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ABSTRACf 

In order to compare the population dynamics of P elements in the 

sibling species D. melanogaster and D. simulans, three sets of studies were 

performed. In a series of comparative mixed population experiments, P-M 

mixed populations of D. melanogaster evolved into P or Q populations, 

depending on the strength of the P strains used as the original parental 

strains. However, no mixed populations of D. simulans evolved into P 

populations; even when the strongest P strains of D. simulans were used, all 

mixed populations evolved into Q or M' populations. 

Using an excision assay system, excision frequencies in a variety of 

strains of D. melanogaster and D. simulans were measured. On average, 

excision frequencies of P elements from plasmids were significantly lower in 

D. simulans than in D. melanogaster. In addition, there were no statistically 

significant correlations between GO sterility and excision frequencies. 

Using single neomycin -marked P elements, transposition frequencies 

of P elements were compared in D. melanogaster and D. simulans. As with 

excision frequencies, transposition frequencies were lower in D. simulans 

than in D. melanogaster. In addition, the position of the original insertion 

site had a strong effect on transposition frequency. 

All of these three experimens showed significantly lower average 

activity of P elements in D. simulans than in D. melanogaster. This 

consistency suggests that the three sets of results were influenced either 

directly and/or indirectly by common factors, such as host-encoded factors. 

Therefore, differences in the activity of P elements in these two species may 
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be influenced by different host-encoded factors. The absence of P elements in 

natural populations of D. simulans may also be explained by the presence of 

different host factors. 



CHAPTER 1 

INTRODUCTION 

15 

Transposable elements (also called mobile genetic elements, or 

transposons) are nucleotide sequences that can move or transpose to different 

positions in the genomes of a wide variety of organisms. The concept of 

transposable elements was first proposed by Nobel Prize laureate Barbara 

McClintock in the early 1950's. Her ideas were not immediately accepted by 

most scientists. However, when similar phenomena were found in other 

organisms, their existence began to be accepted as a new concept in biology. 

Previously, classical "genes" were considered to occupy set positions on the 

chromosomes and the order of the genes was not expected to change. This 

was an important concept established by Mendelian genetics. However, the 

discovery of transposable elements has forced us to change that concept and 

we now know that the order of genes on chromosomes is not always stable. 

In recent years, transposable elements have been discovered in the 

majority of organisms which have been examined and they are studied from 

many different perspectives. There are no generally accepted reasons why 

transposable elements are maintained over long periods of time in the 

genomes of organisms. One hypothesis is that transposable elements are 

maintained because of some evolutionary benefit that they might confer on 

their host organism (e.g., Campbell 1981). Because transposable elements can 

cause many mutations and change the organization of genomes, they may 

play an important role in mediating changes that shape the evolution of 

their host organisms. In addition, transposable elements sometimes carry 
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genes that are beneficial to the host. There is some evidence supporting this 

view, especially in bacteria (Biel and Hart11983; Hartl et al. 1983). 

On the other hand, some believe that transposable elements are just 

"parasites" of the organism at the DNA level. In this sense, transposable 

elements have been referred to as "selfish DNA" that reduces the fitness of 

the host and is maintained by infectious transfer (Orgel and Crick 1980; 

Doolittle and Sapienza 1980). Since the spread of transposable elements in a 

population can be accounted for by high rates of transposition relative to the 

replication rate of the host genome, without the need to invoke a selective 

advantage, the role of transposable elements in the evolution of the host 

could be quite limited. It is, therefore, still a controversial question as to 

whether, or not, transposable elements have any "significant effect" in the 

evolution of their hosts. Clearly, more research is needed before this question 

can be answered. 

To investigate this major problem in evolution, that is, understanding 

the significance of the effect of transposable elements, we need to answer 

other important outstanding questions. Especially, we need more 

information about the evolutionary history of transposable elements because 

this has not been very well studied. For example, we do not know whether 

transposable elements have originated de novo from nonmobile sequences, 

or whether they are descended from other mobile sequences and are 

maintained within all lines in one clade. We do not know the length of time 

that they persist in various evolutionary lineages or the relative frequency of 

horizontal transmission by virus or other vehicles. We know very little 

about rates of sequence divergence in independent lineages of transposable 
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elements. We also have little knowledge about how these elements interact 

with their host organisms. Although we know that host ranges of 

transposable elements may be restricted, we do not know the genetic basis for 

the host factors that are presumably involved. Because evolution of 

transposable elements appears to be affected in a number of ways by host 

factors, knowledge about host-transposable element interactions is one of the 

keys to understanding the evolution of transposable elements. 

The first step in studying host-transposable element interactions is to 

study host ranges of transposable elements. It can be done by surveying the 

distribution of specific transposable element families. We can then infer 

whether a particular element is descended from other transposable sequences 

in the same lineage, or whether it is derived from another lineage. For 

example, if a family of transposable elements is found only in all the branches 

of a single clade, we can infer that this element is clade-specific, and derived 

from one ancestral element at the base of a clade. On the other hand, if the 

distribution is patchy, then we may conclude that this element is not clade

specific. This type of distribution may be explained by horizontal transfer, or 

by extinction in some descendant branches, but not in others. 

After obtaining information regarding the phylogenetic distribution of 

transposable elements, there are several ways to address the issue of host

transposable element interactions. One method is the comparative study of 

transposable elements in sibling species. Because sibling species must share 

many common features, it is relatively easy to investigate the few factors 

which are different. Thus, it should be relatively easy to determine the host 

factors which may influence a difference in the behavior of a transposable 
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element in sibling species. In addition, a knowledge of the population 

dynamics of transposable elements may provide an important clue to 

understanding the evolution of transposable elements, because different host 

factors may directly affect such dynamics. 

In this dissertation, I will demonstrate how a comparison of the 

population dynamics of transposable elements in sibling species is one of the 

most powerful and informative methods for understanding transposable 

element evolution. I compare the population dynamics of a single family of 

transposable elements, the P family, in two sibling species, D. melanogaster 

and D. simulans. P elements were first found in D. melanogaster as factors 

which cause a group of cross-specific hybrid abnormalities, called hybrid 

dysgenesis. Studies of this family of elements have been performed 

intensively during the last fifteen years and it is one of the best-characterized 

of all eukaryotic transposable elements. 

There are many advantages in using P transposable elements for this 

investigation and the most important include the following: First, there is 

considerable information available on the distribution of the P element in the 

genus Drosophila (Daniels et al. 1990). Furthermore, a great deal about the 

natural history of P elements in D. melanogaster is also known. P sequences 

are found in a number of species in the genus Drosophila, other than 

D. melanogaster and also in two species outside of the family Drosophilidae. 

However, P elements do not occur naturally in the sibling species of 

D. melanogaster, or among other members of the melanogaster subgroup, 

including D. simulans. P sequences occur in most species of the distantly 

related D. willstoni and D. saltans groups. Otherwise the distribution of P 



elements in the genus Drosophila is very patchy (see chapter 2 for more 

details). Based on this and other observations, the P elements of 

D. melanogaster are thought to have been derived from P elements of 

D. willistoni by horizontal transfer (Daniels et al. 1990). 

19 

The second advantage of using P elements for the evolutionary study 

of transposable elements is that much is known about the regulation system 

of these elements. It is necessary to understand how the movement of P 

elements is controlled because this directly affects the population dynamics of 

P elements. Even though our understanding of the regulation of P elements 

is not perfect, it is better than that of any other transposable elements. Details 

of the regulation of the P element will be reviewed in the next chapter. 

I selected the sibling species D. melanogaster and D. simulans for a 

comparative study because there is a considerable body of knowledge about 

these species and their relationship to each other. The accumulated 

information, such as mutation rates in these two species, makes it easy to 

make inferences about the evolutionary history of transposable elements. In 

addition, the complete absence of P elements in D. simulans provides a 

chance to assess differences in P element behavior in these closely-related 

species by introducing P elements via microinjection. 

The specific objectives of this dissertation can be summarized as 

follows: 

(1) To compare P element behavior in the sibling species 

D. melanogaster and D. simulans in laboratory bottle populations, under 

identical environmental conditions, over a number of generations. 



(2) To investigate the factors responsible for any differences that are 

found in the dynamics of P elements between these two species with 

particular consideration of host-encoded factors. 

(3) To discuss the possible reasons for the absence of P elements in 

D. simulans natural populations in light of information obtained from the 

experiments. 

20 



CHAPTER 2 

LITERATURE REVIEW 

A. Comparative studies of D. simulans and D. melanogaster 

21 

Comparative studies of sibling species, especially studies of speciation, 

are essential for understanding the processes of evolution. D. melanogaster 

has been one of the most important species for the study of genetics, and has 

produced genetic information which has been applied to the study of 

evolution. However, it is important to determine whether the genetic 

variation observed in D. melanogaster can be found in other Drosophila 

species. Furthermore, comparison of within-species and between-species 

variation is the one of the most powerful tests of the "selection vs neutrality" 

debate (Hudson, Kreitman and Aqade 1987). 

As a sibling species of D. meianogaster, D. simulans is also an 

important species for the study of evolution. D. simulans was first described 

by Sturtevant in 1919, who distinguished D. simulans from D. melanogaster 

by the shape of the male anal plates (Sturtevant 1919). Before that study, 

D. simulans was not recognized as a separate species apart from 

D. melanogaster. Morphologically, these two species are only distinguishable 

by minor features, such as differences in male genitalia, the shape of the eye 

and certain aspects of body conformation. Since Sturtevant's time, extensive 

comparative studies of these two species have been carried out. 

While D. melanogaster is by far the best-studied species of Drosophila, 

many mutants strains of D. simulans are also available. There is even an 

attached-X strain of D. simulans now available, which is the only attached-X 



strain found outside of D. melanogaster. Therefore, although D. simulans 

has not been as extensively characterized as D. melanogaster, many 

informative genetic studies using D. simulans are possible. 

In addition to D. simulans, there are two more sibling species of 
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D. melanogaster; D. sechellia and D. mauritiana. Along with D. simuians, 

these four species are called the melanogaster complex. However, D. sechellia 

and D. mauritiana were identified relatively recently; therefore, there has not 

been enough time for development of many mutant strains. Furthermore, 

because these two species occur only on a few small islands, Mauritius and 

the Seychelles Islands, it is not possible to obtain distinctive geographical 

strains of these two species. In contrast, D. simulans is a broadly distributed 

cosmopolitan species from which it is easy to get new strains from wild 

populations, thus providing another advantage of using D. simulans for 

comparative work. 

For all of these reasons, D. melanogaster and D. simulans are among 

the best pairs of sibling species for comparative studies of evolution. 

1. Taxonomic history of D. melanogaster and D. simulatlS 

D. melanogaster and D. simulans are assigned to the melanogaster 

species group, which is the largest species group (268 described species) of the 

subgenus Sophophora (Lemeunier et al. 1986). Along with six other species, 

they form the D. melanogaster subgroup, all of which are endemic to the 

Mrotropical region. Species of the D. melanogaster subgroup are thought to 

be of Mrican origin, while those from other melanogaster group species are 

thought to be of Asian origin. Along with D. sechellia and D. mauritiana, 



D. melanogaster and D. simulans belong to the D. melanogaster complex. 

This complex is distinguished from the four other species of the 
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D. melanogaster subgroup by the structure of the male genitalia (Tsacas and 

Lachaise 1974). The correctness of this grouping is supported by other 

observations (see Lee and Watanabe, 1987, for review). Almost all 

phylogenies that have been constructed, using various methods, suggest that 

D. simulans, D. mauritiana and D. sechellia are more closely related to one 

another than they are to D. melanogaster (Figure 2-1). Lachaise et al. (1986) 

estimated an age of 0.8-3 million years for the pre-melanogaster and pre

simulans split. 

2. Geographical distribution 

Along with eight other Drosophila species, both D. melanogaster and 

D. simulans are generally termed cosmopolitan, even though they do not 

have a truly world-wide distribution. Both species are found on all 

continents except Antarctica (Throckmorton 1975). D. simulans is absent 

from India, South-East Asia and New Guinea and has not been recorded in 

the oriental region except for parts of Japan where D. simulans is currently 

invading (Watanabe and Kawanishi 1976;1978). D. melanogaster is present, 

but rare, in South-East Asia and New Guinea. In other parts of the world, the 

relative distributions of the two species varies. In South and Central 

America, D. simulans is generally more abundant than D. melanogaster. 

Parsons and Stanley (1981) suggested that the relative proportion of the two 

species is determined by environmental factors, especially temperature. 

However, the geographical patterns of relative abundance of the two species 

are not consistent among continents. Because populations of D. simulans co-
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immigrate with human activities, it is especially difficult to explain the 

geographical distribution of this species solely on the basis of environmental 

factors. 

