Polymorphism in the nudear vs. the mitochondrial marker: Both markers were 

sanq)kd from the same set oS flies, and thus the relationship between the level of 

pcdymofphism observed in the two markers can be conq>ared to very clear expectations. 

Estimates of ;rand Ofor the coding sequence d both markers are presented in Table 4. 

As described in the introduction, and given a similar mutation rate in both genomes, there 

should be a four-fokl decrease in expected polymorphism in the mtDNA in relation to a 

nuclear marker, as measured by the mutation parameter estimated by ;r and 0. The rate of 

silent substitutions in mtDNA (Table S) is about half of that of Adh (0.4S/bp, between 

species; Chapter 2). Therefore, taking bod) (tf these factors into account, the level of 



135 

polymorphism in mtDNA is expected to be roughly 1/8 of^MXofAdh. This is never die 

case, which could be due to diffecences in the substitution rate between species v;. the 

mutation rate within species. Alternatively, it could reflect differences in the evolution of 

the two marioers compared The evolution of the Adh gene seems to confonn to a neutral 

model but die same is not true of the md^NA fragment studied here (see below). 

Divergence between species: The number of substitutions per site between D. 

willistoni and D. stunevanti was determined for each of the three gene regions and for 

the protein-coding region (ND4 and ND5) as a whole (Table 5). The rate of 

synonymous substitution per site is roughly one order of magnitude higher than the rate 

of replacement substituticxis, a ratio commonly found for other genes (see Chapter 1). 

The rate of substitution in the tRNA gene is intermediate between rates of silent and 

replacement sites, in the flanking protein coding sequences. 

The method used to estimate nucleotide sequence divergence (Nei and Gojobori 

. 1986) corrects for multiple hits. Therefore, the product oi the number of sites by the 

average number of substitutions per site, AT, yields the expected number of substitutions 

that occurred between tiiese species. So, although we observed only 44 silent and 16 

replacement substitutions in die coding region, the actual number of substitutions tfiat 

occurred in ND4 and DNS together is likely to be closer to 55 (210 * 0.263) and 19 

(753 • 0.026), respectively. 

Neutrality vs. selection: The analyses of the Adh sequences presented in cluster 2 

suggested that the variation in the Adh kxnis in both D. wittistoni and D. smrteveum is 

strictly neutral. Here, several tests were used to determine whether the variation in 

mtDNA sequence in these two species also conforms to neutral expectations. The 

results of Tajima's test are presented in the last column of Table 2. The difference 

between ;rand 0. ^being smaller, are reflected in consistently negative values of the test 
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statistic, which is significaiit, both when the NDS is considered on its own, or when the 

whole mtDNA region is analyzed. Negative values of Tajima's D result firom an 

abundance of low frequency polymocphisms classes. Because they are rare, these low 

frequency pdymorphisms do not have much influence on the average pairwise 

differences between sequences (and therefore on it). However, they will greatly inflate 

polymnphism estinuues based solely on die number of polymoq>hic sites (such as 6). as 

all pcdymoiphisms are given equal weight, regardless of their fiequency. The abundance 

of low frequency pcdymcrphisms is evident in Hg. S. In D. wUUstoni  ̂21 of the 27 

mutations are singletons, a value much higher than that expected, which is rou^y six. In 

D. stttrtevana all mutations are singletons a* doubletons, but the sample is not large 

eiKxigh to provide statistical significance between observed and expected values. 

Funher evidence of departure from a neutral ooodel in D. willistoni mtDNA 

comes from the McDonald and Kreitman test (Table 6). A neutral model of evolution 

could not be rejected for the D. sturtevanti md>NA data, but that is not the case forD. 

willistoni mtDNA. The ratio of silent to replacement substitutions is significantly smaller 

than the ratio of silent to tq)lacement polynxxphisms. This deviation is opposite in 

direction from that observed in most animal mitochondrial datasets (Rand and Kann 

1998) but is in the same direction as in the original McDonald-Kreitman test (1991) This 

result could be due to an excess of fixed replacements between species, indicating 

directional selection, to an excess of polymor]riuc silent mutations, indicating a recent 

increase in mutation rate, or to a deficit oi polymorphism in replacement sites, suggestive 

of a recent decrease in the neutral mutation rate in replacement sites. 

Finally, die results from the HKA test provide additional evidence to the general 

pattern observed with the previous tests (Table 7). While a neutral nuxiel of evolution 

could not be rejected for D. sturtevanti  ̂in D. willistoni the difference between observed 
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and eiqwcted values is significantly diffeienL In paiticuiar, die ratio of polynxxphism to 

divagence is significantly lower for than for mtDNA. 

Population structure of D. wiOistom: Analyses of the variation present in the Adh 

locus of this species did not allow us to reject the hypothesis that the evolutioQ of the 

locus confonns to a neutral model (Chapter 2). However, we detected the presence of two 

allelic classes, which differ by an average nunaber of 12 mutations. The least finquent 

class, which we named "class IT* was only found in die populations in Southern Brazil. 

This could either be due to selection (class II alleles could have a selective advantage in 

teiiq)erate climates) or to limited migration (class n originatBd in Southern Brazil and did 

not spread to other populations yet). There are no fixed amino acid replacements between 

the two allelic classes, suggesting that selection is not a likely explanation. (Ifowever, 

there is the possibili  ̂that a selective difference between die two allelic classes could be 

based on differences in the regulatoiy region). The mtDNA, on die other hand, shows a 

significant deviation fiom neutral expectations. However, there is no evidence that the 

current variation is ad^tive, with the possible exception of a replacement pcriymoq)hism 

present predominandy in the population from Ecuador. 

The degree of pc^Milation structure was inferred separately fiom the nuclear and 

mtDNA data sets. Values of Hudson et o/.'s (1992) statistic were estimated for the 

global population (box inside Fig. 6) and for each pair of subpopulations (Hg. 6), 

following the grouping of strains according lo geogr3q>hic region (see beginning of result 

section). Both markers suggest a significant degree of population subdivision, as roughly 

15% of the genetic variation is due to differences between populations. 

The analyses of the nuclear marker reveal differences between the Antilles 

peculation and all others (though the difference is not statistically significant between 

this and the Florida and Central American populations). Also, values are fairiy high 
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between the two populatioos of southern Brazil and all odiers. Again, the difference is 

not statistically significant in the comparisons with the Fkxida, Central American and 

Ecuadorian populations. The differences between the southern Brazilian versus the 

reminder p(q)ulations are due ID the presence of class n alleles, which are restricted to 

these populations. When class n alleles are excluded, no difference is detected among 

the populations in southern Brazil and those in the rest of the species range (not shown). 

The nuclear marker, therefore, suggests that the populaticMis san^led might be grouped 

into three larger units: Antilles, Southern Brazil, and the remaining continental 

pc^nilations, including the Amazon basin. A Mantel test using ̂ c Adh data, using only 

the six continental pcqnilations that are within the confines of the main range of the 

species (all except Florida and the Antilles), shows a significant correlation between 

and the geographic distance between populations (probability of Z < 0.014). This result 

suggests diat the six Central and South American populations exchange migrants in 

propoition to dieir geographic distance, revealing pattern of isolation by distance. 

The mitochondrial marker, on the other hand, reveals statistically significant 

differences between Florida and all others except Central America, and between 

Ecuadorian and all other populations. The Antilles, Mexican, Central America, Amazon 

and Southern Brazilian pcqnilations are homogeneous, except that the Mexican 

peculation differs from the ones in the Antilles and the islands off the coast oi Southern 

Brazil. A Mantel test among the six continental populations, using the mtDNA data, is 

not significant (probability (rf'Z < 0.25), and thus provides no evidence for isolation by 

distance. 

Similar values of were obtained widi the mitochondrial and the nuclear data, 

which is contrary to neutral expectations. It is likely that the mtDNA has been evolving in 

a non-neutral fashion. Therefore, the degree of population subdivision estimated with the 
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mtDNA data, which is lower than eiqieciBd, does not xeflect the equilibrium 

demographics of the population, but a locus-spedfic event However, die faa that the 

Florida population exhibits a significant degree of genetic di£ferentiation from die 

reminder populations may be the result of its geographic isolation and is, in that sense, 

informative. The differentiation between the Ecuadorian populatioo and all the others 

seems to be mostly due to the replacement in position £77, and therefore might not 

refiea true population subdivision but be the result of a putative selective advantage that 

this particular mtDNA haploQ  ̂has in Ecuador. 

Population structure of D. sturtevandi The fact that, in this species, a neutral model 

could not be rejected for either the nuclear or mtDNA data suggests that they are suitable 

to study population-level processes in D. stwrtevarai. The degree oi population structure 

in this species was inferred separately firom the nuclear iAdh) and mitochondrial data 

sets. Values of Hudson et al.'s (1992) ̂ ST statistic was estimated globally (box inside 

Fig. 7) and for each pair of populations (Hg. 7). A large proportion of the variation in 

both the nuclear and mtDNA markers (4S% and 58%, respectively) is explained by 

peculation subdivision. In addition, the value of Fsj- is higher for the mtDNA data, as 

expected given the lower coalescent time expected for this marker relative to a nuclear 

madcer. The results are consistent between the two marlcers in that they both reveal 

significant genetic differentiation between the Antilles and continental populations. In 

addition, the mitochondrial marker reveals significant differences between the Mexican 

population and diat comprising Central American and Colombian strains. 
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DISCUSSION 

In this study, I investigate the degree of population subdivision in D. wiUistoni 

and D. sturtevanti  ̂in onJer to determine if the diffeience in their effective population 

is reflected in the pattern of genetic variation. This was done using a nuclear and a 

mitochondrial marker, so that the infierence of historical events at die population level 

would not be confounded by kxnis-specific effects. 

The evolution of the mtONA marker in D. wUUstonv. The variation in the Adh locus 

seems to be neutral and, therefore, qjpropriate to use in the inference of populadon-level 

processes. The same is true for die mtDNA data in D. smrtevanti. However, a variety d 

tests reveal statistically significant departures firom neutral expectations for die mtDNA 

data in D. wilUstoni. Tajima's test reveals a significant excess o£ low frequency 

polymcHphisms. This can result fiom several processes: (1) the presence of mildly 

deleterious mutadons (Nachman 1998, Rand and Kann 1998), whose deleterious effects 

are e]q)ected to keep at a k>w frequency, (2) population subdivision, according to which 

new mutations are prevented firom drifting to high fiequencies because they do not 

spread easily between populations, (3) a rapid e}q»nsion of the host population, in which 

newly arisen mutations have not yet had the time to spread throughout the species range, 

or (4) a selective sweep of the mitochondrial genome. The paucity of replacement 

polymcxphisms (only (me is present) argues against hypothesis (1), although some silent 

mutations may be slighdy deleterious (Rand and Kann 1998). While there is no direct 

evidence that die presence of population structuring (hypothesis (2)) is not responsible 

fcH- the pattern observed, it should be noted that the degree of F„ observed is not large 

(15%). Also, the fact that departures from neutrality are not observed in die nuclear 

marker suggests that the pattem observed in the mtDNA data is due to a locus-specific 
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(hypotheses (1) or (4), father than to a species-level process (hypotheses (2) and (3)). In 

agieenient with the hypothesis (3), it has been suggested that D. willistoni could have 

gone through a bottleneck during the Pleistocene, when the distribution of luxuriant 

tropical forests was restricted to Neotn^ncal regions, and that a rapid population growth 

ensued (Griffith and Powell 1997). This is likely to have occuned with one of its 

siblings, D. paulistorunu which is now composed of six semi-species (Spassky et al. 