3. Interspecific hybridization 

Sturtevant (1920) was the first to report the successful crossing of 

D. melanogaster and D. simulans, and since then there have been numerous 

studies of the hybrids produced. Depending on the direction of the 

interspecific cross, only one sex survives in the progeny and all the Fl hybrids 

are sterile. This postzygotic reproductive isolation is apparently complete, 

because no fertile Fl has ever been reported. We, therefore, do not expect any 

introgression events between these two species. Sturtevant suggested that Fl 

hybrids only survive if they carry aD. simulans X chromosome and cannot 

survive if they carry a D. simulans Y chromosome. Three exceptions to this 

rule are known (Watanabe 1977; Takamura and Watanabe 1978; Hutter and 

Ashburner 1988; T. K. Watanabe pers. comm.). 

The first exception was discovered by Watanabe and his colleagues 

(Watanabe 1977; Takamura and Watanabe 1978). When D. simulans from the 

strain K18 were crossed with D. melanogaster, adults of both sexes were 

produced. They found that this exceptional fertility was controlled by a 

dominant mutant allele at a single locus called Lhr (Lethal hybrid rescue) 

which mapped onto the second chromosome (2:95). As a second exception, 

they found a similar kind of mutant of D. simulans at a different locus from 

Lhr (T. K. Watanabe pers. comm.). As a third exception, a mutation of 

D. melanogaster called Hmr (hybrid male rescue) rescues hybrid males from 

the cross of Hmr females to males of D. simulans (Hutter and Ashburner 
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1988). This mutation maps to chromosome position 1-31.84. The discovery of 

these rescue genes is consistent with the conclusion that these two species are 

very closely related and have been separated from a common ancestor only 

recently. 

D. sechellia and D. mauritiana produce fertile female offspring and 

sterile male offspring when they are crossed with D. simulans. However, 

both of these species behave very much like D. simulans when crossed to 

D. melanogaster. This is further evidence that D. simulans, D. mauritiana 

and D. sechellia are more closely related to one another than they are to 

D. melanogaster. D. melanogaster and D. simulans are not only 

postzygotically isolated, as mentioned earlier, but they are also isolated 

prezygoticaly (Manning 1959; Robertson 1988). This isolation has been 

explained by differences in courtship behavior (Cobb, Connolly and Burnet 

1986) and in courtship song (Kyriuacou and Hall 1982). 

4. Differences in the amount of genetic variation 

Many studies have been designed to measure genetic variation 

between D. melanogaster and D. simulans and polymorphisms have been 

reported at many levels. 

a. Polytene chromosomes: The sequence of polytene chromosomal 

banding patterns and genetic linkage maps are almost the same in both 

species, except for a long paracentric inversion in the third chromosome right 

arm. This was discovered by Patau (1935) in D. simulans by comparison with 

the D. melanogaster wild type chromosome. Two small inversions and 

several small minor inversions were also reported (Ashburner and 

Lemeunier 1976). The observed frequency of inversions in D. simulans is 
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much lower than in D. melanogaster natural populations (see the review by 

Lemeunier et al. 1986). For example, Ashburner and Lemeunier (1976) 

reported that 57 inversions were found within 67 natural D. melanogaster 

strains, but no inversion were found in 27 natural D. simulans strains. In 

contrast to polytene chromosome variations, the karyotypes of mitotic 

metaphase chromosomes are the same in both species; namely, two large 

metacentric autosomes, a rod-shaped X chromosome, a J-shaped Y 

chromosome and a dot-like fourth chromosome. 

b. Studies of protein polymorphism: Many comparisons of protein 

polymorphisms of these two species have been reported (O'Brien and 

Macintyre 1969; Berger 1970; Shah and Langley 1979; Gonzalez et al. 1982; 

Ohnishi et al . 1982; Hyytia et al. 1985; Choudhary and Singh 1987; Watada, 

Tobari and Ohba 1986; Coulthart and Singh 1988a; see also Lemeunier et al. 

1986 for a review). Overall, the data indicate that variation is greater in 

D. melanogaster than in D. simulans. For instance, in a relatively recent 

report, Watada, Tobari and Ohba (1986) checked enzyme polymorphisms at 

ten loci for both of these species from wild populations collected throughout 

Japan. They found that the average proportion of polymorphic loci in 

D. simulans (32%) was significantly lower than that in D. melanogaster(68%). 

c. Polymorphism at the DNA level: In contrast to protein 

polymorphisms, those at the DNA level shows different features. Published 

DNA sequence comparisons between these two species showed that they 

differ at the nucleotide level by only 2-4 % (Langley, Montgomery and 

Quattlebaum 1982; Bodmer and Ashburner 1984). A 40-kb region around the 

rosy and snake loci analyzed by restriction enzymes indicated that 
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D. simulans is about six times as variable as D. melanogaster (Aquadro, Lado 

and Noon 1988). In addition, they found that there was no sequence length 

variation in D. simulans, in contrast to a considerable amount in D. 

melanogaster. Furthermore, mitochondrial DNA (mt DNA) variation in 

D. simulans is higher than in D. melanogaster (Solignac, Monnerot and 

Mounolou 1986; Satta et al. 1988; Satta and Takahata 1990). These results 

stand in contrast to the results of the previous studies of protein variation. 

However, since only two examples have been reported (e.g., the region from 

rosy to snake and the mtDNA variants), more data are needed to confirm 

whether variation at the DNA level in D. simulans is really higher than that 

in D. melanogaster. 

5. Differences in mutation rate 

Woodruff and Ashburner (1978) compared the frequency of X~ray

induced aberrations in D. melanogaster and D. simulans and found no 

differences. However, Lemke, Tonzetich and Shumeyko (1978) reported that 

the frequency of aberrations was very low in D. simulans at X-ray doses that 

produced high levels of aberrations in D. melanogaster. Recently, Inoue 

(1987) reported observations which support the results of Lemke's group. 

However, the matter deserves re-investigation. Spontaneous mutation 

frequencies have not been measured systematically. Spontaneous X-linked 

lethal gene mutation frequencies in D.simulans have been reported by 

Eeken, deJong and Green (1987). They found a spontaneous recessive lethal 

mutation rate of 0.3 %, a value identical to that found in D. melanogaster. 

6. Differences in genomic structure between D. simulatlS and D. melanogaster. 
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Dowsett and Young (1982) observed that D. melanogaster carries about 

three times as much middle repetitive DNA as D. simulans in the whole 

genome and seven times as much in the euchromatin. Nomadic DNA 

makes up only 2% of the chromosomal DNA in D. simulans, but about 12% 

of that in D. melanogaster (Young, 1979). Dowsett and Young (1982) 

concluded that "the difference between these two species might influence the 

mutation rate or contribute to their reproductive isolation or both." 

The interpretations of Dowsett and Young (1982) have been questioned 

by Hey and Eanes (in press). Dowsett and Young found that the copy number 

of D. simulans was about half that of D. melanogaster. However, Hey and 

Eanes pointed that Dowsett and Young miscounted the amount of some of 

the middle repetitive DNA. Therefore, in fact, the differences between these 

two species are not as large as Dowsett and Young showed. Nevertheless, the 

observation that the amount of middle repetitive DNA is less in D. simulans 

than in D. melanogaster is still valid. 

To check the validity of the hypothesis of Dowsett and Young (1982), 

i.e., that differences in the amount of middle repetitive DNA between the 

two species influence the mutation rates, Inoue and Yamamoto (1987) have 

found that five of seven spontaneous white mutants analyzed in 

D. simulans were insertion mutants. This result suggests that many 

mutations of D. simulans, at least in the white locus, also occur by insertion 

of DNA. 

7. Transposable element distribution 

The distribution of known D. melanogaster transposable elements has 

been surveyed in D. simulans (Stacey et al. 1986; Hey 1989). Almost all 
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D. melanogaster elements were found in the genome of D. simulans, except 

for P elements. The mariner element, discovered in D. mauritiana, was not 

found in the genome of D. melanogaster, but there are many copies of this 

element in D. simulans (Hart11989). 

B. Transposable elements 

1. General features of transposable elements 

In general, the DNA of eukaryotic genomes is classified into three 

groups based on sequence repetitiveness: non-repetitive DNA (single copy), 

middle repetitive DNA, and highly repetitive DNA. Transposable elements 

belong to the group of middle (moderate) repetitive DNA. Transposable 

elements share common structural features and are classified into several 

groups. One of the typical features of transposable elements is the presence of 

terminal repeats. These terminal repeats are usually very important for 

transposition of the elements. The size of the terminal repeats and their 

direction are characteristic of a given class of transposable element. Another 

typical feature of transposable elements is that, by the process of insertion, 

they often make short direct repeats of the host chromosomal DNA that 

flanks the element (target site repeats). Transposition mechanisms are not 

well understood, but some families of transposable elements are known to be 

replicated via reverse transcription. These types of elements are usually 

called retroposons (also called retrotransposons). 

Based on their mechanisms of transposition, eukaryote transposable 

elements are divided into two classes (Class I and Class IT). Class I elements 

transpose by reverse transcription of an RNA intermediate and transposition 
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should be a replicative event, as the donor element is not excised from the 

genome. Therefore, as a result of transposition, the number of elements in 

the genome should increase after each transposition event. Class II transpose 

without an RNA intermediate. Although the exact mechanisms by which 

class II elements transpose is unknown, a model of transposition of the P 

element, which belongs this category, has been proposed (Engels et al. 1990). 

Each class is divided further into two groups (Finnegan 1989). 

Therefore, transposable elements are typically categorized into four sub

groups. Class I transposable elements are further distinguished by their 

structure. One type has long terminal repeats while the other does not. The 

first type of class I retrotransposable elements has a retrovirus-like life cycle. 

The second type of class I elements is quite distinct from retroviruses in 

structure. Because members of this group lack viral activity, they are 

sometimes called non-viral retroposons. In the first type of class II element, 

there are short terminal repeats. These termini of the elements are 

important, but their exact role is not known. The second type of class II 

elements (e.g., FB elements) carry long terminal repeats. Little is known 

about the mechanism by which these class n elements transpose. 

2. Effects of transposable elements. 

The main effect of transposable elements on host organisms is to 

induce various kinds of mutations. The simplest type of mutation is one that 

is induced by insertion of a transposable element into the DNA of the host. 

Insertion of a transposable element may interrupt the coding sequence of a 

host gene. Insertion of a transposable element into non-coding regions of 

genes may also cause a mutation. Such insertions have been found to be very 
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useful in cloning unidentified genes, because they can be used as a molecular 

tag to mark the gene (transposon tagging). Some transposable elements carry 

promoters, and may activate repressed host genes down-stream from their 

point of insertion. Excision of elements from the host DNA can also cause 

mutations. Transposable elements are also known to induce chromosomal 

mutations, such as chromosomal inversion and deletions. These types of 

mutation may be induced by recombination between two members of a 

family of transposable elements, but the real mechanisms by which 

transposable elements cause chromosomal aberrations are unknown. 

Another important effect of transposable elements is that they may 

increase genetic variation of the host. The results of MacKay (1987; 1988) 

suggest that genetic variation increases in Drosophila populations when P 

transposable elements were introduced in the genome of D. melanogaster. 

3. Transposable elements in Drosophila. 

Many transposable elements have been found in Drosophila, most of 

them from D. melanogaster. One of the first discoveries resulted from genetic 

studies of the white crimson (wC) allele by M. M Green (Green 1967). wC is a 

very unstable mutation and shows high mutation and reversion rates. Later, 

it was discovered that this instability is caused by transposition of FB (fold 

back) elements (Levis, Collins and Rubin 1982). Since Green's pioneering 

work, many discoveries of transposable elements in Drosophila have been 

made. These will now be described according to their classification into four 

sub-groups as described in the previous section: 

(1) Retrotransposons with L TRs: This group has historically been called 

copia-like elements. This is the biggest group of transposable elements in 
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Drosophila and more than 18 families have been identified (Finnegan 1989a), 

such as copia, gypsy, etc. The major identifying feature of this group is that 

they have LTRs which are about 200-500 bp long. Normally, the LTRs at both 

ends of the element are identical, therefore it is believed that there are some 

mechanisms to conserve identity between these two ends (Bingham and 

Zachar 1989). These LTR structures have also been found in mammalian 

proviruses (Varmus and Brown 1989). Therefore, it was believed that this 

group of retrotransposons could also transpose through reverse transcription. 

Sequence comparisons of some of these elements with retroviruses (Bingham 

and Zachar 1989) and the observation of virus-like particles which are made 

by copia elements (Shiba and Saigo 1983; Emori et al. 1985) support this. 

hypothesis. In addition, conserved reverse transcriptase sequences are found 

in these families of transposable elements. There are also three transcribed 

regions in a typical retrovirus, gag, pol and env. Sequences with similarity to 

gag and pol have been found in retroposons, but there is no homologous 

sequence to the env gene of retroposons (Bingham and Zachar 1989). The 

env region encodes proteins which play important roles in maturation and 

infection of retroviruses. Therefore, it is possible that retroposons and 

retroviruses are classified into the same group, but that retroposons cannot 

move from the cells due to a lack of the env gene product. 