1971). We find this unlikely in D. wiUistoni for two reasons. Rrst, it is becoming 

increasingly clear that die lowland tropical forests persisted throughout the glacial 

periods (Willis and Whittaker 2000). Secondly, unlike D. pauUstorum, D. wiUistoni 

does not have a clear preference for super-humid tropkal forests, but is characterized by 

great ecok>gical versatility, and its density only subsides in the Brazilian "catinga" 

desert (Buria et al. 1950, Dobzhansky and Pavan 19S0). Therefore, even if the tn^cal 

forests had given place to savanna-like vegetation during the dry and cold periods of the 

Pleistocene, this would not necessarily have had an induct on the density of D. wiUistonî  

which is quite abundant in die Brazilian savanna (Buria et al. 19S0). The most likely 

e;q)lanatioa for the elevated number of low frequency mutations observed in the mtDNA 

of D. wUlistoni seems to be that ci a selective sweq> of the mitochondrial genome 

(hypothesis 4). However, the result of the HKA test does not support this hypothesis. 

This is because in the event a selective sweep in the mtDNA, the level of 

polymorphism in the mitochondrial DNA should be reduced in relation to neutral 

markers. 

It is notewortiiy diat, contrary to the pattern found in mtDNA of most animals 

(Nachman 1998, Rand and Kann 1998), the ration of replacement to silent changes is 

greater between than widun q)ecies. 
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Comparison between D. tturtevand and D. wUUstonii We find that there is a 

statistically significant degree of population subdivision in both species. In D. stunevarui 

this is largely due todiffeienoes between the population in die Antilles and the 

continemal populations, a scenario that is siq^poned both die nuclear and the 

mitochondrial maricers. In D. wUlistoni, on the other hand, noitochondrial and nuclear 

markers provide different pictures. The mtDNA data shows the Florida and Ecuadorian 

populations as being statistically different from each other and fiom die other 

populations, while the nuclear marker suggests that the populations sampled can be 

arranged into three groups, namely the Antilles, Southern Brazil and the test of the 

continental populations. 

Population structure of D. sturtevantiz The number of strains of this species used in 

the present study is fairiy small, and so the results obtained are tentative. The genetic 

divergence between the Barbados samples and those of the continental peculations 

seems to be real, as it is supponed by data from both the nuclear and mitochondrial 

markers. The limited number of strains required us to pool the continental strains across 

wide geogr^ihic areas, sometimes with a single strain adlected firom a particular locale 

(e.g., the strains that define die Brazilian population). This increases the within-

populadon variation, making it more difficult to infer between-population diffetentiatioiL 

We suspect that with a mere exhaustive sampling, heterogeneity would be pervasive 

among continental populations. This is hinted at by the statistically significant divergence 

between the populations ftom Mexico and Central America, obtained with the mtDNA 

data. 

Population structure of D. inUistom: Overall, diese two molecular markers 

suggest that there may be genetic differences between D. willistoni populations located in 

the periphery of the species' distribution (Florida, Antilles and, to some extent. Southern 



143 

Brazil), but that the populaiioiis located in the center ci the distributicm iemain relatively 

homogeneous. This result agrees with previous studies based in the distribution d 

allozyme and chromosooial inversion polymocpfaisms, which showed that peripheral or 

odierwise isolated populations of D. wUlistoni were more likely to differ genetically from 

the remaining p(̂ Hilations (Dobzhansl̂  19S7). Despite the high densî  of D. willistoni 

populations, the rale of dispersal of the species is more than an order of magnitude lower 

than that of D. pseudoobscura at the same teoqierature (Burla et al. 19S0). The North 

American populations of D. pseudoobscura did not show evidence of isolation by 

distance (Schaefifer and Milkr 1992). The significant 'isolation-by-distance* effect 

among continental populations of D. wiUistoni is likely to reflect its relatively low 

dispersal rale, as well as die wider geographic range cX this species. The fact the results 

from bodi markers are not congruent probably reflects locus-specific process. 

Conclusion: We were able to detect population subdivision in both D. wUlistoni 

and D. sturtevami. The degree of overall population structure is higher in D. sturtevanti 

than in D. wUUstoni. In D. mlUsioni the subdivision seems to occur between marginal 

populations and die rest of the species. While this is certainly also the case with D. 

stunevami, statistically significant dififeiences were also found between continental 

populations (Mexico vs. C America). A more exhaustive sampling of this species would 

allow us to e}q)lore this possibility further. These results support the hypothesis that 

gene flow is higher among D. wUUstoni than D. sturtevanti populations, as predicted 

from the difference in population size and ecological versatility of the two species. Even 

though D. sturtevanti prevails over D. wUUstoni near human habitations, significant 

dispersal by man does not seem to occur, or at least is not fiequent enough to counteract 

the effects of random genetic drift which increasingly lead to peculation differentiation in 

this species. 
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TABLE 1 
Nudear and mitocondrial DNA sequences obtained from 

strains of wWistom andD. sturtevand 

Strains Location Adh mtDNA 

D. wiUistom 

Fk>rida2 
Fk>rida6 

Landllesl 
LAmilles3 
LAiiUlles4, S, 6,7 

Mexitsn 

A|*z2.5.7,8.10,11. 
27.32.33. 35 

Atlixco 
TCTtral Anw^ra 

El Salvador 
Nicaragua 

JSactaal. 3.4. S. 6.3 

Manaus 
Para3.4. S. 8.11.12 

Intel 
Ilhal,2.3.4.5.6.7, 
8.9.10 

S RraTil - mainland 

Itapiial.6.9.10.11. 
12.13,14. 15.16 

PMC 

Royal Palm Pnk. FL 
Fairdiild Gardens. FL 

TOID N^O. Pueno Rico 
Grand Eong. Craior Lake, Grenada 
St. Vincent and tbe Grenadines. Vemiom 

Apuapin (behind cemetery). Veracruz. 
Mexico 

Atlixco, Veracruz, Mexico 

InstiniTo Tropical, San Salvador, ES 
Sana Maria de Ostuna, Nicaragua 

Jaton Sacha, Ecuador 

Manaus, Amazonia 
BeUm,Pari 

Dha do Mel, Parani, Brazil 
Dba dos RalOes, Sanu Catarina, Brazil 

Itapui Park, Rio Grande do Sul, Brazil 

Maurido Cardoso. Porto Al̂ re, R. G. S., 
Brazil 

+ 

+ 

aUbutJS5 

+ 

+ 



ISO 

Strains Location Adh mtDNA 

D. sturtevami 

AntilW 

DominicanR Montecrisd. Dominican Rqublic + + 

Barbadosl, 2 Tumer's Hall WoodsBarbados + + 

M«»rirr> 

AlOS.16S. 3QS Apazapan. Voacniz. Mexico + + 

Matlapal, 2 Matlapa, San Luis Potosf, Mexico -f 

ElSalvador Insiituto Tropical. San Salvador. ES + 

Panaina6,12 Panama + 

Colombia Bucaramanga, Colombia • + 

Rraril 

Ceasi. Facatuba, Cearl Brazil + 

MatoGrosso MatoGrosso. Brazil 
127 Sara do Cipo. Minas Gciais, Brazil + 

SJRP Sio JoU do Rio Pieto. Sio Paulo. Brazil • + 

Maquine Maquine, Rio Grande do Sul. Brazil + + 



TABLE 2 

Polymorphism data in a region of mitochondrial DNA. 

Length 

Silent Replacement Total 

Tajima's D Length #mut* e' #mut 71* e' K 6 Tajima's D 

D. willistoni (54) 

ND4(paitial 3') 42 1 .0048 .0286 0 .0009 .0052 -1.095 NS 
tRNA Hist 81 0 
NDS(paitialS') 921 25 .0083 .0271 1 .0002 .0003 .0020 .0062 -2.212 •• 

TOTAL  ̂ 1044 26 .0082 .0271 1 .0002 .0003 .0018 .0057 -2.238 •• 

D. sturtevanti (IS) 
ND4(paitial3') 42 1 .0174 .0401 0 .0032 .0073 -1.159 NS 
tRNA Hist 81 0 
ND5(paitialS*) 921 6 .0062 .0091 1 .0002 .0004 .0015 .0023 -1.275 NS 

TOTAL' 1044 7 .0066 .0102 1 .0002 .0004 .0015 .0024 -1.402 NS 

 ̂Number of mutations; equals the number of segregating sites, as there are at most two variants per site. 
* Nucleotide diversity per silent site, based on pairwise differences between sequences. 
' Nucleotide diversity per silent site, based on the number of segregating sites. 
' tRNA sequence not included in the estimation of ic and 0 per silent and replacement site, but it is included in the 

estimation of those parameters for the total region. 
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TABLE3 

Estimates of d per sOcnt site in cacfa region of the mtDNA fragment sequenced. 

m S  ̂ dy 
D. Willistoni (54) 

ND 4 (partial 3') 8 1 0.000 0.029 0.177 
tRNAHist 81 0 0.000 0 0.011 
ND 5 (partial 5') 203 25 0.012 0.027 0.053 

TOTAL 291 26 0.020 
w/out tRNA 210 26 0.027 

D. smrtevanti (15) 

ND 4 (partial 3') 8 1 0.000 0.040 
tRNAHist 81 0 0.000 0 
ND 5 (partial 5^) 203 6 0.001 0.009 

TOTAL 291 7 0.007 
w/outtRNA 210 7 0.010 

Legend: m, number of silent sites; S, number of segregating sites; 0, polymorphism 
estimated from the number of segregating sites; 0i  ̂lower limit of Bid u, upper limit 
of 0. 01, and 0define a 95% confidence interval of 0 inferred from the expected 
distribution of segregating sites (see material and methods). 

0.286 
0.018 
0.029 
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TABLE4 
Polyniorphisin in the nuclear and mitochondrial markers 

Protein-coding DNA 

Species #seq lengdi # silent 

sites 

sikm ]r (silent) 0 (silent) 

D. sturtevanti 
Adh 16 813 309 9 .0033 .0040 
mtDNA 15 963 210 7 .0066 .0102 

D. wilUstoni 

Adh 

mtDNA 
55 
54 

743 
963 

229 
210 

21 
26 

.0316 

.0082 
.0334 
.0271 



TABLE 5 

Divergence between species per region of the mtDNA fragment sequenced. 

Silent Replacement 

Length # mut # sites K (SE) # mut # sites K (SE) 

ND4(paitial3')' 42 3 8 .728(.4S93) 3 34 .110(.0603) 

ND 5 (partial 5')' 921 41 203 .250 (.0395) 13 718 .023 (.0057) 

TOTAL- 963 44 210 .263 (.0400) 16 753 .026 (.0060) 

tRNAHist* 81 3 81 .038 (.0019) 

' Number of substitutions per site estimated according to Nei and Jin (1989). 

Number of substitutions per site estimated according to Jukes and Cantor (1968). 
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TABLE 6 

McDonald and Krcitnian Test 

D. wiiUstant D. ̂ urtevantt 

Hxed Poiymocphic Fixed Polynxxphic 

SUent 44 26 48 7 

Replacement 17 1 16 1 

Fisher's exact test: P = 0.009 •* P = 0.429 NS 

G (with Yates' corr) = 6.365; P = 0.012 • G =0.123; P = 0.725 NS 

* PolynK^hism data firom D. willistoni only. EMvergence data obtained by 

comparison to the sequence D. sturtevanxi "ApalOS". 

* PolynKHphism data from D. smrtevanti only. Divergence data obtained by 

comparison to the sequence D. willistoni Tlorida/BGl". 
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TABLE? 

Result of the HKA test using silent site data for 

D. wUBstom and D. sturtevanti 

D. wiltistom D. smrteveutti 

Observed Expected Observed Expected 

N 54 15 

Adh 

mi 162 162 
21 yim 9 13.07 

D, 47 35.27 47 42.93 

mUDNA 

rrh. 210 210 
27 15.27 8 3.93 

D, 44 55.73 44 48.07 

T 3.909 9.684 
e, 0.0443 0.0248 
e, 0.0638 0.0230 

8.930 3.694 
P 0.0028** 0.0546 NS 
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ListofHgures 

Fig. 1. Map showing the collection locations of the strains of D. willistoni and D. 

sturtevanti used in the study. 

Fig. 2. Schematic of the mitochondrial DNA (mtDNA) region containing the fragment 

sequenced. The positicMi of PCR (ND7201 and ND8266) and sequencing primers are 

marked below the fragment The solid line above the primers represent the fragment 

amplified by PCR. 

Fig. 3. Variable positions in the D. wUUstoni mtDNA. The position in the data set of 

each variable site is written above the sequences (to be read vertically), and above that 

is indicated the gene where each site is located. *N4* stands for ND4 and *tR* for 

tRNA. The asterisk under the sequences marks the posidon of the only replacement 

substitution. 

Fig. 4. Variable positions in the D. sturtevanti mtDNA. The format of the figure is the 

same as Fig. 3. The positions underlined indicate the mutations that are unique to the 
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strain from the Dominican Republic. These include 16 of the 23 silent mutations, two 

of the three replacements and the deletion in the tRNA gene. This strain probably 

represents a different species (see text). 

Fig. 5. Spectra ai the distributions of mutations among 54 strains of D. willistoni and 

15 strains of D. sturteyanti. Open bars represent observed frequencies. Expected 

£tequencies were calculated according to Tajima (1989) and are represented by 

diamonds, connected with a line. In the D. willistoni graph only half of the distribution 

is represented, because of the large number of strains (note that these distributions are 

symmetrical, which makes it easy to visualize the half that is missing). 

Fig. 6. Overall Fst and pairwise beween-population dififerentiadon estimates, based on 

a nuclear and a mitochondrial marker, forD. willistom. The F„ values that are 

statistically significant are maiked in bold. The asterisks represent significance levels 

as follows: P<0.05 •; P<0.01 **; P<0.001 *•*. 

Fig. 7. Overall F„ and pairwise beween-population differentiation estimates, based on 

a nuclear and a mitochondrial marker, for Djtunevanti. Legend is as in Fig. 6. 
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D. willistoni 

D. sturtevanti • 



ND4 0 NOS 

- --
ND8266 _.. ND7784 ND7712 .----. .._ 

-
ND7201 .._ 

160 

·100 bp 



Florida/BG2 
Florida/BG6 
LAntillesl 
LAntilles3 
LAntilles4 
LAntillesS 
LAntilles6 
LAntilles7 
Apazapan2 
ApazapanS 
Apazapan7 
Apazapan8 
ApazapanlO 
Apazapanll 
Apazapan27 
Apazapan32 
Apazapan33 
Apazapan35 
Atlixco/BG3 
Nicaragua/BGO 
E1Salvador/BG1 
JSachal 
JSacha3 
JSacha4 
JSacha63 
Mana us 
Para4 
Para3 
Paras 
Para8 
Parall 
Para12 
I Mel 
Ilhal 
Ilha2 
Ilha3 
Ilha4 
Ilha5 
Ilha6 
Ilha7 
Ilha8 
Ilha9 
IlhalO 
Itapual 
Itapua6 
Itapua9 
ItapualO 
Itapuall 
Itapua12 
Itapua13 
Itapual4 
ItapualS 
Itapua16 
PMC 

NDS 
1 

11222234555556667777789990 
3 6 78367744344772782223750392 
3 7 17743951134371743672690076 

G TTTAACAAGGTATATGAGTTTTGTTT 
A - ••• G ••••••••••• A •••••••••• 

.C.G ••• G .•••..•.•...•..... 

... G.T .• A.C •.•......•..•.. 
••• G •••• A ••••••••••••••••• 
••• G •••• A •••• G •••••• C •. A ••• 
••• G •••• A ••••••••••• C ••• C. 
••• G •••• A ••••••••••• C ••• C. 
••• G •••••••••••• G ••••••••• 
••• G •••• A ••••••••••••••••• 
••• G ••••••••••••••••••• • •• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A •••••••• A •••••••• 
••• GG •••••••••••• • •••••••• 
••• G • • •• A ••••••••••••••••• 
••• G •••• A ••••• C ••••••••••• 
••• G •••• A ••••• C ••••••••••• 
••• G •••• A ••••••••••••••••• 
•• • G •••• A ••• C .C ••••••••••• 
• • • G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••• C •••• C 
••• G •••• A ••••••••••••••••• 
.• CG .•.. A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••• , ••••••••••••• 
••• G.T .• A ••••••••••• C •••• C 
••• G •••• A ••••••••••••••••• 
• , .G •••• A ••••• C ••••••••••• 
••• G •••• A ••••••• , •••• , •••• 
••• G •••• A •• G •••••••• C •• C •• 
••• G •••• A •••••••• , •••••••• 
... G.T .. A ••••••••• C.C ••••• 
••• G •••• A •••••••••••• C •••• 
••• G •••• A •••• , ••••••••• , •• 
••• G •••• A ••••••••••• C ••••• 
••• G. T •• A ••••••• , ••••••••• 
••• G •••• A ••••••••••••••••• 
••• G •••• A ••••••••••••••••• 
.•. G .. G.A ..•••.••...•....• 
••• G •••• A •••••••••• CC •••• C 
C •• G •••• A ••••••• , ••• C •••• C 
••• G •••• A ••••••••••• C ••••• 
••• G •••• A ••••••••••• C •••• C 

A ••• G •••• AA •.....• , ...... , . 
• • • G •••• A ••••••••••••••••• 

* 
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ApazapanlOS 
Apazapan16S 
Apazapan30S 
Matlapal 
Matlapa2 
ElSalvador 
Panama 6 
Panama 12 
Colombia 
Barbadosl 
Barbados2 
Ceara 
127 
SJRP 
Maquine 
DominicanRep 

N4 tR NOS 

1 
34444445556666677788890 

24 49 10033881143677823533704 
42 66 05825035996903468623604 

TG AA CTGTGATATTAGGTAGTAGTGGA 

C. 
.A 

A. • •••••.•.•••••••••••••• 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
-G 

• •••••• G ••••• C ••••••••• 
••••••• G ••••• C ••••••••• 
•••••••••••••••••• A •••• 
••• C ••••••• A ••••••••••• 
• •• C ••••••• A ••••••••••• 
• • • • • • • • • • • • • • • • • G ••••• 

• ••••• C •••••••••••••••• 

TAA. AT .. AAGAA. GAA. .. C.AAG - -- --- -- --- - --- ----
* ** 

162 



163 

30 D. willistoni 

20 

10 

~ 
0 
C 
Q) 

0 :, 
O'" 5 10 15 20 25 
Q) -- Frequency classes 
Q) -:, 
0 
rn 
.c 
< D. stunevanti 

4 

2 

o ......... _..._ ...... 
4 

Frequency classes 



Florida Antilles Mexico C. Anierica Ecuador Amazon S. Brazil 

mainland 
Florida (n-2) 

Adh 
mtDNA 

Antilles (n=6) 
Adh 
mtDNA 

Mexico (n>ll) 
Adh 
mtDNA 

.251 NS 
.224* 

.143 NS 
.262* 

.364 ••• 
.095* 

Florida (n-2) 
Adh 
mtDNA 

Antilles (n=6) 
Adh 
mtDNA 

Mexico (n>ll) 
Adh 
mtDNA 

.251 NS 
.224* 

.143 NS 
.262* 

.364 ••• 
.095* 

Global F„ 
Adh 
mtDNA 

.154 • 

.174 »• 

Florida (n-2) 
Adh 
mtDNA 

Antilles (n=6) 
Adh 
mtDNA 

Mexico (n>ll) 
Adh 
mtDNA 

.251 NS 
.224* 

.143 NS 
.262* 

.364 ••• 
.095* 

C. America (n'2) 
Adh 
mtDNA 

0 
0 

.183 NS 

.034 NS 
0 
0 

Adh (nsS) 
MtDNA(n:»4) 

.014 NS 
.492* 

.368 •• 
.254 * 

0 
.380 

0 
.251* 

Amazon (n»7) 
Adh 
mtDNA 

0 
.342* 

.271 •• 
.031 NS 

.041 NS 

.023 NS 
0 

.001 NS 
0 

.350 ••• 
S. Brazil -mainland 

(n = ll) 
Adh 
mtDNA 

.214 NS 
.307* 

14* ** 
.0004 NS 

.156* 
.067 NS 

.182 NS 

.037 NS 
.136 NS 
.235 •• 

.202* 
0 

S.Brazil -islands 
( n = l l )  
Adh .230 NS .378 ••• .192 • .184 NS .162 NS .223 •• 0 
mtDNA .339* .009 NS .165 ••• .113 NS .341 0 0 



Mexico C America Antilks 
and Colombia 

Mexico (n = S) 
Adh 
mtPNA 

C America and 
Colombia (n = 4) 

Adh 0 
m^NA .269 

Antilles (n = 2) 
Adh .692 .788 ••• 
mtPNA 1 **• .718 ** 

Brazil 
Adh in = A) .034 NS .090 NS .516 • 
MtDNA (n = 3) .006 NS .168 NS .728 * 

Global 
Adh .482 •• 
mtDNA .584 
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The evolution of P dements in Drosophila wilBstom and Drosophila sturtevanti 

ABSTRACT 

In order to determine the relative rate of spread of canonical P elements within 

species, and to assess the extent of selective constraints in P element subregions, the 

structure and DNA sequence evolution of canonical P elements was studied in 

Drosophila willistom and in Drosophila sturtevanti. Complete P element sequences 

were obtained from 35 strains of D. willistom and 9 strains of D. sturtevanti sampled 

from across the distributions of these species. There is a similar level of polymorphism 

in non-coding, synonymous and nonsynonymous positions among closely related 

elements within species, providing no evidence of purifying selection in the short-teim 

evolution of P elements. However, between-species comparisons of more divergent P 

element sequences yield significant differences in the number of mutations per 

synonymous and nonsynonymous site, revealing the existence of selective constraints 

in the long-term evolution of the elements. The rate of substitution in the 5' and 3' 

untranslated regions of the /* element, as well as introns 1 and 3 is significantly a 
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lower than that of synonymous sites. This finding stxongly suggests that these non-

coding legions play an essential role in transposition or in the stability of the /* 

element mRNA. The patterns of selective constraint observed could be due to a 

hypothesis according to which selection is only effective at the time of horizontal 

transfer between species. Alternatively, the same pattem is expected if selective 

constraints within species are present only in late stages ofxhcP element life^cycle. 