2. Retrotransposons without terminal repeats: The best known 

example of this group is the I element. The D, F, G, Doc, and jocky, elements 

are categorized in the same group and share some structural similarities with 

the I element (Finnegan 1989b). These families of elements also are thought 

to transpose via an RNA intermediate. I elements were found to be the 
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factors that induce I-R hybrid dysgenesis (see below) (Picard 1976). The size of 

a complete I element is 5.4 kb, and I elements have two open reading frames 

(Fawcett et al. 1986). ORF1 is homologous to gag and ORF2 is homologous to 

pol, and there is sequence of the reverse transcriptase encoded by ORF2. In 

contrast to copia-like elements, there are no L TRs. Because the basic structure 

of I elements is very similar to the L1 family of vertebrates, I elements are 

thought to transpose via RNA (Fawcett et al. 1986) 

3. Elements which have short terminal inverted repeats: The best 

known example of this group is the P element. This element is the factor 

which causes P-M hybrid dysgenesis (Bingham, Kidwell and Rubin 1982) and 

is one of the most interesting transposable elements in Drosophila (Engels 

1989). A more detailed description of P elements will be given later. 

Members of the hobo element family share similar structural features 

with P elements, and like P elements, they cause an 8 bp target duplication 

(Blackman and Gelbart 1989). The size of the complete hobo element is 3 kb, 

with 12 bp short inverted terminal repeats. These elements have been 

implicated in hybrid dysgenesis (Yannopoulous, Stamatis and Eeken 1986), 

but convincing evidence is not yet available. pogo elements in 

D. melanogaster are also thought to be members of this group, but details of 

this element are unknown. 

Another element which belongs to this group is the mariner element, 

but, unlike hobo and P, there are no mariner elements in D. melanogaster. 

The structure of mariner elements is similar to that of P elements, but 

detailed studies are still underway (Hartl 1989) 
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4. FB element family: FB elements constitute a single heterogeneous 

group. The basic structure of the FB element family includes large inverted 

repeats (IRs) and a sequence, usually called a "loop", between these IRs. 

However, the lengths of the IRs and loops vary considerably among family 

members. The DNA sequence of one member of the family, FB4, has been 

published (Potter 1982a; 1982b). The IRs of FB4 are made up of combinations 

of 10 bp, 20 bp, 31 bp and 155 bp direct repeats. Longer repeats are always 

constructed from shorter repeats. For example, the 20 bp repeat is constructed 

from a 10 bp repeat plus an extra 10 bp. In addition, the 155 bp repeat is 

constructed from 5-31 bp repeats. The longer repeats always exist in a more 

distal region of the IR than shorter repeats. Because of this structure, 

recombination between IRs may readily occur, making new transposable 

elements. Therefore, insertional mutations induced by FB elements are 

always unstable (Bingham and Zachar 1989). During a recombination event, a 

new loop can be constructed. FB elements can also pick up chromosomal 

genes in the loop, and can function as gene carriers. 

The mechanism of transposition of FB elements is unknown. 

However, in the process of transposition of FB elements, normally several 

hundreds of DNA sequences are transposed together. Therefore, it is unlikely 

that these type of transposition occurs via reverse transcription. 

c. P elements in Drosophila melanogaster. 

In this section, I will selectively review the published literature on P 

elements with emphasis on information that relates to my dissertation. 
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1. General 

P elements are one of the best-studied of eukaryotic transposable 

elements. One important reason why P elements have been studied so 

intensively is that they can be modified for use as transformation vectors of 

Drosophila. Although P elements are frequently used as tools, basic research 

on P elements, such as the population genetics of P element, has received 

relatively little attention. 

a. Structure of P elements: This family of elements was first identified 

as a genetic element which caused the phenomenon called P-M hybrid 

dysgenesis (see next section). A "complete" or "intact" P element is 2907 bp 

long consisting four exons and three introns (Figure 2-1) (O'Hare and Rubin 

1983). It has 31 bp inverted terminal repeats and 11 bp subterminal repeats 

starting about 125 bp from each end. There are direct repeats of 8 bp of 

genomic host DNA on either side of the P element insertion point. The 

splicing of the third intron occurs only in the germline, which explains why 

the P element is active only in germline tissue (Rio, Laski and Rubin 1986; 

Laski, Rio and Rubin 1986). Many shorter P elements (defective elements) are 

also found in some D. melanogaster genomes. Some of these act as repressor 

elements of P element transposition. One such an element, called the KP 

element, consists of an element deleted between positions 808 to 2560 of the 

complete P element (Black et al. 1987). Similar types of repressor elements 

have been reported by others (Nitasaka, Mukai and Yamazaki 1988; Rio 1990; 

K. R. Peterson et. al. in preparation) in D. melanogaster. 

Another type of classification of P elements is autonomous and 

nonautonomous P elements (Engels 1989). The former elements are defined 
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as those that can transpose on their own, and the latter ones are those that can 

transpose only in the present of at least one autonomous type. The 

autonomous elements encode the transposase and both ends (not only the 

terminal repeats but also some length of sequence at both ends), which may 

include the cis-acting sequences for P element transposition (Mullins, Rio and 

Rubin 1989; Kaufman, Doll and Rio 1989), are intact. Nonautonomous P 

elements cannot produce transposase themselves, but if both ends are intact, 

they can transpose using transposase supplied in trans. 

b. Expression of P elements: Complete elements encode two types of 

proteins: a transposase (87 kd) and a repressor (66 kd) (Laski, Rio and Rubin 

1986; Rio 1990; Misra and Rio 1990). The transposase protein, which is· 

thought to be necessary for transposition of the P elements, can be made only 

in the germline, because the third intron of the P elements can be spliced only 

in the germline. The 66 kd protein is made in soma and germline (Misra and 

Rio 1990) and it may control "cytotype" (see next section) (Rio and Rubin 1988; 

Misra and Rio 1990). The message of the transposase (2.5kb) is translated 

beginning at position 85 and terminates after a polyadenylation signal at 

position 2696 (Karess and Rubin 1984; Laski, Rio and Rubin, 1986). 

c. P element excision and transposition: Although the mechanism of 

transposition (including both insertion and excision) of P elements is still 

uncertain. A most plausible mechanism has proposed by Engels et al. (1990). 

In their "cut and paste" model, P elements are excised from the genome and 

the resulting gap is repaired by repair enzymes (see chapter 3 for more details). 

Frequencies of transposition and excision have been estimated by several 

studies (see details in next two chapters). The estimated frequency of 
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this difference is unknown, but it is possible that these events are 

unconnected (Finnegan 1990) or multiplicative transposition may happen. 
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P element insertion seems to occur at random in DNA, but the 

distribution of insertions is not uniform (Engels 1989). For example, there is a 

strong preference for insertion of P elements in euchromatin (Bingham, 

Kidwell and Rubin 1983; Egglestone, Johnson-Schlitz and Engels 1988) and the 

5' untranslated regions of genes (Tsubota and Sched11986; Kelly et al. 1987). 

Furthermore, P elements insert more frequently into genes which are actively 

being transcribed (Bownes 1990). 

d. P element regulation: P element regulation has been extensively 

studied by many workers and is better understood than that of any other 

eukaryotic transposable element. One of the most significant differences 

between P elements and most of other transposable elements is that 
\) 

transposition of P elements is normally limited to the germline; they do not 

move in somatic cells. This germline specific mobility is controlled by 

alternative splicing of the third intron of the P element, as mentioned above. 

Elements in which the third intron has been removed in vitro can transpose 

in the soma (Laski, Rio and Rubin 1984). (Hybrid dysgenesis caused by I 

elements is also limited to the germ line, but the mechanism is unknown 

(Finnegan 1989b». 

Another mechanism by which P element are regulated is cytotype. 

Cytotype is "the regulation mechanism that accounts for the reciprocal cross 

differences in hybrid dysgenesis" (Engels 1989). The mobility of P elements is 

influenced by the kind of cytotype that flies carry. When the flies have P 
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cytotype, P element movement is suppressed. On the other hand, when the 

flies poses M cytotype, P elements can transpose. The mechanism of cytotype 

determination will be explained in the next section. 

Another model for explaining regulation of P elements was proposed 

by Simmons and Bucholz (1985) in terms of transoposase titration. They 

suggested that if there are many nonautonomous P elements in the genome, 

transposase will bind to these elements. However, these elements often 

cannot excise from the genome, due to lack of terminal repeats. Therefore, 

many transposase molecules will not be used for transposition of 

autonomous elements and the transposition of these elements are 

suppressed, because of a lack of transposase molecules. 

Another possibility is that the mobility of P elements is also influenced 

by host-encoded factors. O'Brochta and Handler (1988) found that the 

mobility of P elements was limited to the family Drosophilidae. The failure 

to detect P element mobility in other dipterans supports the idea that 

transposition of P elements requires host-encoded factors specific to 

Drosophila (see details later). 

2. Hybrid dysgenesis 

There are several published reviews of hybrid dysgenesis (e.g., 

Bregliano and Kidwell 1983; Engels 1989). A recent view of hybrid dysgenesis 

is provided by Kidwell (1990). 

Hybrid dysgenesis was first defined as "a syndrome of aberrant genetic 

traits induced in hybrids between certain interacting strains, usually in one 

direction only" (Kidwell and Kidwell 1976). The history of hybrid dysgenesis 

can be traced back to the observation of abnormal male recombination events 
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by Hiraizumi (1971). Since his report, many scientists have found abnormal 

events in D. melanogaster. Later, it was found that many of these events 

were caused by transposable elements. Three element families are known to 

cause hybrid dysgenesis in D. melanogaster. P elements have been studied 

more than the other two elements, I and hobo. The implication of hobo in 

hybrid dysgenesis has not yet been confirmed (Blackman and Gelbart 1989). 

The hybrid dysgenesis caused by P elements is called P-M hybrid dysgenesis. 

The P-M type of hybrid dysgenesis occurs not only when P and M strains are 

crossed but also following P element transformation of D. simulans and 

D. mauritiana (Daniels, Strausbaugh and Armstrong1985; Kimura and 

Kidwell 1988; Daniels, Chovnick and Kidwell 1989). The following 

phenotypic traits are associated with hybrid dysgenesis by P elements: sterility 

due to gonadal dysgenesis (GD sterility), male recombination, mutations 

(insertional and deletional), chromosomal rearrangements, and transmission 

ratio distortion. 

The phenotypic manifestations of P-M dysgenesis occur in the progeny 

of certain crosses (Figure 2-2). If male flies of a P (paternal contributor) strain 

are crossed with female flies of an M (maternal contributor) strain then 

dysgenic traits occur in the Fl generation. In the reciprocal cross, (M male X P 

female) dysgenesis does not happen. Two characteristics have been used to 

classify strains in the P-M system, cytotype and P potential (activity) (Engels 

1979). Cytotype was defined as a cytoplasmic state, which has subsequentially 

been shown to be associated with the regulatory system of P elements, as 

mentioned above. If the cytotype of a strain is P, dysgenesis is repressed, but if 

the cytotype is M, the potential for dysgenesis exists when a fly carries active P 
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elements in the genome. There is another type of strain in the P-M system, 

called Q (Kidwell 1979). Q strains do not show P potential, but they suppress P 

activity or transposition. That is, Q strains show P cytotype. As mentioned 

above, the most plausible model for P cytotype is that it is determined by the 

66 kd repressor protein (Misra and Rio 1990). 

3. The relationship between molecular and phenotypic characteristics. 

P elements were described as factors which cause P-M hybrid dysgenesis 

(Bingham Kidwell and Rubin 1982), and they have been subsequently well

characterized. Originally it was thought that P strains carried P elements and 

M strains did not. However, the molecular and phenotypic relationship is 

not so simple. The relationship is summarized in Table 2-2. P strains carry at 

least one (usually many, e.g., 1-20) complete elements and also many 

defective elements. M strains were believed not to carry any P elements at all. 

However, some M strains, which were classified by phenotypic methods, were 

found also to carry P elements (Bingham, Kidwell and Rubin 1982) and 

sometimes these elements looked like complete P elements. Therefore, it was 

necessary to classify M strains into two types, true M strains and M' strains. 

True M strains do not have any P elements, while M' strains carry some 

P elements, but behave as M strains at the phenotypic level. Q strains also 

carry P elements, and sometimes these include complete elements (e.g., 

Sakoyama et al. 1985). 