All D. willistoni P elements were essentially identical in structure and DNA 

sequence, regardless of their geognq>hic origin. The lack of purifying selection within 

species suggests that the high degree of similarity among D. willistoni P elements is 

due to their rs^id spread within the whole range of the species. This hypothesis is 

supprated by the spectra of the frequency distributions of point mutations and of 

indels, which are indicative of a rapid expansion of the P element population. The P 

elements obtained finom D. sturtevanti strains are considerably nxire variable than 

those of D. wiUistoai^ suggesting a longer residence time of the elements in this 

species. These results suggest that P elements are opportunistic genetic elements, 

which spread easily within species, overcoming such barriers as moderate levels of 

population subdivision. 
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P elements are probably the most thoroughly studied eukaxyotic transposable 

genetic elements (TEs). They were first discovered because of several genetic 

abmmnalities that their transposition induced in the progeny of crosses between strains 

of Drosophila melanogaster, this group of abnormal traits was termed hybrid 

dysgenesis (Kidwell etal. 1977). The coaq>lete, functional element sequenced from D. 

melanogaster was termed canonical (O'Hare and Rubin 1983). Since then, much has 

been discovered about the structure and transposition mechanism of canonical P 

elements (reviewed in Engels 1989,1996, Rio 1990). The canonical P element is 

2,907 base pairs (bp) long and has four open reading frames, denoted ORF 0 through 

3, which encode an 87-kiloDalton (kD) DNA-binding transposase enzyme (Fig. 1; 

O'Hare and Rubin 1983). In addition, ORFs 0-2 encode a 66-kD truncated peptide that 

acts as a repress^ of transposition (Misra and Rio 1990, Gloor et al. 1993). This 

repressor prevents transposition in somatic tissues of D. melanogaster. The P element 

family belongs a class of TEs (Class U) which are characterized by direct transpositi(Mi 

from DNA to DNA (Finnegan 1992). P element transposition occurs by a cut-and-

paste mechanism which is catalyzed by the transposase (Kaufman and Rio 1992). 
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The P element sequences obtained to date have been grouped into 16 

subfamilies, acccnding to their level of sequence identity and their host taxa 

(Hagemann et al. 1994, Claik and Kidwell 1997). Of these, (mly two subfamilies 

include elements that are known to be active: the canonical subfamily, which includes 

the canonical element from D. melanogaster and others which are closely related to it 

(Clark et al. 199S), and the subfamily B in Clark and Kidwell (1997), which contains, 

amcmg others, the functional element found in Scaptomyza pallida (Simonelig and 

Anxolab6here 1991) and elements from Drosophila bifasciata (Hagemann et til. 

1992). The canonical subfamily is characteristic of the two New World species groups 

of the subgenus Sophophora^ the Drosophila willistom and Drosophila saUans groups 

(Qarkc/o/. 1995). 

The life-cycle of P elements is likely to be similar to that described for 

members of the marui^r-like family, another group of Class n TIE families (Hartl et al. 

1997), as many of the steps have been shown to occur in the histoiy of P elements. 

This cycle can be described in five stages. 

(i) A naive host is invaded following horizontal transfer by an autonomous 

element, i.e., one capable of both transposition and of encoding a functional 



transposase. Ifanzoatal transfer of P elements has been well documented 

(Daniels et al. 1990, Clark and KidweU 1997, SUva and KidweU 2000). 

(ii) An increase in copy number per cell occurs during the early stage of the cycle 

(Kiyasu and KidweU 1984, Good et al. 1989). 

(iii) During this early stage diere is also a rapid spread throughout the host 

population (Anxolabdh6re et al. 1988). 

(iv) The late stage of the life-cycle starts with the eventual establishment of 

repression of transposition (Rio 1990, Rasmusson et al. 1993, Gloor et al. 

1993, Nouaud and Anxolab^hto 1997), leading to the stabilization of copy 

number. 

(v) Once repression of transposition arises, the firequency of autonomous elements 

decreases, as these elements are lost through mutation, excision, drift and 

selection (reviewed in Engels 1989, 1996). The relative firequency of non-

autonomous elements increases, both because of mutations in previously 

autonomous elements and the fact that some of the non-autononx>us elements 

can be transposed by a transposase that is encoded by an autonomous element, 

i.e., transposase can act in trans (Spradling and Rubin 1982). Eventually, an 
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element without mutations that impair transposase activity or transposition 

c^iability invades a new species by horizontal transfer, starting a new cycle. 

While several studies have explicitly addressed the transfer of P elements 

among species (Claik and Kidwell 1997, Silva and Kidwell 2000, Loreto et al. in 

prep\ most of the odw steps erf the P elenoent life cycle have been studied using D. 

melanogaster. Because it is strongly associated with human populations, D. 

melanogaster is likely not to be representative of most taxa in terms of the spread of 

TEs throughout the range of a host's population. In fact, it has been argued that its 

association with man has played a major role in the acquisition and subsequent r^id 

spread or P elements throughout worldwide D. melanogaster populations in less than 

200 years (Kidwell 1979, Engels 1992). 

Purifying selection on TEs can potentially occur at several points of their life 

cycle, as described by Witherspoon (1999). Selection can be effective on TEs under 

the following conditions: (1) if transposition is advantageous to the host organism, (2) 

if the peptide encoded by the element has a beneficial effect on the host, (3) if the 

transposase acts in cis (as elements that encode a functional transposase will then 

transpose at a higher rate), (4) if autonomous elements transpose at higher frequencies 

than non-autonomous elements in the overall population (see discussion for details) 
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and/cH- (S) if autonomous elements are able to invade new hosts more easily than non-

autonomous elements O^therspoon 1SK>9). Two of these proposed hypotheses can be 

ruled out in the case oi P eleoients. Rrst, a variety of studies have shown P element 

transposition to be deletBtious (Kidwell tt al, 1977, Fitzpatrick and Sved 1986, 

Mackay 1989). ruling out hypothesis (1). The ^t that the P element tnuisposase can 

act in trans, and that smaller, internally deleted (and therefore non-autononoous), 

elements are transposed at higher rates than longer elements (Engels 1989), allows us 

to rule out hypothesis (3). However, hypotheses two, four and five cannot be ruled out 

a priori. These three hypotheses yield different predictions as to the pattern of 

selective constraints observed. Namely, in the case of hypothesis (2) one would expect 

to detect purifying selection when TE sequences of the same species are compared. If 

hypothesis (4) is true, selective constraints should only be observed in comparisons 

between paralogous (non-allelic) elements of the same species. These elements would 

be separated by at least one round of transposition but by no horizontal transfer events. 

And finally, if selection operates only at the time of horizontal transfer, as described 

by the hypothesis (S), selective constraints should only be detected when elements 

from different species are compared, but not in comparisons between elements of the 
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same species (for a mote detailed explanation of the selection hypotheses and its 

predictions see ^therspoon (1999). 

In a previous study of selective constraints in P element coding regions 

Witherspoon (1999) found evidence of selective constraints on ORFs 0-2 of the 

element in within-specks comparisons, but not on ORF 3. This was taken as evidence 

that there is selection at the host level, presumably to retain the function of the 

repressor peptide encoded by the first three ORFs (hypothesis 2). In addition, when 

more divergent P elements fitxun different species were compared, there was evidence 

of purifying selection on ORF3 as well, suggesting that the selection mechanisms 

described under hypotheses (3), (4) OT, more likely, (5) are responsible for preserving 

ORF 3 (WitherqxxMi 1999). 

Here we repon a study of the molecular evolution of canonical P elements 

within two species, Drosophila wUlistoni and Drosophila smrtevanti, noembers of the 

willistoni and saltans groups respectively. This study had two main goals: I) to 

investigate the spread of P elements among natural peculations of species that are not 

commensal with man and 2) to assess the nature of selective constraints acting in both 

coding and non-coding regions of canonical P elements within and between species. 
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Our findings are discussed in light of the three possible selection hypotheses (2,4 and 

5) mentioned above. 

MATERIALS AND MEIHODS 

Strains: P elements were obtained from 35 strains of D. willistoni and 9 strains of D. 

sturtevanti. The origin of these strains is broadly representative of the distribution of 

these two species, but the sampling is more exhaustive in D. willistoni than in D. 

sturtevanti (Table 1). 

DNA isolation and sequencing: Total gemMnic DNA was obtained firom each strain 

as described in chapter 2. From each of the 44 stains P elements were PCR-amplified, 

using oligonucleotide 'PlnvRep*. which binds to the /* element inverted repeats (Table 

2). The PCRs consisted of 2 min of initial ten^late denaturadon at 95 "C, followed by 

20 cycles of 30 sec denaturadon at 95 20 sec primer annealing at 55 "C and 3 min 

primer extension at 68 °C. The reactions ended with a final extension for 7 min at 68 

°C. Standard concentrations of all reagents were used. The low number of rounds of 

amplification was used to minimize the number of polymerase errors in the PGR 

products. In addition, all PGR amplifications were done using Platinum Tag DNA 
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polymerase High Fidelity (GibcoBRL), a mixtuie of enzymes with DNA amplification 

and proof-reading ability with an ^>prox. error rate of l.SxKT*. The maximum 
t 

expected number of emxs in a 3 kb fiagment, assuming 20 rounds of amplification, is 

3000x 20/ 1. 8x10^, or 0.12 per fragment The PCR reaction was cloned into the 

TOPO TA cloning vector (Invitrogen). The PCRs of all strains of D. wUlistoni 

produced a fragment roughly 3 kb, the length of a complete P element Most strains 

also yielded smaller-sized fragments. One P element clone chosen randomly among 

those with a 3 kb insert was sequenced from each strain. The clones obtained from the 

strains of D. sturtevanti had inserts of varying size (see "Results"). From each strain 

one or two clones were chosen for sequencing. If present a clone with a 3 kb insert 

was randomly selected. In strains where no insert of this size was found, a clone with a 

smaller insert was chosen randomly. Each P element ckme was sequenced directly 

using a series of internal primers (Table 2). Sequences were obtained by the 

Laboratcxy for Molecular Systematics and Evolution at the University of Arizona, 

using an ABI377 automated sequencer. Two additional P element sequences were 

obtained from the literature, the canonical P element firom D. melanogasur (O'Hare 

and Rubin 1983) and the functional P eleooent from S. pallida (Simonelig and 

Anxolabdhere 1991). 



Sequence analyses: Alignment of all sequences was done by eye using MacQade 

4.0bl 1-18 (Maddison and Maddison 2000). The alignment of the D. wiUistoni P 

elements was straightforwanl as they were all essentially identical to the canonical P 

element (Fig. 2). The D. stunevanti P elements required the introduction of several 

alignment gaps. In addition, part of one element had no identic to known P element 

sequences (Fig. 2). Insertions, deletions and point mutations were identified in each 

sequence using SITES (Ifey and Wakeley 1997). 

Nucleotide variation: Estimates of hetero^gosity per site were obtained fixnn the 

average pairwise number of differences within species, x (Nei and Li 1979), and from 

0, which is calculated based on the number of polymoiphic sites, 5 (Watterson 1975). 

The spectra of the frequency distribution of point mutadons and short indels 

(insertions and deletions) were checked for departures from the neutral expectation 

using Tajima's test (1989). These calculations were performed with DnaSP (Rozas and 

Rozas 1999). In addition, under a neutral mutadon model, the expected spectrum of 

the frequency distribution of polymorphisms in a sample of i sequences of length m 

can be determined from the number of polymoiphisms (Tajima 1989). Observed and 

expected distributions were graphed for visual comparison. 
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Divergence between species: The numbers of synonymous substitutions per 

synonymous site, of nonsynonymous substitutions per nonsynonymous site, 

ds, were estimated using the method of Nei and Gojobori (1986). Standard deviations 

for the average and within and between groups of sequences were calculated as 

in Nei and ^ (1989), using the program dNdSwq (written by Jack da Silva, 

Pennsylvania State University). Diver^nce in non-coding regions (introns and 

untranscribed regions) was estimated using the Jukes-Cantor method (Jukes and 

Cantra-1969). 

Phylogenetic analysis: The phylogenetic relationships among P element sequences 

were reconstructed by mflximum parsimony. Tree space was searched using branch-

and-bound. A bootstrap analysis was also performed, which consisted of 100 bootstrap 

replicates using branch-and-bound. Phylogenetic analyses were performed in PAUP*, 

version 4.0b3a (Swoffocd 1999). 

RESULTS 

Length pcrfymorphism in F elements of D. wUUstom: P elements were sequenced 

from 35 independent strains of D. willistoni obtained from 16 different locations 
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(Table 1). These locations range firom the northern extreme of the distribution of the 

species (Mexico and Florida) to its southern limit (Southem Brazil). The elements 

obtained from D. wUUstoni are all identical in structure and sequence to the canonical 

element, except for rare insertions, deleti<Mis and point mutations (Table 3 and Figs. 2 

and 3). Most of the indels present are 1 bp in length, and therefore disrupt the reading 

frame when located in a coding region. There are four longer deletions, which all 

occur in open reading frames. However, only one has a length that is not a multiple of 

three. We tested the distribution of indels to determine whether they occur more often 

in non-coding (in a total of 655 bp in length) than in coding (2223 bp) regions, as 

expected from purifying selection on these P elements. Only indels whose length is 

not a multiple of three were used. There are four such indels in non-coding regions 

(note that s(Hne indels in Table 3 correspond to a single event) and six in coding 

regions. Even thou^ there are more indels per base pair in non-coding regions, the 

difference is not significant (P (one-tailed) = 0.175). 

Nucleotide polymorphism in P elements of D. wilBstoniz There are 75 nucleotide 

mutations among the 35 elements examined (Fig. 3). Of these, 72 are singletons, 

two are doubletons, and one is present in three sequences. The location of the 75 

mutations is as follows: 16 are in non-coding regions, 22 are synonymous and the 
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remaining 37 are replacements. Two of these replacements lead to tenninatioo codons, 

one of which is the mutadon present in three sequences (position 262S). These 

mutations are distributed evenly among the different P element subregions (Table 4). 

Also, within coding regions polymorphisms tend to occur, proportionately, a little 

more frequentiy in silent than in nonsynonymoas sites, but the difference is not 

significant (Table 4). These results indicate that there is no purifying selection during 

sh<Kt-term, within-species evolution of P elements in D. wiUistoni. 

The spectrum of the frequency distribution of polymorphisms was determined 

independendy for point mutations and sequence length polymorphism (Fig. 4). In both 

cases there is a large excess of nngleton polymorphisms. This results in consistendy 

negative values of Tajima*s D for all polymorphic subregions of the D. wiUistoni P 

elements (Table 4). 

Divergence between D. wiUistoni and S, paUida P dements: The sequence of the 

canonical element from D. melanogaster is identical to the consensus sequence of the 

D. wiUistoni elements, except for position 32, which features an 'A' in D. 

melanogaster and a 'G' in all D. wiUistoni sequences. This degree of similarity is not 

surprising as the D. melanogaster element was transferred horizontally to this species 

from D. wiUistoni (Daniels et al. 1990). The P element from S. paUida was chosen for 
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comparison with those firom D. wUlistoni because this is the only type of P element for 

which functionality has been conlixmed in vivo other than the canonical P element 

Sequence identity between these elements is approximately 75% (Silva and Kidwell 

2000). The number of substitutions per synonymous and oonsynonymous site and 

ds, respectively) was estimated separately for each P element subiegion as well as for 

all coding regions together (Table 4). Three patterns are apparent from these 

comparisons. Hrst, the number of substituticms per synonymous site is always 

significantly larger than that per nonsynonymous site. Secondly, the number of 

nonsynonymous mutations per nonsynonymous site is larger in ORF3 than in the otfier 

three ORFs (significantly so in relation to ORFs 0 and 1). These two results suggest 

that purifying selection is effective in the long-term evolution of P eleooents, and that 

fewer constraints affect ORFS in coaq>arison with the others. Hnally, the number of 

substitutions in non-coding regions (untranscribed regions and introns) is much lower 

than that in synonymous sites, with the exception of intron 2. This difference could be 

due, in part, to the fact that the divergence was estimated by different methods for the 

two classes of sites. The Jukes-Cantor method, which was used to estimate divergence 

in non-coding sites, is a simpler method (fewer number of parameters) and at this level 

of divergence wiU underestimate the actual number of substitutions. However, the 



182 

difference is large enough that other explanatic»s are necessary. The 5* and 3* 

untranscribed regions contain motifs required for transposase binding, and which are 

essential for transposition (Rio 1990). It is therefore not unexpected that they might 

show a higher degree d sequence conservation than that observed in synonymous 

sites. The degree of conservation of introns 1 and 3 is not easily explained. Our results 

suggest that these introns might also play a role in transposition or in mRNA stability. 

Length polymorphisiii in P dements from D. sturtevanti: The size of the fragments 

produced in the PCR reactions of the D. sturtevanti strains, using the 'PInvRep' 

primers, varied between 500 bp and 4 kb. The PCR products from Mexico, El 

Salvador and Panama lines had two sizes, of about 2.7 and 3 kb. One random 3-kb 

clone was sequenced from each line, except for the strain ApalOS from which two 

randcMnly chosen clones of that size were sequenced. The PCH of the line frvnn 

Jamaica had a single SOO-bp product (one was randomly chosen for sequencing) and 

that from the Dominican Republic yielded two fragments of approx. 3 kb and 6S0 bp 

(one of each size were sequenced. In total, eleven P elements were obtained from the 

nine strains of D. sturtevanti collected from different pans of the distribution of the 

species (Table 1). Structurally, these elements are much noore polymorphic than those 

obtained from D. wiUistoni (Fig. 2). Some have deletions that encompass almost the 
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entile length of the elements while others have smaller deletions of various lengths 

spread throughout the element (Table S). The large number of indels in all elements 

obtained firom this species suggests that they have been present in its genome for a 

longer period of time than those obtained from D. wiUistoni. In addition, it is unlikely 

that any of these elements encodes a functional transposase as they all have insertions 

and/or deletions in ORF 0 that should alter the amino acid composition of the enzyme 

in a significant manner. 

Nucleotide variation in P dements of D. sturtevanti: In addition to the high degree 

of sequence length polymorphism, the elements fnxn D. sturtevanti also differ vastly 

fnmi one another in nucleotide sequence. The element firom the Matlapa population 

has a large block of sequence that does not bear similarity to the canonical P element 

sequence (Fig. 2). This was eliminated &om all analysis of polymorphism and 

divergence. 

There are 283 nucleotide mutations in the 11P element sequences from D. 

sturtevanti. The canorucal P element was used as a reference to align these elements. 

According to the reference sequence, the polymorphisms in the sturtevanti P 

elements can be grouped in the following way: 84 occur in non-coding regions. 64 are 

synonymous and 135 are nonsyiKMiymous. 
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Phylogenetic rdatkNiship among P dements: The phylogenedc relationships amcmg 

the P element sequences obtained 6Ynn D. sturtevanti and D. wiUistoni are depicted in 

Fig. S. The element from S. pallida was used as an outgioup. Only a few 

representatives of the elements from D. wiUistoni were used, because these elements 

are all very similar. With only five infonnative positions among them (three point 

mutations and two deletions) these elements form a large polytomy. Several 

interesting patterns enoerge from this analysis. 

First, the elements from D. sturtevana are paraphyletic in relation to those 

frcMn D. wUlistoni. The two simplest scenarios that explain this observation are: (1) the 

canonical elements in D. wiUistoni were obtained fiom D. sturtevanti^ or (2) the 

canonical elenoents in D. wUlistoni and those from D. sturtevanti that are most closely 

related to it were recendy obtained from a third species. 

Secondly, the elements from D. sturtevanti form clades according to the 

geographic origin of the strains from which they were obtained. The elements firom 

Mexico (with the exclusion of the one from the Matlapa strain) group with those from 

Ontral America, one of the elements from the Dominican Republic strain forms a 

clade with the one from Jamaica and, finally, the ones from Brazilian lines also form a 

monophyletic group. This grouping coincides with the distribution of the length of 
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PGR products obtained in each line. Hnally, the element firom Matlapa, that contains a 

long fragment of DNA whose identity to canonical P elements could not be 

determined, seems to be the most anciendy derived. This fragment of unknown DNA, 

which was included in the phylogenetic analysis, is responsible for the long-branch 

that connects this elemrat id the other elements. Each of the groups iifentifled in this 

analysis was treated as an independent unit for the purposes of polynxnphism and 

divergence estimates. 

Polymorphism and divergence in D. sturtevand P elements: The five D. sturtevanti 

elements firom Mexico and Central America were grouped into clade A (Ing. S). These 

elements exhibit a degree of polymorphism that is at least an order of magnitude lower 

than that found for silent sites of other nuclear sequences in this species (Table 6 and 

see Ctapter 2). The degrees of polymorphism in synonymous and nonsynonymous 

sites do not differ significantly from one another, indicating a general lack of selective 

constraints within species. However, when these elements aie compared to those of D. 

willistoni, synonymous sites are significandy more divergent than nonsynonymous 

sites. In addition, and as already observed forD. willistoni P elements, S* and 3' 

untranscribed regions and introns 1 and 3 evolve slower than synonymous sites and 
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intron 2. Also nonsynonymous sites in ORF3 evolve significantly faster than those in 

the other three ORFs. 