4. Distribution of P element in D. melatzogaster in natural populations. 

Figure 2-4 shows the distribution of strain types. The P distribution of 

D. melanogaster was extensively surveyed by Anxolabehere and his 

colleagues (Anxolabehere et al. 1985; Anxolabehere, Kidwell and Periquet 
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1988; Anxolabehere et al. 1988). P strains are dominant in the area from 

North America to South America. From Europe to Siberia, M' populations 

are dominant, except for France. In Japan and Korea, almost all populations 

are Q. In addition, on the East coast of Australia, the predominant strain type 

changes rapidly from P, to Q to M', from north to south (Boussy 1987; BOussy 

and Kidwell 1987; BOussy et al. 1988). In addition to the current geographic 

distribution of P elements in the world, the historical distribution has also 

been surveyed (Kidwell 1983; Anxolabehere, Kidwell and Periquet 1988). All 

strains which were captured before 1949 do not carry any P elements. The first 

P strains appeared in the 1950's and all these P strains originated in North 

America. The distribution of D. willistorzi, from which it is believed that 

P elements were transferred to D. melanogaster (Daniels et al. 1990), overlaps 

with D. melanogaster over most of this area (Central America to Florida). 

5. The distribution of P elements in other Drosophila species 

Within the D. melanogaster species subgroup, P elements occur only in 

D. melanogaster (Brookfield et.al. 1984: Stacey et al. 1986). This is in contrast 

to many of the transposable elements of D. melanogaster which also occur in 

the other seven species of this subgroup. Even though D. simulans shares a 

similar ecological niche with D. melanogaster, P elements are lacking in 

natural populations of D. simulans. This provides one piece of evidence that 

P elements have invaded the genome of D. melanogaster within the last four 

decades (Kidwell 1990). In addition, P elements have been introduced into 

the genome of D. simulans by transformation (e.g., Scavarda and Hartl 1984; 

Daniels, Strausbaugh and Armstrong1985). Thus, it is a very interesting 

question why P elements are not present in D. simulans in nature. It is a 
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reasonable hypothesis that the genome of D. simulans has simply not come 

into contact with P elements in nature. However, there may be other possible 

explanations. For example, D. simulans may have some mechanisms which 

inhibit the invasion of P elements into the genome of this species. 

The distribution of P elements in other Drosophila species is "patchy" 

(Daniels et al. 1984; Lansman et al. 1985; Daniels and Strausbaugh 1986; Stacey 

et al. 1986; Daniels et al. 1990). Considering the Sophophoran radiation, 

P elements occur in most of the species in the D. willistoni subgroup of the 

D. willistoni species group and the D. saltans subgroup of the D. saltans group, 

but there are few species outside of these subgroups which carry P elements 

(Figure 2-4). P homologous sequences are also found occasionally outside of 

the Drosophilidae (Anxolabehere and Periquet 1987). The nucleotide 

sequence of a P element from D. willistoni was found to be almost identical to 

the complete element of D. melanogaster (Daniels et al. 1990) which strongly 

supports the hypothesis that P elements of D. melanogaster have been 

transferred by horizontal transfer. 

After the success of transformation of D. melanogaster M lines with P 

elements (Spradling and Rubin 1982), there have been several successful 

attempts to transform other Drosophila species with P elements (e.g, 

Scavarda and Hartl 1984; Brennan, Rowen and Dickinson 1984; Daniels, 

Strausbaugh and Armstrong 1985). No successful attempt to transform non

drosophilidae has been reported. One possible exception was reported using a 

mosquito, but the integration of DNA was not caused by P element 

transformation, but by homologous recombination (Miller et al. 1987). These 
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observations also show that transposition of P elements is a host-dependent 

process. 

6. Effect of P element activity on fitness 

Because P elements cause hybrid dysgenesis when M and P strains are 

crossed, we expect a reduction of fitness when flies which have P elements 

invade M populations. It has been proposed that increases in the deleterious 

genetic load over a number of years in some populations of D. melanogaster 

coincide with the invasion of P elements (Mukai et al. 1985; Yukuhiro and 

Mukai 1986). Fitzpatrick and Sved (1986) found that a single generation of 

dysgenesis reduced the homozygous fitness of a second chromosome by 10-

20%. In addition, MacKay (1986) found a much greater reduction in fitness. 

Using a different approach, Eanes et al. (1988) found that viability dropped an 

average of 1 % per insertion and that deletion and rearrangement caused by 

the mobilization of P elements has a greater effect on fitness than insertion 

per se. All of these results show that, as expected, P elements decrease the 

fitness of a population which carries them. 

D. Behavior of P elements in D. melanogaster and D. simulans 

The dynamics of P elements in D. simulans following transformation 

have been investigated by several groups. Daniels and his colleagues 

(Daniels, Strausbaugh and Armstrong 1985; Daniel Kidwell and Chovnick 

1989) developed strong P strains in D. simulans by selection for high P 

element copy number. These strains showed very high gonadal sterility (GD 

sterility) when they were crossed with flies which did not carry P elements. 

However, other investigators (Scavarda and Hart11984, 1987; Montchamp

Moreau 1990) were not able to establish any D. simulans strain with strong P 
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activity. These results contrast with transformation experiments using 

D. melanogaster M strains (Daniels et al. 1987), in which it was relatively easy 

to establish strong P strains without any selection. 

The results of these experiments suggest that P element behavior may 

differ between D. simulans and D. melanogaster. The reasons for this 

putative difference were investigated in my dissertation. 
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Figure 2-1. --- Phylogenic relationships among the eight species 
of the D. melanogaster subgroup. The dendrogram was 
constructed by the UPGMA (Unweighted pair-group 
method with arithmetic mean) from Nei's genetic 
distance (ds) matrix on the basis of genetic variation at 33 
enzyme loci. (Figure from Cariou (1987), with 
modifications) 
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Figure 2-2. - The structure of the complete P element. (Figure 
from Engels 1989) 
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Table 2-1 
Properties of four s~rain types in the P-M system of hybrid 

dysgenesis. (Table from Kidwell 1990) 

No. elements per 
individual GO sterility frequencies in four cross types 

Strain type Complete Incomplete Aa 

TrueM 0 0 0 

P 1-20 Many Variable 
(5-100%) 

Q 0-5? Many Low 
«5%) 

M' 0-5? 1 to many Low 

'Cros~ A is Canlon·S (M) \' x Tested strain <5. 
bCrilss A* is Tested strain \' x Harwich (P) <5. 

«5%) 

'Cross I is Go Tested strain \' x Canlon·S <5; F, \' x Harwich <5. 
dCross 2 is Go Canlon·S \' x Tested strain <5; F, \' x Harwich <5. 

A*b Ie 2d 

High High High 
(-100%) (-100%) (-100%) 

Low Relatively low < Relatively high 
«5%) 

Low Relatively low < Relatively high 
«5%) 

Variable Variable - Variable 
(5-100%) (40-100%) (40-100%) 

U\ 
o 
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CHAPTER 3 

MIXED POPULATION EXPERIMENTS 

Introduction 

The first objective of my dissertation is to determine whether there are 

differences between the species D. melanogaster and D. simulans with respect 

to their P element population dynamics. If the characteristics of P elements, 

such as excision and transposition, differ between D. melanogaster and 

D. simulans, the population dynamics of P elements should differ between 

these two species, because the population dynamics are the result of the 

combined behavior of each P element. Conversely, a good way to investigate 

the different behavior of P elements between these two species is to describe 

the populational dynamics of P elements. 

One of the best ways to try to understand evolutionary history is to 

simulate natural populations under laboratory conditions. Population cage 

studies of Drosophila during the 1960's and 1970's made significant 

contributions towards solving many of the problems of population genetics. 

For example, the classical studies by Mukai's group improved our 

understanding of the accumulation of mutations affecting viability in natural 

populations, (for example, see Mukai 1964). One type of simulation 

experiment is to mix populations of different genetic backgrounds and to 

follow the change in frequencies of different genetic characteristics. In order 

to understand the dynamics of P elements, simulation experiments of this 

type have been performed using D. melanogaster. This type of mixed 

population experiment would also be expected to be useful for understanding 
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the different dynamics of P elements between these two species. Therefore, I 

designed mixed population experiments using P and M strains of these two 

species to investigate the dynamics of P elements. 

These mixed population experiments can also generate other 

information. By using several P strains of each species as the parental strains 

of the mixed populations, it is possible to compare the variability in dynamics 

within species. In addition to that, there have been many studies of the 

population dynamics of P elements using D. melanogaster, therefore, it is 

possible to get a better understanding of P element population dynamics by 

comparison of my results with other data. 

Here, I will first review the theoretical studies which are relevant to 

provide a background for the P simulation experiments. Then I will 

summarize previous mixed population experiments that have been 

performed using P elements. 

Theoretical studies of P element population dynamics. 

Several general theoretical models of population dynamics of 

transposable elements have been published, but none of these models 

explains the dynamics of P elements very well (for review, see Ajioka and 

Hartl 1989). In these models, a number of parameters were used, including 

selection coefficients, insertion rates, transposition rates, and element copy 

numbers. However, in the case of the P element, other factors such as the 

self regulation of transposition by the repressor elements and position effects 

of the element also appear to be very important in determining P element 

dynamics. Furthermore, none of these parameters are easy to measure or 

estimate. 
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The model of Kaplan, Darden and Langley (1985) includes the role of 

internal mutations in the evolution of transposons. According to their 

model, if mutated and non-mutated elements can transpose equally 

frequently, the number of mutated elements will increase, and this 

eventually leads to the loss of non-mutated elements in a finite population. 

This model fits relatively well with actual observation of P element 

dynamics. However, it does not include element self regulation. As 

mentioned in the introduction of the previous chapter, deleted P elements 

often function as repressor elements and these elements may be important of 

the dynamics of P elements in the genome. (Black et al. 1987; Nitasaka, Mukai 

and Yamazaki 1987). 

In addition to these general theoretical models, specific models dealing 

with hybrid dysgenesis have been developed (Uyenoyama 1985). As 

mentioned before, the hybrid dysgenesis phenomenon may work to remove 

P elements from Drosophila populations. Uyenoyama (1985), however, has 

shown that under certain conditions, the elements increase their numbers in 

the population under hybrid dysgenic conditions. Her model incorporated a 

number of parameters including: single-site transposition of P factors in M 

cytotype, determination of offspring cytotype by both maternal cytotype and 

maternal or offspring nuclear genotype, and strong fertility selection in 

dysgenic individuals. If the transposition rate is sufficiently high to 

overcome the fertility barrier that opposes the introduction of P factors into M 

populations, then the frequency of P factors converges to a high value very 

rapidly. These data support the recent invasion hypothesis proposed by 

Margaret G. Kidwell, that P elements invaded the D. melanogaster species 



within the last four decades and very rapidly expanded their distribution 

world-wide (Kidwell 1983). This result also agrees with the results of the 

population experiments described later. 
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A model which includes repressor P elements was proposed by 

Brookfield (1991). His model suggests that harmful effect of P elements will 

be diminished by buildup of a cytoplasmically inherited repression or by the 

replacement of active elements with repressor elements. 

Ribeiro and Kidwell (manuscript submitted) tried to attack the problem 

of population dynamics of P elements using a very different approach. They 

applied a Lotka-Voltera equation to model the population dynamics of P 

elements. Using this model, they performed computer simulation 

experiments in finite size populations with carrying capacity which varies 

with "K" value. The simulations show a rapid spread of the P type in M 

populations and fixation of P in populations under certain conditions. Even 

when populations were initiated with only 1 % of the P type, the P type can 

dominate the population, typically within 50 generations or less. A critical 

parameter in this model is the reproductive rate of the offspring from P type 

by M type matings. Normally when the reproductive rate of P is less than 0.5, 

the population will fix the M type and the P type is lost, but when P is more 

than 0.5, the whole population will changes to P under some conditions. 

Experimental studies of P element dyn.amics in D. melanogaster 

According to the recent invasion hypothesis, P elements are thought to 

have spread through D. melanogaster populations during the last four 

decades (Kidwell 1983; Anxolabehere, Kidwell and Periquet 1988, Daniels et al. 

1990). One question raised by this hypothesis is how P elements could have 



55 

spread throughout the world so quickly, despite the decrease in fitness that is 

expected to accompany the negative fitness effects accompanying hybrid 

dysgenesis. One of the possible answers to this question was given by 

Uyenoyama, as mentioned above, using a theoretical approach. Using an 

experimental approach, Kidwell and her colleagues attempted to simulate the 

evolution of P populations in nature (Kidwell, Novy and Feeley 1981; Kiyasu 

and Kidwell 1984; Daniels et al. 1987; Kidwell, Kimura and Black 1988). In 

their pioneer work, they mixed P and M strains of D. melanogaster under 

several different conditions (Kidwell, Novy and Feeley 1981). They found 

that at 20°C (a condition under which no direct negative selection against P 

elements was expected) mixed P-M populations always changed 

unidirectionally towards the P type fairly rapidly. They also used strains 

which differed in the strength of P potential (Kiyasu and Kidwell 1984). They 

found that most mixed populations evolved to the P type. However, the 

equilibrium level of P element activity was lower than in the earlier 

experiments at 20°C. The conclusion from both these experiments was that 

because of a rapid increase in copy number, P elements can spread rapidly 

through populations of D. melanogaster. 