The elements from the Antilles strains, Jamaica and the Dominican Republic, 

also fomi a clade (clade B). Despite the large internal deletion in these elements, the 

remaining part still has a strong similarly to the canonical elements Ctom D. willistoni 

(Table 7). It is interesting to note that these elements still retain all the sequence 

features necessary for transposition, so long as a transposase enzyme is provided in 

trans. These features include the inverted terminal repeats, as well as motifs required 

for transposase binding, which are located in die 5* and 3' untranscribed regions. 

When these elements are compared to the canonical elements from D. willistoni, 

nonsynonymous sites are more conserved than synonymous and non-coding sites but 

the difference is not significant 

One of the elements from the Dominican Republic and that from the Matlapa 

strain are on branches by themselves (like pouting monkeys). The divergence of each 

of these from the D. willistoni elements is presented in Table 8. While 

nonsynonymous site divergence in each subregion of the element is not significantly 

lower than that of synonymous sites, when the coding region is considered as a whole 

this difference is significant in both cases. In the element from Matlapa, mutations 



187 

accumulated significantly foster in nonsynonymous than in synonymous sites in 

ORF3. 

The two Brazilian elements, st-Ceara and st-MinasGerais, are very similar to 

each other, as reflected in the low level of polymoiphism in the clade (D) fomied by 

these elements (Table 9). The degree of polymorphism in nonsynonymous sites does 

not differ from that in synonymous sites. In this case, however, the rates of divergence 

of silent and nonsynonymous sites do not differ when comparisons are made between 

species. In addition, contrary to what was observed for P elements in D. wilUstoni and 

clades A and B in D. satrtevanti, 5* and 3* untranscribed regions, introns and 

synonymous sites all seem to have evolved at similar rates. 

DISCUSSION 

We studied a group of 46 /* elements sampled firom strains of D. willistoni and 

D. sturtevanti obtained firom across the geographic distributions of these species 

(Table 1). The major difference in the variability among the elements obtained from 

within each species is striking: while the elements from D. willistoni are extremely 
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similar to one another in structure and DNA sequence, those from D. sturtevcuai differ 

from one another considerably at both levels (Hgs 2 and 3). 

Selection in P elements: Analyses of polyiDon)hisna within species and divergence 

between species indicate that the evolution of P elements within species is 

characterized by an overall lack cS selective constraints. However, in most 

comparisons between species a clear difference is seen in the rate of substitution in P 

element nonsynonyoMMis and synonymous sites. This is observed in P element 

comparisons both between D. willistoni and S. pallida and between D. wilUstoni and 

D. sturtevanti. 

The fact that no differences are observed in the degree of polymorphism in 

non-coding, synonymous and ncm-syncMiymous regions within both D. willistoni and 

D. sturtevanti canonical P elements strongly suggests that the evolution of the diese 

elements within species is characterized by a lack of selective constraints. This 

conclusion is supported by the presence in elements of both species of deletions and 

insertions that disrupt the reading frame of the transposase, and the fact that these 

indels are evenly distributed anoong coding and non-coding regions. These 

observations do not provide support for selection hypotheses (1) through (4) presented 

in the "Introduction", according to which (1) transposition is advantageous to the host. 
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(2) the proteins encoded by the canonical P element are advantageous to the host, or 

that autonoooous P elements transpose at a higher rate than non-autonomous within 

cells (3) or within populations (4). Therefoce, we were unable to detect at this level a 

selective advantage to the host provided by the repressor encoded by ORFs 0-2 

(hypothesis (2)), which was found in a previous study (Widierspoon 1999). It should 

be noted that all within-species comparisons were done using very similar P elements. 

Because it can be expected that the difference between the selection coefficients of 

autonomous and non-autonomous elements associated with some of those hypotheses 

(especially (3) and (4)) could be quite small, the evidence for differential selection in 

the two types of elementsmight only be detected at higher levels of divergence among 

P elements (see below). 

The ccxnparisons of P elements between species provide several interesting 

observations. First, most non-coding regions are more conserved than synonymous 

sites. These non-coding regions include both 5' and 3* untranscribed regions and 

introns 1 and 3. This result is clear evidence that, in the long-term, these regions 

evolve under purifying selection. Because these regions are not expressed, they cannot 

provide an advantage lo the host organism as suggested by hypothesis (2). Therefore, 

they must be relevant for the element only, either at the time of transposition or for 
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horizontal transfer. Theie are motifs in the element's untranscribed regicms that are 

required for transposition, which include the.31-bp perfect inverted terminal repeats, 

11-bp internal inverted repeats and unique sequences at each end comprising 

approximately ISO bp (Engels 1989). This justifks the presence of selective 

constraints in the 5* and 3' ends of the element The relevance of introns 1 and 3 is 

harder to understand, but they might play a role in the structural conformation of the 

element during tran^x)sition or in the stability of the mRNA. 

Second, when elements of different species are compared, synonymous sites 

evolve significantly faster than nonsynonymous sites, in all four ORFs. This result 

shows that in the long-term evolution of P elements, autonomous elements do have a 

fitness advantage over non-autonomous ones. And finally, in between-species 

comparisons, nonsymmymous sites in ORF3 evolve significandy faster than those in 

the other three ORFs, suggesting that stronger selective constraints act on the latter. 

Because ORF3 is the only one not used in the repressor protein, it seems that in the 

long run, purifying selection acts on both the transposase and also the repressor. While 

ORFs 0-2 are subjected to both types of selective pressures, ORF3 is only subjected to 

the selective constraints imposed on the transposase and, therefore, evolves faster. 
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The results firom between species comparisons di£fer fiom those within species 

in two aspects. On the one hand, the elements included in between species 

comparisons have been transferred horizontally between species (Silva and Kidwell 

2000). This would inq)ly that selective constrains are imposed at the rime of horizontal 

transfer, as described in hypothesis (5) in the introduction, and suggests that elements 

that retain transposition and/or repressor c^>abilities are transfened horizontaUy more 

easily than those that do not, as previously hypothesized (Witherspoon 1999, Silva and 

KidweU 2000). 

However, the elements in the second comparison are also more divergent than 

those used in the conqMuisons within species. In this case it is interesting to note that 

the a lower ratio of synonymous to nonsynonymous mutations within than between 

species observed in P elenoents is similar to the pattern observed in the mitochondrial 

DNA (mtDNA) of many animal species (Nachman 1998). In the case of the mtDNA 

this pattern is due to the low effective population size of mitochondrial genoooe, which 

makes some of the nonsynonymous polymorphisms effectively neutral or only slightly 

deleterious (Kimura 1983). The latter are eventually eliminated from populations and 

therefore the ratio of synonymous to nonsynonymous mutations increases with time. 

In the case of P elements, this pattern could also be attributed to the fact that, in the 
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short term, the selective coefiBcient associated with s3aionymous and nonsynonymous 

mutations is not expected to be large. This is because, so(mi after the initial invasicm of 

a species by an autonomous element (eariy stage of the life cycle), transposition of a 

particular elements is not so much dependent on the functionality of the transposase 

(which can be provided in trans), but mofc so on the presence of intact inverted 

terminal repeats and other motifs present in the untranscribed S' and 3' regions (and 

maybe in introns 1 and 3, as discussed above). However, as time goes by. the different 

elements accumulate mutations and those that can encode an intact transposase 

become sparse. If, at this point (late stage of invasion), the number of autoncmxMis and 

that of non-autonomous elements per cell vary independendy, and if the firequency of 

transposition is a direct function of the number of autonomous elements per cell, then 

the conditions ate created for selection to favor autonomous elements. This is because 

in cells with mcne autonomous elements the rate of transposition will be higher and, 

therefore, autonomous elements will transpose on average, in the overall population, at 

a higher frequency than non-autononxMis. This is the rationale for selection hypothesis 

(4) as described by Vl^therspoon (1999). In order to distinguish between hypothesis (4) 

and (5), it would be necessary to compare distantly related elements &om the same 
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species that have been transmitted exclusively vertically. Our data do not allow us to 

discriminate among selection hypothesis (4) and (5). 

Spread of P dements within spcdes: The polymorphism in D. willistoni P elements 

is characterized by the almost exclusive pieseiice of singleton mutations, which 

include both length and nucleotide polymorphisms. It should be noted that our 

methodology could have caused some of the singleton point mutations observed. The 

sequences reported here were obtained from cloned P elements and therefore some of 

the polymorphisms could represent polymerase errors. The expected number of such 

errors in a 3 kb fragment is 0.12 (see "Materials and Methods"). We found an average 

of two polymorphisms per sequence, a value clearly above the expected background 

level. Furthemore, the fact that the excess of singletons is observed in two different 

classes of polymorphism (indels and point mutations) suggests that the pattem is reaL 

This deviation from neutral expectations revealed by the excess of singleton mutations 

could indicate (a) a rapid populadon expansion of the /* element population, (b) an 

expansion of the host peculation, (c) population subdivision of the host species or (d) 

the presence of weakly deleterious mutations. 

Scenarios involving the expansion (b) or population subdivision (c) of the host 

species have been ruled out in analyses using host markers (Chapters 2 and 3). 
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Evidence fa* scenario (a) is provided by the extremely high degree of similarity 

among P elements san^led £rom locales that are separated by thousands of kilometers 

which, together with evidence for lack of selective ccMistraints within species, suggests 

that canonical P elements invaded D. willistoni relatively recently and spread quickly 

to the whole species. Also, in the previous section we conclude that the low ratio of 

synonymous to nonsynonymous polymorphism observed within species could be due 

to the presence of an excess of slighdy deleterious mutations in the early stage of the 

life cycle of P elements. Therefore, our results suggest that hypotheses (a) and (d) 

above might both contribute to the non-neutral pattern of evolution of the D. wUlistom 

elements. 

In a previous study of nuclear and mitochondrial markers in these species 

(Chapter 3), we have concluded that there was a fairiy high degree of population 

subdivision in D. sturtevanti, but that in D. willistoni (mly marginal populations, such 

as those in the Antilles and Florida, exhibited a significant degree of genetic 

differentiation. Our study of P elements in D. wiUistoni, which includes elements 

sampled frcMn peripheral populations, shows that these elements can spread throughout 

a species range even when gene flow, as detected for host markers, is limited. 



The residence time of canonical P eiements in D. wWutoni and D. sturtevanti: We 

have determined previously (Silva and Kidwell 2000) that the presence of canonical 

elements in the wiUistoni and saltans groups dates hack only about 3 MY ago. The 

very high degree of sequence similarity among D. wUUstoni P elements, which 

contrasts sharply with the results from D. sturtevanti^ suggests that D. wiUistoni might 

have been one of the last species within the two New World Sophophora groups into 

which P elements last transfeired. The canonical P elements from D. sturtevanti are 

paraphyletic in relation to those in D. wiUistoni (Hg. S). It is possible then that the 

canonical elements in D. wiUistoni were obtained by horiztxital transfer frcMn D. 

sturtevanti. Altemadvely, the canonical elements in D. wilUstoni and those from D. 

sturtevanti to which the former are most closely related could have been recendy 

obtained from a third species. In this case a itiinifnufn of two independent horizontal 

transfer events are necessary to explain the presence of the canonical elements in D. 

sturtevanti. The elements obtained from D. sturtevanti are much more heterogeneous 

at both the structural and DNA sequence levels. This result, together with the fact that 

D. sturtevanti elements frtnn geographically close regions seem to share a conmxm 

ancestor more recently, suggests an older invasim of diis species by canonical P 

elements and their subsequence divergence by mutation and dzifL 
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The methodology used in this study leads to biases towards finding elements 

that are identical to the canonical P element, as only those that still retain functional 

inverted terminal repeats similar to those of the canonical P will be PCR-amplified. 