Good et al. (1989) performed the same type of mixed population 

experiment. They performed a DNA analysis as well as phenotypic tests (GO 

sterility tests) in each generation. Their result suggested that "multiplicative 

transposition" could result in the rapid spread of P elements in natural 

populations, but also that interaction between the assortment and 

recombination of chromosomal segments played an important role. These 

data suggest that P elements can invade M populations even though hybrid 
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dysgenesis acts to retard the increase of P elements in a population. Similar 

experiments were reported by Anxolabehere et al. (1986). They used several Q 

and M' populations as well as P populations in their mixed populations. Not 

all mixed populations evolved unidirectionally to P strains. Some evolved to 

Q strains. This variability in the results suggests that the evolution of 

populations after mixture depends on the strength of the initial P population 

used and the number of P elements in the original M' strains. 

To understand the evolution of P populations, another type of 

population experiment was also performed. Instead of setting up mixed 

population, Kidwell, Kimura and Black (1988) used a different approach, i.e. 

chromosome contamination experiments. They extracted specific 

chromosomes from a strong P strain by removing the P elements from the 

other chromosomes and allowed the remaining P elements to transpose for a 

number of generations. They monitored these contaminated lines for over 60 

generation using GD sterility tests. These lines evolved to P, Q and M' lines. 

The results were varied and they did not observe any strong tendency to 

evolve to P lines, even though all lines gained some P elements. Thus, they 

concluded that stochastic factors appeared to predominate in determining the 

course of the evolution of individual lines. 

The same type of experiment was also performed by Preston and Engels 

(1989). They initialized their lines so that they contained a single P insert in 

the genome. They kept strains inbred and allowed transposition for many 

generations. Some strains increased their P element copy number very 

rapidly, but other strains lost their P elements. Their results also suggested 

that stochastic factors were very important in determining the direction of 
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evolution, and that the position of the original single P insert influences the 

subsequent dynamics of P elements in the population. 

A different type of population experiment was reported by Good and 

Hickey (1987). They backcrossed a P strain to an M strain for 20 generations to 

simulate the conditions in which small numbers of P flies are introduced into 

a large M population. The number of P elements decreased much faster than 

normal chromosomal markers under these conditions. This result suggested 

that P elements can spread following their initial introduction only if a 

population size is relatively small. 

Several population experiments have been performed using P 

transformed strains (e.g., Daniels et al. 1987; Anxolabehere et al. 1987). 

Daniels et al. (1987) monitored some P-transformed D. melanogaster lines for 

more than four years. They found that the number of P elements increased 

with time but the rate of increase differed among the lines. They also found 

that degenerate elements arose in the lines during the experimental period. 

The pattern of development of these degenerate elements varied among the 

different lines. In addition, not all lines developed complete ability to 

regulate P elements. Therefore, they suggested the possibility that certain 

degenerate P elements which developed during the experimental period 

might have been responsible for establishing complete regulation. 

Jackson, Black and Dover (1988) performed mixed population 

experiments from a different point of view. The KP element, one particular 

deletion derivative of P elements, is known to repress hybrid dysgenesis 

(Black et al. 1987). They started strains which inherited one or two second 

chromosomes from Harwich, which is a strong P strain, and varying numbers 
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(0-9) of KP elements. They found a positive correlation between the number 

of KP elements and the increase of repressor ability of the strain. This 

correlation was found only in the presence of complete P elements together 

with KP elements in the genome. 

Studies of P elements in the D. simulans genome 

Three studies have been made of P population dynamics using P

transformed lines of D. simulans. Both Scavarda and Hartl (1987) and 

Daniels, Chovnick and Kidwell (1988) kept P-transformed lines of 

D. simulans for a few years. Daniels, Chovnick and Kidwell selected for the 

strains which had the most P elements. They first selected strains from the 

original transformed strains, then they selected two more times. One of the 

resulting strains called DsP1t5C27, carried as many P elements as a strong P 

strain of D. melanogaster, such as Harwich. This strain also showed the 

hybrid dysgenesis phenomenon, when males of this strain were crossed with 

non-transformed wild type females at a high (29°C) temperature. Other 

selected D. simulans strains also showed relatively moderate hybrid 

dysgenesis. In a different population experiment, Scavarda and Hartl (1988) 

maintained P-transformed strains without any selection. They kept 

transformed strains under normal laboratory conditions for almost the same 

period as Daniels et al did. However, none of their transformed strains 

showed hybrid dysgenesis when test-crossed. It is possible that this difference 

can be explained by the fact that, in addition to complete P elements Scavarda 

and Hartl used ry -P element constructs, which are not complete P elements, 

but consist of the rosy gene inserted in the middle of the P element sequence. 

This ry-P element is longer than a complete P element, and thus it was 



possible that ry-P elements behaved differently to complete P elements. 

However, D. melanogaster strains transformed by this ry element showed 

hybrid dysgenesis (Daniels, Chovnick and Kidwell 1988). Therefore, the 

different results reported by the two groups are better explained by the 

presence or absence of artificial selection. 

The contrasting results described above are very interesting, and the 

following two conclusions can be made: 

1. It is possible to make a very strong lip strain" of D. simulans. 

2. It may only be possible to make such a strong P strain by using 

artificial selection. 
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Montchamp-Moreau (1990) studied the evolution of P-transformed 

populations of D. simulans more systematically. Using strains of D. simulans 

transformed by only complete P elements (not ry-P elements), she maintained 

the strains for more than twenty generations in laboratory conditions without 

any selection. In all her lines, the number of P elements increased. She 

failed, however, to produce a strong P strain nor did she observe hybrid 

dysgenesis. Furthermore, the number of the elements increased for a few 

generations, but later the number plateaued at a level which was much lower 

than the level observed in the P-transformed D. melanogaster. Like Scavarda 

and Hartl (1987) and Daniels, Chovnick and Kidwell (1988), her results also 

support the idea that P populations do not evolve easily in D. simulans. All 

her D. simulans-transformed strains reached a plateau at a relatively low 

number of P elements. 
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Justification for my experiments 

The three experiments mentioned above suggest that P elements in 

D. simulans may act differently from those in D. melanogaster. However 

these observations of D. simulans populations were done independently of 

any parallel experiments with D. melanogaster. Therefore, it seems to be a 

good idea to perform additional experiments under similar conditions to 

determine whether the differences observed are repeatable or not. Therefore, 

P-M mixed population experiments were designed to compare 

D. meillnogaster and D. simulans under conditions that were as similar as 

possible. Because wild populations of D. simulans that carry P elements 

(Brookfield, Montgomery and Langley 1984) have not been found, P- . 

transformed strains of D. simulans showing characteristics similar to strong P 

strain of D. melanogaster were used. In addition to strong P strains, P

transformed D. melanogaster and D. simulans strains, which showed 

relatively weak P activity, were also used. 

The experimental results to be described below support the hypothesis 

that the P element dynamics of these two species are different. 

Materials and Methods 

Drosophila medium 

A conventional corn meal medium was used, which included sugar, 

and yeast and was solidified by the addition of agar (Appendix B). After 

cooling down to room temperature, a few grains of dry yeast were added onto 

the surface of the medium. Half pint milk bottles were used for these 

experiments, each containing about 30 ml of medium. The bottles were 

capped by cardboard circles. Vials, 2 cm diameter by 10 em high, were used to 
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keep Drosophila stocks. These vials were capped with rayon balls. 

Experiments were performed at room temperature, which was about 23°C or 

below. A critical temperature of GO sterility is 25°C. Therefore, it is no 

problem to perform the experiments at room temperature. Light was not 

regulated. 

Drosophila strains 

1. D. melanogaster : 

Harwich white (w) (HW): This is a strong P strain used as a reference strain 

for the P-M system. The original strain was collected by Dr. M. L. 

Tracey in Harwich, Massachusetts in 1967. The white mutation carried 

by this strain was isolated by Dr. M. G. Kidwell from the original 

Harwich strain. 

Canton S (CS): This is a long-established laboratory strain that carries no P 

elements (Bingham, Kidwell and Rubin 1982) and is used as an M 

reference strain for the P-M system. The original strain was collected at 

Canton Ohio in the 1940's. 

T series lines(88-4-1 (84),88-63-1(86),88-72-1(87), and 88-283-3a(82»: These are 

P element-transformed lines constructed by Daniels et al. (1987). These 

lines were derived from ry 506, a true M strain: it is homozygous for a 

deletion that removes a portion of the ry gene coding sequence. A ry+

bearing P element transposon was injected with a p1t25.1 plasmid as 

helper. 

Para Wirra (PW): This is a strong P strain collected in Para Wirra Australia in 

1972 (Colgan and Angus 1978). 
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2. D. simulans: 

8DS(8D): This is a standard strain of D. simulans, which was provided by Dr. 

H. Krider, University of Connecticut to Dr. M. G. Kidwell and kept as a 

normal laboratory stock for many years. This strain is used as an M 

reference strain for the P-M system in D. simulans. 

DsP7t5 series (DsP1t5C8 (08), DsP1t5CI2 (12), DsP1t5CI7 (17), DsP1t5C27 (27), 

DsP1t5C32 (32), and DsP1t5C35 (35» : These are P element-transformed 

lines of D. simulans constructed using the 8DS strain as a 

transformation recipient by Daniels, Strausbaugh and Armstrong 

(1985). The plasmid p1t25.1 was used as the source of the P element 

with p1t25.7WC as a helper plasmid. The DsP1t5C27 line of this series is 

used as a P reference strain for the P-M system in D. simulans. 

Experimental design of mixed population experiments 

Four sets of experiments (A-D) were performed (see detail in result 

section). All mixed population strains were started with 16 P strain flies (8 

males and 8 females) and 64 M strain flies (32 males and 32 females) (1:4 

ratio). In each generation, whenever it was necessary, 50 males and 50 

females flies were randomly selected for Southern blotting analyses, 40 males 

and 40 virgin females were selected for the GD sterility test, and 40 males and 

40 virgin females were selected to produce the next generation. The GD 

sterility test results of the parental strains are shown in Table 3-1. 

The abbreviations used for denoting the mixed populations follow 

these rules: 

The populations are denoted by five characters. The first two characters 

represent the M parental strain and the second two represent the P 
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parental strain. The last character is either A or B to distinguish the 

two duplicates from one another. The abbreviations used for the 

parental strains were shown in parentheses in the description of 

"Drosophila strains" (see above). For example, the first duplicate of the 

mixed population strain initiated by Canton S (CS) and Harwich w 

(HW) parents is referred to as "CSHW A", and the second duplicate of 

the mixed population strains initiated with 8DS(8D) and DsP1t5C27(27) 

is referred to as "8D27B". 

Southern and dot blotting procedures 

Mass chromosomal DNA extraction: Chromosomal DNAs were 

extracted from 100 adult flies, (50 females and 50 males). The protocol used 

was described by Daniels and Strausbaugh (1986). 100 flies were ground using 

a homogenizer containing the grind buffer (Appendix A). Ground flies were 

kept on ice for 30 minutes and a chloroform-phenol treatment was then used 

to remove all proteins and lipids. The resultant liquids were precipitated 

twice with ethyl alcohol. DNA was resuspended in 150 JlI of TE (pH 8.0) and 

kept at 4°C. It was not necessary to remove RNA from the extracts, because 

the DNA was used only for Southern blotting. 

Restriction enzyme digestions: Ace I single digestions and Bam HI and 

Bgl II double digestions were applied in this study. The enzymes were 

obtained commercially (Promega, Madison, WI; BRL, Gaitherburg, MD; 

Biorad, Richmond, CA; New England Biolabs, Beverly, MA or United State 

Biochem., Cleaveland, DB). The buffer supplied with the enzyme was used 

for the Ace I digestions, and for the Bam HI II Bgl II double digestions, a KGB 

buffer was used (McClelland et al. 1988). Each sample contained 1 Jlg of 
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chromosomal DNA which was digested at 37°e for 3 hours in 20 III digestion 

solution, putting more than 10 units of enzymes into each digestion. Ace I 

cuts at approximately the same distance from the two opposite ends of the P 

element (Figure 2-1). Thus, the density of 2.4 kb bands on Southern blots 

provides a rough estimate of the number of complete P elements. Both Bam 

ill and Bgl IT are null cutters of P elements, so that each band on a Southern 

blot represents one P element. Thus, a rough estimate of the number of P 

elements in the genome can be obtained by counting the total number of 

bands on a Southern blot. 

Electrophoresis: 0.9 % agarose (Electrophoresis Grade, BRL) gels were 

used with 1 x TBE buffer (Appendix A) system. The gels were nm at 50v 

overnight. The gels were stained by Ethydium Bromide, and observed under 

an UV illuminator. 