Therefore our results do not xule out the possibility that P elements that are more 

divergent from the canonical P than the ones we found are also present in D. 

willistoni. In fact, we know that P elements from other subfamilies are present, as they 

have been obtained in our laboratory fitom genomic libraries of this species. However, 

our result strongly suggests the absence of elements in the D. smrtevanti stains that we 

sampled that are more closely related to die canonical P elements firom D. willistoni 

and D. melanogaster^ as those are expected to have been amplified preferentially. 

Previously (Silva and Kidwell 2000), we have suggested that the presence of multiple 

P element subfamilies in species of the willistoni and saltans groups is explained by 

independent waves of invasion of these groups by P elements (and Vikings alike). Our 

current results strongly suggest that invasion of D. willistoni by canonical P elements 

is more recent than that of D. sturtevanti. Fuithennore, the paraphyly of the D. 

sturtevanti canonical P elements in relations the D. willistoni ones, and the high 

similarity between the two groups of elements, provides strong evidence for the claim 

that the presence of P elements in D. wittistom is explained by multiple invasions by 
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h(vizontal transfer, one that gave rise to the canonical elements and at least one more 

which resulted in the other P subfamilies present in D. willistoni. 

In conclusion, we have shown that P elements are oppcntunistic elements that 

can spread thnxi^iout a qiecies veiy rapidly and regardless of population structure. In 

addition, horizontal transfer between species seems to be common, each species 

having probably been invaded by P elements more than once. While it is possible that 

selection is effective in the long-term evolution of P elements within species, 

hcvizontal transfer between species provides an efficient mechanism for selection if 

autonomous elements are transferred in this manner more easily than non-autonomous 

ones. This argues for a piocess of horizontal transfer according to which <Mily one 

element is transferred at a time (such as a virus-mediated transfer), as opposed to a 

process such as intiogression by which several elements can be transferred together. 

ACKNOWLEDGEMENTS 

We thank Andrew Holyoake and Patrick O'Grady for many helpful comments 

and Michael Nachman, who provided numerous suggestions that significantly 



198 

improved focus of this manuscript. We acknowledge the fellowship support fiom 

Junta Nacional de Investigacao Cientffica e Tecnoldgica (JNICT). the Inteidisciplinaiy 

Program in Genetics at the University of Arizona and the Flinn Foundation to J. C S. 

This work was suppovted by National Science Foundation (NSF) grants DEB-97012S2 

and DEB-98157S4. 



199 

LITERATURE CITED 

Clark, J. B., T. K. Altheide, M. J. Schlosser and M. G. Kidwell, 199S. Molecular 

evolution of P transposable etements in the genus Drosophila I. The saltans and 

wilUstoni species groups. MoL BioL EvoL 12:9Q2-913. 

Clark, J. B., and M. G. Kidwell, 1997. A phylogenetic perspective in P transposable 

element evolution in Drosophila. Proc. Natl. Acad. Sci. USA 94: 11428-11433. 

Daniels, S. B., K. R. Peterson, L. D. Strausbaugh, M. G. Kidwell and A. Chovnick, 

1990. Evidence for horizontal transmission of the /* transposable element between 

Drosophila species. Genedcs 124: 339-3S5. 

Engels, W. R., 1989. P elements in D. melanogaster. In Mobile DNA, edited by D. E. 

Berg, and M. M. Howe. American Society for Microbiology, Washington D.C. 

Engels, W. R., 1992. The origin of P elements in Drosophila melanogaster. BioEssays 

14: 681-686. 

Engels, W. R., 1996. P elements in Drosophila. In Transposable Elementŝ  edited by 
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TABLE 1 

P dement sequences obtained from strains of D. wUlistoni and D, Uuitevawd 

Strains Location P 

(» sequences) 

D. willistoni 

Fkmda2 
Fk>nda6 

LAmillesl 
LAmillesS 
LAntilles 4,6.7 

Apaz 2.7.10.27,33 
Atlixco 

ElSalvador 
Nicaragua 

JSactial.3.4.6J 

Manaus 
Para 4. 8.11. 12 

Imel 
mia2,4.6.8.10 

Iiapua 1.9.13. IS. 16 
PMC 

Royal Palm Park. FL 
Faiicliild Gardens, FL 

Tofo N^ro, Puerto Rico 
Grand Eiang. Crator Lake. Grenada 
St. Vincent and tbe Grenadines. Vennont 

ApazapAi (behind cemetery), Veracruz, Mexico 
Atlixco, Veracruz, Mdcico 

Instituto Tropical, San Salvador, ES 
Santa Maria de Ostuna, Nicaiagua 

Jaton Sacha, Ecuador 

Manaus, Amazonia 
BeKm.Pari 

Dhado Mel. Plrani, Brazil 
Dha dos RaK»es Grandes, Sama Caiarina. Brazil 

Itapui Puk, Rio Grande do Sul, Brudl 
Maurfcio Caidoto, Porto Al̂ re, R. G. Brazil 

1 
1 

1 
1 

3 

5 
1 

1 

1 

1 
4 

1 

5 

5 
1 

D. sturtevanri 

Jamaica 
DominicanR 1,4 

A lOS 4. 10 
A16S 
Matlapa 2 

ElSalvador 
Panama 12 

Ceard 
127 

Jamaica 
Montecristi, Dominican Republic 

Apazapan, Veracruz. Mexico 
Apazapan. Veracruz, Mexico 
Matlapa. San Luis Potosi, Mexico 

Instituto Tropical. San Salvador. EI Salvador 
Panama 

Pacatuba, Cear  ̂Brazil 
Sena do Cipo, Minas Gerais, Brazil 

1 
2 

2 
1 

1 

1 

1 

1 
1 
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TABLE2 

P dement primers used in PGR and sequencing reactions 

Primer designatioii* Primer sequence 

PInvRep 5' CATAAGGTGGTCCCGTCG 

P427U S' GGGAGTACACAAACAGAG 

P980U 5' TGGCTATrGTrCGTGGTC 

P1447U 5* CXjCTCGCAAAACAGAAGGT 

P1890U 5' CAATTCGACCATCCCACTC 

P2422U 5* TCTCACGGCXKjACTTATTA 

P490L 5* AACAGGACCTAACGCACAG 

P 1032 L 5* CGGGTCCATTCX3GGTATTA 

P 1489 L 5' GAGCTAGCGGTGGTATTCG 

P2000L 5* AAAGTGCAGTGGAGTGGG 

P2457L 5* TAAGTCCX3CCGTGAGACA 

In each primer designation, the number conesponds to the 

approximate primer location in the canonical P element (0*Hare and 

Rubin 1983), and the letters U and L map the primer to the coding and 

non-codon strand, lespectively. 
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TABLES 
D. wWistoni: number of indds in each P dement subregion.' 

P element subregions Gength in basepaiis) 

Strains* 5'end ORFO intrl ORFl iiilr2 ORF2 inir3 ORF3 3'eiid 

(153) (291) (58) (666) (53) 026) (19(» (57(9 (201) 

Florida6 1 i 
Laatilks4 1 I9d 
Lantilles? 1 d 
Apaz2 1 d' 
Apaz33 Id* 
HSalvador 15 d 
JSacha I Id 
JSacfaa3 1 d 
JSacha63 1 d" 
Manaus 1 d' 
Parall 1 d' 
Itapua 1 Id 
Itapua9 1 i 
Itapua 16 21 d 
Ilha4 1 i 
Illia6 3d 

Indds 3 1 1 4 3 1 

' In the body of the table, numbers conespond to the length (in bp) of indels, and the 
letters 'i' and'd* stand for insertion and deletion, respectively. 
* The sequences fiom the strains not represented here have no indels. 
"^The deletions marked with the same superscript in each of the columns are in the 
same nucleotide position. They are scored as one event in the added totals in the last 
row of the table. 



208 

TABLE4 

Polymorphism and divergence per sulMregion of the D. wWutoni P elements 

Region 

Amoog D. wUUsumi P elcaicatt (n = 35) 

^ Tajinu'si) a^(SD) tfN(SD) 

vj. S. pallida P ekmettt. 

4i(SD) 4f(SD) 

S' end 

C«FO 

Ihtraa 1 

C»F1 

Intron 2 

ORF2 

bmn 3 

C«F3 

3' end 

.0033 J0122 

.0015 J0063 

0 0 

.0014 .0056 

.0011 JOO*6 

JOOn .0071 

.0012 .0051 

.0018 .0070 

.0014 .0058 

-2001* 

.2.180** .0029 

(.0019) 

-2.450** .0015 

(.0011) 

-1.136NS 

-2.603* jooan 

(.J002D) 

•IJS86* 

-2.432* ,0027 

(X)019) 

.0010 NS 

(.0008) 

.0013 NS 

(.0007) 

X)011 NS 

(.0006) 

.0011 NS 

(.0007) 

-1.886* 

J8(X)46) 

57 (.233) .14 (.026) *** 

J29 (.049) 

54 (.142) .11(.016)*** 

.98 (.164) 

1.12 (.176) .18 (.016)*** 

.26 (.043) 

.86(1.50) .22 (.025)*** 

.20 (.034) 

TOTAL .0016 .0065 -2.783*** .0026 .0012 NS 

(.0010) (.0003) 

.98 (.084) .15 (.010) ••• 

'DifTeiences between synonymous and replacement substitutions were tested for 
signif i c a n c e  u s i n g  a  t  l e s t  S i g n i f i c a n c e  l e v e l s  i n  t h e  t a b l e  a r e :  P  >  O . O S  N S ;  O . O S  > P >  
0.01 •;0.01 >P^0.001 P <0.001 •••. 



TABLE 5 

Insertions and deletions P elements of D. slurlevantif relative to the canonical element from D. melanogaster.' 