Southern blotting: The blotting procedure followed the protocol 

suggested by Schleicher & Schuel (S & S, Keene, NH). The gels were soaked 

in a denaturing solution (Appendix A) for 15 minutes. Then this procedure 

was repeated. Next the gels were soaked in a neutralization solution 

(Appendix A) for 15 minutes twice. After that the gels were transferred by 

capillary reaction (Southern 1975). Nylon membranes (Nytran, S & S or 

MagnaNIT, MSI, Westboro, MA) were used. These two brands of membranes 

are completely identical. As a blotting buffer, 10 x SSPE (Appendix A) was 

used. The transfer reaction took 2-14 hours. After transferring was 

completed, the membranes were air dried briefly and baked for 2 hours at 

BOoe in a vacuum oven. 
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Dot blotting: The dot blotting procedure also followed the protocol 

suggested by S & S. The denaturing of the DNA was perfonned by adding 0.1 

volume of 3M NaOH and incubating for 1 hour at 65°C. After cooling to a 

room temperature add 20 x SSC (Appendix A) was added to a final 

concentration of 6 X. The membrane were pre-wet with 6 x SSC and place on 

a filtration manifold with 2 sheets of paper. After the application of a sample, 

the membranes were baked at BO°C for 2 hours. 

DNA labelling: The plasmid p1t25.7BWC was used as a P element 

probe. p1t25.7BWC is a derivative of the p1t25.7WC plasmid (Karess and 

Rubin 1984). This p1t25.7BWC plasmid, constructed by K. O'Hare, contains a P 

element that lacks 39 bp from its left and 23 bp from its right end. The 

plasmids were labelled by random-primed incorporation of digoxigenin

labeled deoxyuridine-triphospate using the Genius kit (DNA labelling and 

detection kit) supplied by Bohringer and Mannheim (Indianapolis, IN). The 

plasmids were linearized using Hind III. The labelling procedure 

recommended by the supplier was followed exactly. 

Hybridization conditions: For the hybridization and detection of 

hybridization for both Southern blotting and dot blotting, Genius kits were 

used. The protocol supplied with the kits was followed. In brief, the baked 

membranes were soaked with a prehyb-solution (Appendix A) for more than 

2 hours at 42°C. After the pre-hybridization treatments, the solution was 

replaced by a hyb-solution (Appendix A) containing probe DNA, which 

included about 1 Jlg of plasmid DNA per 10 x 10 cm2 membrane. The 

membranes were incubated at 42°C overnight and rotated. After the 

hybridization reaction was completed, the membranes were washed two 
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times with a high salt solution (Appendix A) for 5 minutes at room 

temperature, and twice with a low salt solution (Appendix A) for 15 minutes 

at 65°C. After the washings, the hybridizations were detected using the 

protocol of the Genius kit, which employs digoxigenin antibody with alkaline 

phosphatase. Coloring was performed by an enzyme-catalyzed reaction with 

5-brom0-4-chloro-3-indoly phosphate (X-phosphate) and nitroblue 

tetrazolium salt (NBT) from the kits. 

GD (gonadal dysgenesis) sterility test 

The procedure used for the GD sterility tests is as described by Kidwell 

(1986). DsP1t5C27 and Harwich white were used as P reference strains f~r 

D. simulans and D. melanogaster respectively. BDS and Canton 5 red were 

used as M reference strains for D. simulans and D. melanogaster respectively. 

40 virgin females from each of the mixed population were crossed with 40 

males of the P reference strains (A * crosses), and 40 males of the mixed 

populations were crossed with 40 virgin females of the M reference strains (A 

crosses). Flies were raised at 29°C, then 3-4 days later, the adult flies were 

removed. The Fl flies were kept in the other bottles for 2 to 4 days, to allow 

the female flies to develop ovaries. 50 females from each bottle were 

dissected to determine whether the morphology of their ovaries were normal 

or not. The percent of GD sterilities were calculated as below, and each cross 

was duplicated. 

[ON + 1/2(1N)] x 100 

% of GD = ---------

total female flies scored 



where 

ON = the number of flies which have no normal ovaries 

IN = the number of flies which have one normal ovary 

50 female flies were checked per cross. 

Results 

Experiment A 
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This experiment was designed to determine whether P element 

dynamics differ between D. melanogaster and D. simulans. The P strains used 

were Harwich w and Para Wirra for D. melanogaster and DsP1t5C17 and 

DsP1t5C27 for D. simulans. The M strains, Canton Sand BDS were used for 

D. melanogaster and D. simulans respectively. All P strains used were 

selected for their strong P activity. Southern blots yielded estimates of P 

element number between 40 and 50 for each strain (data not shown). The 

mixed population observations were continued until generation 20. At 

generations 1 through 10, 15 and 20, GD sterility tests were performed and 

chromosomal DNA was extracted (see Materials and Methods). 

GD sterility: The means of the 2 duplicative values were plotted in the 

graphs shown in Figure 3-1. The A crosses in D. melanogaster showed an 

increase from a relatively low value (- 0 %), to very high levels of GD sterility 

(nearly 100 %), indicating a rapid increase in P activity potential from 

generation to generation. In the A'" crosses, on the other hand, GD sterility 

decreased from initially high frequencies to very low levels in later 

generations, indicating a change from low to high levels of regulation of P 

activity. In D. simulans, the GD sterility observed in A crosses increased in 
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the first few generations, bu~ dropped precipitously to lower values in later 

generations. In D. simulans, GD sterility in the A* crosses showed the same 

trends as in D. melanogaster, except for one strain, which maintained 

moderately high levels in every generation, indicating that strong levels of P 

regulation did not evolve. 

When one examines these results in detail, in the A crosses, the 

increase of GD sterilities in crosses involving both Harwich and Para Wirra 

occurred very rapidly within the first 5 generations in D. melanogaster. After 

that, the level of sterility stayed the same for all further generations in both 

types of crosses. In the D. simulans populations, the changes in GD sterility in 

the first 5 generations were also very dramatic, but the pattern of these 

changes is very different from those in D. melanogaster. In the D. simulans, 

A crosses, GD sterility tended to increase rapidly in the first three generations. 

However, after generation 4, it dropped to a low level and stayed that way for 

all later generations. In D. simulans A* crosses, the level of GD sterility 

decreased rapidly in the first few generations, except one population, as 

already mentioned above. In this exceptional population, BD27 A, the GD 

sterilities show a trend to drop during the first five generations, but reached 

high level and stayed that way for all later generations, even though at 

generation 20, the GD sterility of this population was little lower than at 

generation 15. In the A crosses, all mixed populations of D. simulans showed 

the highest GD sterility at generation 3, but stayed at low levels for the later 

generations. In summary, the evolutionary trend of each populations 

appears to have been determined by about generation 5, with no major 

changes occurring subsequently. 
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The interpretation of these results is that all the D. melanogaster P-M 

mixed populations evolved to P strains during a period of 20 generations, 

while D. simulans mixed population evolved to Q strains or M (M') strain 

during the same time period. The evolutionary changes observed here were 

much more rapid than in previously reported experiments (e.g., Kidwell, 

Novy and Freely 1981, Good et al. 1989). 

As mentioned earlier, each GD sterility test was performed in duplicate. 

Differences between duplicates are plotted in Figure 3-2. Differences in GD 

sterility values between duplicates were relatively high in the early 

generations, but there was convergence to very similar values in the later 

generations. The only exception was a single population (8D27 A) that 

showed very large differences in generation 20 in the A II- cross. Since this was 

an exception to the general trends, it is likely to have been caused by sampling 

errors. 

The changes during the first 5 generations of the D. simulans mixed 

population studies were so dramatic that it was decided to repeat some of the 

experiments in order to examine the changes in more in detail over this time 

period (see description of Experiment D below). 

Southern and dot blottings: Figures 3-3 a-d show the patterns of change 

in Southern blots of chromosomal DNA cut with Ace lor Bgi II /Bam I-ll. In 

generations 1 through 10 of the CSHWA and 8D27A populations, the 

hybridization patterns of the Southern bands did not change significantly 

from generation to generation, although the density of hybridization of each 

band did change over time. This suggests that the total numbers of sites of 

the P elements in each population tended not to change, but that the number 
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of P elements in each site may have changed. In population 8027 A, at 

generations 3 and 8, the hybridizations were a little more dense than at the 

other generations. The total amount of ONA loaded in each lane was the 

same, therefore the total amount of P element DNA increased in these 

generations. However, this may have been due to sampling error, because 

there were no consistent trend with respect to this change. In addition, this 

pattern did not seem to coincide with any changes in GO sterility. 

The total amount of P element DNA in population 8D27A seems to be 

decreasing with time according to the Southern blots, but this trend was not 

apparent in the dot blots (Figure 3-4). The density of the hybridization varied 

each generation, but there were no general tendencies. The changes were also 

not apparent in the CSHW A population. Other mixed populations showed a 

really constant pattern. Both Ace I and Bam HI/ Bgl II digestions were similar 

to those of CSHWA. (data not shown). Figures 3-5 (a)-(d) show the banding 

patterns for each mixed population at generation 5, 10, 15 and 20 after Ace I 

digestion or the double digestion by Bam HI and Bgl II. From these figures, 

general trends in the whole population can be seen. The hybridization of the 

8D27 A mixed population was always a little more faint compared with that of 

the other strains. In the Ace I digests, the density of the 2.4 kb bands, which 

represent the complete elements, changed very little in all the mixed 

populations. The digestion patterns of parental lines and mixed population 

strains were very similar but some bands were missing in the mixed 

populations. The patterns in the duplicates (A and B) were very similar to 

one another, but a few bands differed between duplicates. In general, I 

conclude that the patterns of bands in the Southern blot did not show any 



significantly different trends through generations. In contrast, it is very 

interesting that GD sterilities did show significant change through 

generations. This observation will be discussed later in the Discussion 

section. 

Experiment B 
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In Experiment A, P-transformed strains were used as P strain parents 

for D. simulans, but non-transformed strains were used for D. melanogaster. 

Because it is possible that the results were affected by this difference, 

transformed strains were used as P strains for both D. simulans and 

D. melanogaster in Experiment B. The transformed strains of 

D. melanogaster which were used as parental strains were relatively weak P 

strains (T series), therefore comparably weak P transformed strains of 

D. simulans (Daniels, Chovnick and Kidwell 1988) were used. The mixed 

population strains were checked at generations 5 and 10 by GD sterility tests 

and the Southern analysis of chromosomal DNAs. 

GD sterility tests: Table 3-2 and Figure 3-6 show the GD sterilities 

observed in generations 5 and 10 of the P-M mixed population strains. The 

results varied with the parental strains. Almost all of the samples of different 

D. melanogaster populations showed high sterility percentages in the A 

crosses. No consistent pattern appeared in the A * crosses. In D. simulans, 

only population 8D12B evolved to a typical Q type, but all other populations 

became MI types or intermediate between MI and Q types. Unlike experiment 

A, the mixed populations of D. melanogaster did not show obvious common 

trends in evolution; two (CS84A and CS84B) evolved into the P type, two 

(CS87 A and CS87B) evolved to MI. The other four evolved into neither P, Q 



nor M' and showed both relatively high P activity and low P regulation. 

These types of strains are not usually found in nature. However, in 

D. melanogaster, when stronger P strains were used as parental strains, the 

mixed populations showed relatively higher P activities. Only populations 

CS84A and CS84B evolved in to the P type. Of the four original parental P 

strains of these populations, 88-4-1, is the strongest. In the case of 

72 

D. simulans, such a trend is not seen. Both populations, 8D32A and 8D32B, 

which started with DS5C32 evolved into M' population and DS5C32 belongs 

to the Q type, which is the weakest strain of the four. However, the two 

strains, 8D08A and 8D08B, which originated from DsP1t5C8 which is the 

strongest P strain of the four, evolved into the Q type. Furthermore, 8~12A, 

which is the only Q type, originated from DsP1t5C12, which is not a strong P 

strain. 

In Experiment B, the duplicate strains (A and B) showed similar 

evolutionary trends, as seen in Experiment A, with one exceptional pair of 

duplicates, 8D12A and 8D12B. The changes between generation 5 and 

generation 10 are not large, except in a few populations (CS86A and CS86B, 

and 8D35A and 8D35B). This is consistent with the results of Experiment A, 

in which the major chang~s had occurred before generation 5, and the 

changes between 5 and 10 are not large. However, four lines showed unusual 

types of evolution, and it is possible that these populations would have 

evolved further after generation 10, if the experiment had continued longer. 

In summary, even though in Experiment B the evolutionary trends 

were not as clear as in Experiment A, the pattern of evolution in D. simulans 

was still not identical to that of D. melanogaster mixed populations, and it 



73 

was again more difficult to establish higher P activities in D. simulans than in 

D. melanogaster. Compared with Experiment A, D. melanogaster mixed 

populations did not easily evolve into the P type when relatively weak strains 

were used as parental strains. 

Southern blotting: Unlike Experiment A, the amount of total P 

element DNA was quite small in some of the mixed population strains of 

D. simulans (Figures 3-7). In many of the lanes hybridization cannot be seen 

in the photographs, even though there are obvious bands on the filters. 

Particularly, in generation 10, in the 8D12B populations, hybridizations could 

not be detected even on the filters under the stringency conditions applied. It 

is interesting to note that population 8D12B is the only population which 

evolved into a Q type, while all others evolved into M' types. The general 

pattern of the Southern blots in D. melanogaster did not change between 

different generations, just as in Experiment A. In D. simulans, it is too 

difficult to tell whether there was a change of pattern, because of the faint 

hybridizations. 

Experiment C 

In Experiment A, each combination of parental strains was replicated 

only twice (A and B). It is possible that these duplicates did not represent the 

trends of evolution of the P-M mixed population strains, because the 

experimental sizes of Experiments A and B were small. Therefore, it was 

necessary to check whether the observed trends were influenced by the 

experimental size. In order to check that, the same parental combinations of 

Experiments A and B were performed, but in this experiment, each 

combination was replicated 10 times. Harwich w, Para Wirra, 88-4-1 and 88-



72-1 were used as P parental strain of D. melanogaster and DsP7t5C17, 

DsP1t5C27, DsP1t5C8 and DsP1t5C35 were used as P parental strains of 

D.simulans. As in Experiment A, Canton Sand 8DS were used as the M 

strains, for D. melanogaster and D. simulans, respectively. At generation 5, 

the mixed population strains were subjected to a GD sterility test. 
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Figure 3-8a shows that all mixed populations initiated with strong P 

strains of D. melanogaster evolved to the P type by generation 5. On the other 

hand, in D. simulans, almost all populations evolved to the Q type. 

However, in D. simulans two exceptional populations evolved to P strains 

and two strains evolved into M' strains. The trends observed were the same 

as those in Experiment A. In populations initiated using relatively weak P 

strains (Figure 3-8b), the outcome was not as clear as in the populations using 

strong P strains, but the trends observed were the same as those for 

Experiment B. Starting with relatively weak P strains of D. melanogaster, the 

mixed populations evolved to either the P or Q types, while all D. simulans 

populations evolved to the M' type. From the results of this experiment, it 

can be concluded that the results of Experiment A and B are the outcome of 

general repeatable trends in mixed P-M populations and not the product of 

random processes. 

Experiment D 

In Experiment A, the evolutionary trends observed in the first five 

generations of the D. simulans mixed population strains were very 

pronounced. Therefore, the experiment was repeated by performing GD 

sterility tests during each of the first five generations. Only DsP7t5C27 was 



used as a P strain in this experiment, because the results for DsP7t5C17 and 

DsP7t5C27 were essentially identical in Experiment C. 
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From the changes in Cross A and Cross A* GD sterility over five 

generations, it can be seen that almost all mixed populations evolved into Q 

strains (Figures 3-9 and 3-10). Overall the results were in agreement with 

those of Experiment C. However, considerable variation in the pattern of 

change was observed among the replicates. The pattern which was observed 

in Experiment A underestimates the extent of individual variability. While 

seven populations evolved to the Q type, they did not all change in the same 

manner. The pattern of rapid increase and decrease in GD sterility in A cross 

sterility found in Experiment A was not consistently observed here, but two 

strains (#b and #h) did show this pattern. Two populations (#d and #f) 

evolved to M' strains. The trend observed in the changes to M' populations 

were not the same as for the 8D27 A strain of Experiment A. A decrease of GD 

sterility in these two strains in the A * crosses was not observed and they 

usually reached a high level of GD sterility in an early generation. One 

population (#j) appeared be evolving to the P type by the fifth generation, but 

in generation 6, its A cross GD sterility decreased to 52% and it appeared to be 

losing its P activity. However, for most lines, only five generations were 

tested and the ultimate fate of these mixed population is unknown. 

Discussion 

From the results described above, we can conclude that the evolution 

of the P-M system in D. simulans populations is not the same as in 

D. melanogaster populations. In addition to this main observation, we can 



also point out the rapid development of P cytotype in Experiment A. 

Furthermore, we can also observe the discrepancy between the banding 

patterns of Southern blots and GD sterility tests in Experiment A and B. 

Before discussing the question originally posed, i.e., whether the 
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P element dynamics in D. melanogaster and D. simulans are the same or not, 

detailed discussion of the results of each experiment are appropriate. 

Cytotype development: Cytotype is thought to be determined by a 

combination of the relative numbers of complete and deleted elements 

(Engels 1989). In other words, it can be said that the cytotype is determined by 

the ratio of the amount of transposases and repressor molecules. The 66 kd 

repressor protein which full-sized P elements encode (Misra and Rio 1990, 

Rio 1990) may be the major determinant of the P cytotype (this is called a type 

I repressor). Also, repressors encoded by deleted elements, such as KP 

elements, may play important roles in P element regulation (type IT 

repressors). 

The populations in Experiment B which lost P elements could not 

develop P cytotype, therefore evolution to M cytotype in these population 

can be explained by the absence of P elements. The development of the 

cytotype for other populations are not simple and may be explained by 

accumulation of the 66 kd protein. In the experiments by Misra and Rio 

(1990), a single 66 kd-producing element did not show P cytotype 

characteristics. Therefore, an accumulation effect of the 66 kd protein may be 

necessary for the development of P cytotype. This idea is consistent with the 

observed delay of P cytotype development in previous studies (Kidwell, Novy 

and Feeley 1981, Kiyasu and Kidwell 1984, Good et al. 1989). For example, 
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Good et al. (1989) showed that their mixed populations (1-10% of strong P flies 

in the M flies) developed their P activities linearly within 20 generations, but 

changes of P cytotype did not start before generation 10. In these original 

mixed population experiments, the number of P elements was probably not 

enough, initially, to develop the P cytotype, but the increase in the number of 

elements with time, lead to the accumulation of sufficient 66 kd protein 

product to develop the P cytotype. P cytotype developed very quickly in 

Experiment A in the 8D27 A mixed population crosses. In previous mixed 

population experiments (Kidwell, Novy and Feeley 1981), the development of 

P cytotype followed the development of P activity. In my experiments, P 

cytotype developed almost simultaneously with the development of P 

activity. This may have occurred because the initial proportion of P 

chromosomes relative to M chromosomes was higher than in previous 

experiments. 

The relationship between hybridization patterns of Southern blots and 

GD sterility results: The hybridization patterns of the Southern blots did not 

appear to change significantly over the period of the experiment in either 

species (Figures 3-3, 3-5 and 3-7). Similar observations of absence of change 

have already been reported by Kidwell, Kimura and Black (1988) who showed 

that during the development of P element regulation, the hybridization 

pattern of Southern blotting did not change. In contrast, Good et al. (1989) did 

report changes in the hybridization pattern in mixed populations over 20 

generations. (This interpretation must be accepted at face value, because their 

figure is uninterpretable). There are limitations in the use of Southern blots. 

This method may not allow the detection of some transpositions and small 
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deletions. Thus, the lack of detectable changes is not strong evidence for 

complete absence of change. The ratio of P to M flies in the original P-M 

populations was 1:4 (20% of the flies originated from P strains). It was a much 

higher percentage of P flies than in previous mixed population experiments 

(e.g., Good et al. 1989). Therefore there were many P elements in the 

population from the beginning, and the presence of new bands, due to 

transposition events, may have been concealed on the membranes. 

The results of Rasmusson et al. (1990) show that there is no 

quantitative relationship between P element number and the incidence of GD 

sterility. They conclude that the production of gonadal dysgenesis may be a 

complex etiological process. This result is consistent with my result th~t the 

hybridization pattern did not change during development of GD sterility. 

Alternatively, the number of possible insertion sites in chromosomes 

might be limited, and elements might transpose among the same sites. In that 

case, the pattern of Southern blotting would not change very much. 

However, this hypothesis is not supported by the appearance of very different 

hybridization patterns among different P strains (K. Kimura unpublished 

observations). 

Another way to explain the limited change in the Southern banding 

patterns is that selection acts in mixed populations to keep large blocks of P 

chromosomes intact. If P chromosomes have a higher selective advantage 

than other chromosomes, then large blocks of genes from P chromosomes 

might be selected. Even though P elements themselves reduce the fitness of 

the host, if there are selectable genes on the P chromosomes, large blocks of 

DNA on these chromosomes might remain selected due to the effect of 



hitchhiking. If that was the case, the pattern of Southern bands would not 

change very much. However, no one has yet carried out experiments that 

have demonstrated such a kind of event. 
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The influence of possible founder effects of strains: The variation 

between duplicates in results from the GD sterility tests were relatively high 

in the first few generations, but, in general, less variation was observed in 

later generations (FigUre 3-2). In the first few generations, the mixing of 

populations may not be perfect, and they may be in somewhat heterogeneous 

condition, which could account for the variability of GD sterility. In later 

generations, populations may be more homogeneous in their composition 

which would explain the closer agreement of the duplicate results. This 

observation may be an important clue to understanding the evolution of P 

populations. As observed by Anxolabehere et al. (1986), the pattern of 

evolution of mixed populations seems largely to depend on the strength of 

the original P parental strains. As seen in the pattern of Southern blots in 

Experiment A, the difference between two duplicates of an experimental 

population is also greater than that among generations within the same 

population. Furthermore, the GD sterility test results suggest that mixed 

populations are more heterogeneous in the first few generations. These 

observations are consistent with the idea that random genetic drifts is 

important, as Kidwell, Kimura and Black (1987) pointed out. 

Evolution towards 0 strains: The results of Experiment D show that 

rates of evolution to Q strains vary from one population to another. In this 

series of experiments, the parental strains were identical, therefore the 

difference observed in patterns of evolution are most likely determined by 



stochastic factors. These results agrees with previous results from 

experiments using Q or weak P strains as the parental strains in 

D. melanogaster mixed populations (Anxolabehere et al. 1986). In contrast, 

using strong P strains in such crosses results in evolution to the P type of 

strain. In this case, stochastic factors playa less important role in the 

evolution of mixed populations. 

The different dynamics of P elements in D.simulans and 

D. melanogaster: The results of Experiment A clearly show that patterns of 

evolution in mixed P-M populations are different in D. simulans and 
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D. melanogaster. Mixed populations of D. me1anogaster evolved to P strains, 

while those of D. simulans did not; rather three of them evolved to a Q strain 

and one evolved to an M' strain. The result of Experiments B, C and D 

support this conclusion. There are several possible reasons for these 

differences. 

First, differences in copy numbers of P elements in the genomes of the 

parental lines may cause the difference in outcome of mixed population 

studies. Montchamp-Moreau (1990) proposed this hypothesis to explain her 

similar result. Cytotype is thought to be determined by relative numbers of 

complete and deleted elements in the genome (Engels 1989). The number of 

P elements per genome might be lower in transformed lines of D. simulans 

than in the D. melanogaster strains, Harwich and Para Wirra. The number of 

P elements in the DsP1tSC27 line was estimated to be 30 by Daniels, Chovnick 

and Kidwell (1987); however, the number of elements has apparently 

increased since their determination. When the present experiments were 

started, the number of P elements was more than 40 per genome, as 
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determined by Bam ID/Bgi n digests. The number of P elements in Harwich 

is around 45-50 per genome, but the number of P elements in Para Wirra is 

around 40 per genome. Therefore, a difference in copy number is inadequate 

to explain the different evolution patterns in the two species, and the 

hypothesis of Montchamp-Moreau (1990) must be rejected. An hypothesis 

based solely on total numbers of elements appears to be naive, since we know 

that different sizes of element have different roles. 

Second, transformed P strains may behave differently from strains that 

obtained their P elements through mating. However, when transformed 

strains of D. melanogaster were used in Experiment B, some mixed 

populations evolved into P strains (e.g., the CS84B population in Table 3-2). 

This result shows that even if transformed strains are used as parental strains, 

mixed populations can evolve into strong P strains in D. melanogaster. 

Therefore, this hypothesis does not adequately explain the relatively low 

probability of evolution to P strains in D. simulans compared with that of 

D. melanogaster. 

Third, there is a possibility that the observations of Experiment A may 

be just the result of random effects with a limited number of trials (four of 

each species). The results of Experiment C refute this idea. All twenty of the 

mixed D. melanogaster populations evolved into P strains when strong P 

strains were used as parental strains but almost all D. simulans mixed 

population evolved into Q strains (Figure 3-8). Also the previous studies are 

consistent with my results (Kidwell, Novy and Feeley 1981; Kiyasu and 

Kidwell 1984; Good et al. 1988). 
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Fourth, the differences observed may be caused by intrinsic species 

differences. In other words, the results of the mixed population experiments 

suggest that the evolution of the P-M system in D. simulans and 

D. melanogaster may differ because of genetic differences between species. 

This hypothesis is supported not only by the present results, but also by the 

transformation experiments of Scavarda and Hartl (1987), Daniels, Chovnick 

and IGdwell (1989) and Montchamp-Moreau (1990). 