P element subregions 

S'end ORFO intron 1 ORFl intron 2 0RF2» intron 3 ORF 3 3'end' 

Strains 
(153) (291) (5«) (666) (53) (22+ (190) (570) (201) 

201 bp) 

Jamaica Id - - - - - - 43D 47,3d;li 

DominicanR 1 Id - - - - - - 0 1 i 

DominicanR4 2i 4,32.1d;li Id Id I.4d 59 d 30d;li 1 i 

Matlapa 2 2. 1 d: I i 7,5.10.2.4d:3i Id 0 - ? 7 30,1.2.1.6.1.1d;4i 1.1.6i 

AI0S4' 0 4i Id 9d 1.4d 0 0 0 2 d ; l i  

AIDS 10' 0 4i 2d 9d l , 4 d  0 0 0 2 d ; I  i  

A16S' 0 4i Id 9d I . 4 d  0 0 0 2 d ; l i  

ElSalvador' 0 4i 0 9d 1 . 4 d  0 0 0 2 d ; I i  

Panama 12' 0 4i Id 9d l , 4 d  0 0 1 i 2d; n  
Ceaii' 10.1 d; 1 i l l d ; l i  1 2 . 1 d ; 2 i  6d - - 0 41.22,156,2,40D;li 3 . 2 3 d ; l i  

Minai Geraii* 10,1 d; 1 i l i d ;  I 2 . 1 d : 2 i  6d - - 0 41.22.156,2.400:1! 3 . 2 3 d ; l i  

'In the body of the table, numben are the length in base pairs of each indel, and *i' and'd* stand for insertion and deletion. 

respectively. Multiple insertions (or deletions) in the same subregion are separated by commas. Insertions are separated from 

deletions by a semi-colon. Subregions that are absent or have not yet been sequenced are marked with a hyphen. The lack of 

similarity between die element from Matlapa and the canonical P is represented by a question mark. 

'These subregion (ORF 2) has been only partially sequenced (22 and 201 bp in its 5' and 3' ends, respectivelly). 



' There is a fixed insertion in all P elements from D. sturtevanti relative to the canonical element in the 3' untranscribed 

region. 

' All indels in ORF 0, ORF 1, intron 2 and the 3' untranscribed region are common between these elements. 

'All indels in these strains are in the same positions, except for one insertion in ORF 1 in the element from the Cear^ strain. 
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TABLE6 

Polyinorphisni and divergence of the D. sturtevanH P dements: dade A. 

AniaugD.sturtev<uuiPd.aBaas:c]a/icA vsD.wiUisumiP' 

Region length X  ̂ Tajima's D ir (silent) *(repl.) 4i(SD) .̂(SD) 

S'cttl 120 josm .0040 •0816 NS X)93(.026) 

ORFO 291 .0041 .0049 •1X)48NS i)132 .0017 .206(^)64) .013 (.008) •• 

Imron 1 58 .0069 .0083 •0.816 NS .021 (.007) 

ORFl 657 .0024 .0029 -1.093 NS 0 .0032 .096 0027) jO3O(.0Qe)* 

bUroQ 2 53 0 0 .085 (.024) 

ORF2 246 .0033 X)039 -0.973 NS 0 X)041 .131 (.052) .023(.011)» 

Intnm 3 190 .0021 X)025 -0.816 NS .056 (.016) 

ORF3 570 joart .0032 •1.094 NS 0 .0022 .184 (.045) .063 (.012) •• 

3'end 168 joms X)114 •1.094 NS .070 (.020) 

TOTAL 2353 .0094 X)040 -1.232 NS .143 (.021) .037 

(J005)*** 

' Differences between synonynxMis and replacement substitutions relative to the D. 
willistoni P element sequences were tested for significance using a t test Significance 
levels in the table are: 0.05 >P^ 0.01 *; 0.01 >P^ 0.001 P < 0.001 •••. 
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TABLE? 

Polymorphism and divergenoe of the D. sturUvanti P dements: dade B. 

Among D.^mnevonA'̂ emaitsicladeB vs D.witlisumi P* 

Region length X ]r(sQeu) *(repl.) 4i(SD) <^(SD) 

S'end 120 jam 059 iJm) 

ORFO 6 0 0 0 

ORF3 262 .0027 .0098 .0246 .104 (.044) .036 (i)12) NS 

3'end 171 .0333 X)61 (.025) 

TOTAL 508 .0276 

' Differences between synonynxxis and replacement substitutions relative to die D. 
willistoni P element sequences were tested for significance using a t test. 
Significance levels are: >0.05 NS; 0.05 ^0.01 *; 0.01 >P^0.001 
^<0.001 •**. 
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TABLES 

Divergence between£>. ste/CeMUiA*andwUUstoni ^elements. 

st-DaaiRep4 vs D.wilUstoni P* si-Mitlapa2 vs D.wUUstom f 

Region length 4i(SD) iî CSD) length <^(SD) î (SD) 

S'end 118 i>46(ja26) 120 .110 (.047) 

ORFO 255 .062(^)36) £(26 (.012) NS 263 .209 0071) .073 (.020) NS 

Inmm 1 57 .018 (xne) 58 JCni (.031) 

ORFl 665 .051 (.019) .020 (.006) NS 137 .079 0056) .080 (.029) NS 

btrao 2 53 .106 (.046) - - - -

ORF2 246 .110 (.047) X)31 (.013) NS - - -

Intron 3 131 .098 (.042) - - - -

0RF3 555 .100 (.032) .062 (.012) NS 457 .050 (.025) .118 (.022)* 

3'end 170 .036 (.016) 170 .094 (.041) 

TOTAL 1721 .075 (.015) X)36 (.005) • 857 .202 (.039) .0900012) •• 

' Differences between synonymous and replacement substitutions relative to the D. 
willistoni P element sequences were tested for significance using a t test Significance 
levels are: P >0.05 NS;0.05 >P^0.01 •; 0.01 >P>0.001 *»; P <0.001 
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TABLE9 

Polymorphism and divergence of the D. sturtevand P dements: dade D. 

AmaagD.ifMnMana'^desiemKcladeD vsD.wiUisumif 

Regioa length X xCsOent) *(repl-) 4i(SD) 4((SD) 

S'end 109 XK90 sxoixai) 

ORFO 282 .0035 0 .0045 .072 (.036) .044 (.014) NS 

Intron 1 42 0 0 

ORFl 131 .0076 0 .0099 .043 (.043) .088 (.030) NS 

IniroD 2 - - -

ORF2 - - - - - -

Intron 3 94 0 X)44(.017) 

0RF3 319 .0030 0 .0039 .175 (.060) .070 (.017) NS 

3'end 147 0 .102 (.040) 

TOTAL 1147 .0035 .082 (.027) .063 (.011) NS 

' Differences between synonymous and replacement substitutions relative to the D. 
willistoni P element sequences were tested for significance using a / test 
S i g n i f i c a n c e  l e v e l s  a r e :  P  >  0 . 0 5  N S ;  0 . 0 5  > P 1 ^  0 . 0 1  • ;  0 . 0 1  > P >  0 . 0 0 1  * * ;  P  <  
0.001 *•». 



215 

Listof Hgures 

Fig. 1. Schematic representatioii of the structure of the canonical P element from D. 

melanogaster. The element is flanked by 31-bp long inverted terminal repeats 

(represented by arrow heads). These are followed by 5* and 3' untranscribed regi«Mis 

(represented by single lines). The elenoent has four open reading frames (ORF), 

numbered 0 through 3, which together encode a transposase enzyme. ORFs are 

represented by open rectangles, and introns by single lines. The first and last positions 

of each non-coding region are numbered above. The inverted terminal repeats were 

excluded from all analyses as they were the primer-binding regions. Therefore, the 

data set starts at the first base of the S* untranscribed region. 

Fig. 2. Structure of the P elements sequenced from stains of D. willistoni and D. 

stunevanti. Open boxes represent (^n reading frames, and vertical lines represent 

introns and flanking regions. An interruption in the structure of an element represents 

a large deletion. Question marks correspond to stretches that have not yet been 

sequenced. Striped rectangles represent sequences without identity to the canonical P 

element. All the elements from D. wUUstoni are complete, except for small indels. 
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Fig. 3. Variable nucleotide positions in D. willistoni P elements. The subregions in the 

element are marked on top. S' and 3' ends cociespond to die untranscribed flanking 

regions, and i2 and 13 to intions 2 and 3, respectively. The position of each mutadon in 

the data set is indicated, and should be read vertically. Asterisks, in the bonom of the 

table indicate replacement mutations and'S* those mutations that lead to stop codons. 

AH other mutations in the coding region are synonymous. 

Fig. 4. Spectra of the distribudon of indels and point mutations among 35 P element 

sequences form D. willistoni. Observed frequencies are represented by open bars. 

Expected frequencies were calculated according to Tajima (1989) and are represented 

by diamonds, connected by a line. Only half of the distributions are represented (these 

distributions are symmetrical, which makes it easy to visualize the half that is 

missing). 

Fig. S. Phylogenetic relationships among the P elements frx>m D. willistoni and D. 

5rrM/ev<vzri.using,maximum parsimony. Elements from D. willistoni are prefixed with 

'will' and those from D. sturtevanti with *st'. Due to their high similarity, only four 
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out of 35 elements from D. willistoni aze presented. The S. pallida P element was used 

as an outrgioup. Branch lengths are proportional to the number of changes. The 

numbers above the branches represent bootstrap proportions. Letters mark individual 

clades of D. sturtevanti sequences, and are used for reference in the text and tables. 
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5'ond ORF 0 ORF 1 

1 
1 2223334 555556666T0999O 

2247992 4890060 034590188104890 
0463461 6730491 594417718760338 

Florida2 GATGCCA CTTGAGT AGTAAAGTAGTGATC 
v G i t t T *  • • • • • • •  • • • • • • • • « • • • • • •  

liAnt HIgsI • • • t  AT • •••«••• ••••••••••«•••• 
liAnt lXXos3 •••••T* 
liAnt XXI084 •••••T* ••••••• 

• • • • • X a  • • • • • • •  *  t  

liAn t XXXosT 
•  •  •  •  •  • • • • • • •  • • • • • • • • •  t O *  •  •  •  

Aps z7 ••••••• ••••••••••••••• 
Aptt zXO ••••••••••••••• 
ApAz27 •••••T* •#••••• ••••••••••••••• 
ApA z33 •••A«T« 

X X xco • • • • • X • A ••••** •*••••••••••••• 
NXCftlTQ^llA • • I • sX • • • • • lA* ••••••••••••••• 
EXSaXvador X G 
iJSachal • • • • tX • ••••••• ••«•••••••••••• 
tJSacHa3 •••••Xt »•••••• •••••••••#••••• 
tJSacha4 •••••X* ••••••• •••••t********* 
kJSacha6 *3 •••••X* ••••••• 
Manaus C*«a*X« ••••••• •••X*****!***** 
Par'a4 C««*«X« «%••«•% 
PairaO •••»«X« 
Par*aXX ••••••• ••••ttt******** 
PaE'aX2 •••••X* ••••••• 
11 apua1 •••••X« 
I(apua 9 •••••Xt •••#••• 
X t apu aX3 •••t«X* ••••••! 
11 apua XS •••••X* ••••••• itcatt*!****!** 
I(apua X 6 •fl*«*X( ••••G#* 
I h t o  X  • • • t * X »  • • • • • • •  
X X h a 2  • • • • • X *  
IXha4 t«**«X« «•••««« «•••••*•••••••• 
I X H a 6  • i * « « X «  • • • • • • • • G i * * * * *  
X X h a B  • t « « i X *  • • • # • • •  
IXhalO ..C..TC 

* « « 

12 ORF 2 13 ORF 3 3'  end 

1 111111111111111111111 2222 2222222222222222 2222 
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6 905590269970224890560 0479 45588X4577202445 1312 
6 943407175667236036665 5470 248939X046425158 1186 
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. . G .  

c • t  • •  • •  •  • 
« • • • • • • * • • • « * • • •  •  •  •  •  
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