In Experiment C, two mixed populations showed some P activity 

(Figure 3-8), seeming to contradict the overall trend among D. simulans 

populations to evolve to the Q type. However, as seen in Experiment D, a 

population which starts to evolve into a P strain may end up as a Q strain. 

Therefore, it seems possible that the mixed populations of D. simulans with P 

strain properties in Experiment C might have evolved into the Q type, if the 

experiment had not stopped at generation 5. 

The next question to be answered is why D. simulans mixed 

populations can seldom evolve to P populations. Several possible reasons are 

discussed in the Introduction to the next chapter which goes on to describe 

experiments which were performed to differentiate between these 

alternatives. 
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Figure 3-1.---- The results of GO sterility tests in Experiment A for 
generations 1 through 20. A crosses provide a measure 
of P activity potential. A * crosses provide a measure of P 
element regulation. 
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Figure 3-3a. -- Southern blot banding patterns over ten 
generations in mixed populations of Canton Sand 
Hawich w (CSHW A). About 2 Jlg of genomic DNA was 
digested by Ace I and probed with p1t25.7BWC. Lane 1-10: 
generations 1 to 10; lane 11 Harwich w ; lane 12 Para 
Wirra; lane 13 DsP1t5CI7; and lane 14 DsP1tSC27. 
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Figure 3-3b. -- Southern blot banding patterns over ten 
generations in mixed populations of Canton Sand 
Hawichw (CSHWA). About 2 J.lg of genomic DNA was 
double digested by Bgl IT/Bam ill and probed with 
p1t25.7BWC. Lane 1-10: generations 1 to 10; lane 11 
Harwich w ; lane 12 Para Wirra; lane 13 DsP1t5C17; and 
lane 14 DsP1t5C27. 
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Figure 3-3c. ---- Southern blot banding patterns over ten 
generations in mixed populations of 8DS and P1tDs5C27 
(8D27 A). About 2 J.1g of genomic DNA was digested by Ace I 
and probed with p1t25.7BWC. Lane 1-10: generations 1 to 
10; lane 11 Harwich w ; lane 12 Para Wirra; lane 13 
DsP1t5CI7; and lane 14 DsP1t5C27. 
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Figure 3-3d. ---- Southern blot banding patterns over ten 
generations in mixed populations of 8DS and P1tDs5C27 
(8D27A). About 2 J.lg of genomic DNA was double 
digested by Bgl III Bam HI and probed with p1t25.7BWC. 
Lane 1-10: generations 1 to 10; lane 11 Harwich w; lane 12 
Para Wirra; lane 13 DsP1t5C17; and lane 14 DsP1t5C27. 
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Figure 3-4. ---- Dot blots showing changes in the quantity of P element DNA 
over generations. 21lg, 1 mg, 0.5 Ilg or 0.1 Ilg was loaded on each dot. As 
positive controls, Harwich and DsP1t5C27 were used for CSHW A and 
8027 A respectively, as negative controls, Canton S and 80S were used 
for CSHW A and 8027 A respectively. 
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Figure 3-5. ---- Hybridization patter~s of Southern blots of mixed 
populations of Experiment A at generations 5, 10, 15 and 
20. About IJlg of genomic DNA was digested by Ace I and 
probed with p1t25.7BWC. (a) generations 5 and 10 and 
control strains. (b) generations 15 and 20 and control 
strains. Lanes are as follows: Lanes 1 and 9: CSHW A; 
lanes 2 and 10: CSHWB; lanes 3 and 11: CSPWA; lanes 4 
and 12: CSPWB; lanes 5 and 13: 8D17 A; lanes 6 and 14: 
8D17B; lanes 7 and 15: 8D27 A; lanes 8 and 16: 8D27B; lane 
17: Harwich w; lane 18: Para Wirra; lane 19: DsP1t5CI7; 
lane 20: DsP1t5C27. 
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Figure 3-5 (cont.).---- Hybridization patterns of Southern blots of 
mixed populations of Experiment A at generations 5, 10, 
15 and 20. About 11lg of genomic DNA was double 
digested by Bgl IT and Bam HI and probed with 
p1t25.7BWC. (c) generations 5 and 10 and control strains. 
(d) generations 15 and 20 and control strains. Lanes are as 
follows: Lanes 1 and 9: CSHWA; lanes 2 and 10: CSHWB; 
lanes 3 and 11: CSPWA; lanes 4 and 12: CSPWB; lanes 5 
and 13: 8D17 A; lanes 6 and 14: 8D17B; lanes 7 and 15: 
8D27 A; lanes 8 and 16: 8D27B; lane 17: Harwich W, lane 18: 
Para Wirra, lane 19: DsP1t5C17 and lane 20: DsP1t5C27. 
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Figure 3-6. ---- The results of GO sterility tests in Experiment B at 
generations 5 and 10 in Crosses A and Crosses A*. 
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Figure 3-7a--- Hybridization pattern of Southern blots of 
D. melanogaster mixed population strains of Experiment 
B at generation 5. About 1 J.Lg of genomic DNA was 
digested by Ace I and probed with p7t25.7BWC. Lanes as 
follows: 1: CS84A, 2: CS84B, 3: CS86A, 4: CS86B, 5: 
CS87 A, 6: CS87B, ,7 : CS82A, 8: CS82B, 9: 88-4-1 
(control), 10: 88-63-1 (control), 11 : 88-72-2 (control), 12: 
88-283-3a (control), 13: Harwich (control), 14: Para Wirra 
(control), 15 : DsP7t5CI7 (control) and 16 : DsP7t5C27 
(control). 
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Figure 3-7b --- Hybridization pattern of Southern blots of 
D. melanogaster mixed population strains of Experiment 
B at generation 10. About 1 Jlg of genomic DNA was 
digested by Ace I and probed with p1t25.7BWC. Lanes are as 
follows: 1 : CS84A, 2: CS84B, 3: CS86A, 4: CS86B, 5: 
CS87 A, 6: CS87B, 7: CS82A, 8: CS82B, 9: 88-4-1 
(control), 10: 88-63-1 (control), 11 : 88-72-2 (control), 12: 
88-283-3a (control), 13: Harwich (control), 14: Para Wirra 
(control), 15: DsP1t5C17 (control) and 16: DsP1t5C27 
(control). 
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Figure 3-7c --- Hybridization pattern of Southern blots of 
D. simulans mixed population strains of Experiment B at 
generation 5. About 1 Jlg of genomic DNA was digested by 
Ace I and probed with p1t25.7BWC. Lanes as follows: 1 : 
8D08A, 2: 8D08B, 3: 8DI2A, 4: 8D12B, 5: 8D32A, 6: 
8D32B, 7: 8D35A, 8: 8D35B, 9: DsP1t5C8(control), 10: 
DsP1t5CI2 (control), 11: DsP1t5C32 (contro!), 12: DsP1t5C35 
(control), 13: Harwich (control), 14: Para Wirra 
(control), 15: DsP1t5CI7 (control) and 16: DsP1t5C27 
(control). 
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Figure 3-7d - Hybridization pattern of Southern blots of 
D. simulans mixed population strains of Experiment B at 
generation 10. About 1 Jlg of genomic DNA was digested 
by Ace I and probed with p1t25.7BWC. Lanes as follows: 1 : 
8D08A, 2: 8D08B, 3: 8D12A, 4: 8D12B, 5: 8D32A, 6: 
8D32B, 7: 8D35A, 8: 8D35B, 9: DsP1t5C8(control), 10: 
DsP1t5C12 (contro!), 11: DsP1t5C32 (contro!), 12: DsP1t5C35 
(contro!), 13: Harwich (control),. 14 : Para Wirra 
(contro!), 15: DsP1t5C17 (contro!), and 16: DsP1t5C27 
(contro!). 
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Figure 3-8. ---- The results of GD sterility tests in Experiment Cat 
generation 5. (a) Strong P strains were used to form mixed 
populations. (b) Relatively weak P strains were used to . 
form mixed populations. 
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Figure 3-9. -- The results of GO sterility tests in Experiment 0 
from generation 1 through generation 5. All ten mixed 
populations are shown in the same graph in A crosses and 
A* crosses. 
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Figure 3-10. -- The results of GD sterility tests of Experiment A 
from generations 1 through 5. The results from each 
strain are shown in a separate graph (a) to (j). Vertical axes 
indicate percent GD sterility, and horizontal axes indicate 
generation numbers. 
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Table 3-1 
Percent GD sterility in the F1 progenies of A and A* crosses 

involving parental strains of Experiments A and B. 

Parental P strains 

D. melanogaster 
88-4-1 
88-63-1 
88-72-2 
88-283-3a 
Para Wirra 
Harwich w 

D.simulans 
DsP7t5C8 
DsP7t5C12 
DsP7t5C32 
DsP7t5C35 
DsP7t5C17 
DsP7t5C27 

A 

100.0 
90.0 
80.0 
88.5 
95.0 

100.0 

86.0 
70.0 
20.5 
85.5 
89.0 
95.0 

Cross a 

A* 

0.0 
4.5 

18.0 
14.0 
0.0 
0.0 

14.0 
12.5 
15.0 
8.5 
6.0 
0.0 

a Harwich wand DsP1t5C27 were used as P reference strains and 
Canton Sand 8DS were used as M reference strains for 
D. melanogaster and D. simuians, respectively. 
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Table 3-2 
Percent GD sterility at generations 5 and 10 in Experiments A and B. 

Generation 5 Generation 10 

Aa A*b Aa A*b 

D. melanogaster 
CS84A 54.8 19.8 62.0 15.0 
CS84B 52.0 2.5 60.0 8.0 
CS86A 47.8 25.2 45.0 60.0 
CS86B 36.7 47.1 46.0 72.0 
CS87A 11.2 83.9 7.0 88.5 
CS87B 26.7 82.3 6.5 90.5 
CS82A 51.2 49.2 45.0 35.0 
CS82B 45.2 32.7 39.0 36.0 
CSHWAc 91.0 8.0 100.0 0.0 
CSHWBc 88.5 7.5 99.0 0.0 
CSPWAc 74.5 7.0 82.0 12.5 
CSPWBc 84.5 5.0 88.5 6.0 

D.simulans 
8D08A 18.0 60.5 5.0 50.5 
8D08B 0.0 40.5 0.0 40.5 
8Dl2A 14.5 71.5 10.0 80.5 
8D12B 1.0 1.0 5.0 5.0 
8D32A 0.0 94.0 0.0 98.5 
8D32B 0.0 94.0 0.0 97.5 
8D35A 0.0 50.0 0.0 32.0 
8D35B 5.0 49.0 5.0 18.0 
8D17Ac 1.0 11.5 12.0 9.5 
8D17Bc 4.0 4.0 17.0 2.0 
8D27Ac 0.0 27.5 1.5 83.0 
8D27BC 13.0 6.0 11.0 8.0 

Each percentage is an average of duplicate trials. 
a Canton Sand 8DS were used as M reference strains for D. melanogaster 
and D. simulans, respectively. 
b Harwich wand DsP1t5C27 were used as P reference strains for 
D. melanogaster and D. simulans respectively. 
c Only part of the results of Experiment A are included. 
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In the previous chapter, I showed that there appear to be striking 

differences between D. melanogaster and D. simulans in the pattern of 

evolution of mixed P-M populations; the evolution of P populations does not 

occur nearly as readily in D. simulans as in D. melanogaster. The next 

question to be addressed is, what kinds of underlying biological mechanisms 

are responsible for the differences. The development of P characteristics has 

been shown to be linked to the transposition process (Engels 1989). To gain 

insight into the reasons responsible for the species differences observed in the 

mixed population experiments described in the previous chapter, it is 

important to examine the relative frequencies of the two major processes 

associated with transposition (i.e., excision and insertion) in D. melanogaster 

and D. simulans. In this chapter, I describe the measurement of excision 

frequencies. 

Previously, several estimates of P element excision frequencies have 

been reported in D. melanogaster. Eggleston, Johnson-Schlitz, and Engels 

(1988) observed in situ hybridization site changes in polytene chromosomes 

over a single generation and obtained a frequency of excision of 0.4% 

(9/2,420) per element per generation measured by the disappearance of in situ 

hybridization sites. Another way to measure excision frequency is to screen 

for the loss of, a visible marker gene carried by a P element. Such marked P 

elements can be constructed in vitro and transformed into the genome. For 
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example, Robertson et al. (1988) used the white gene as a marker in this way 

and measured the rate of excision by the rate of disappearance of the white eye 

phenotype. The frequencies of excision of P elements vary depending on 

several factors, such as the location of the insertion site, but they are typically 

of the order of 5%. In the majority of cases, the loss of gene function is not 

accompanied by the complete loss of the P element, suggesting that most of 

the events are internal element excisions (Daniels et al. 1985). Therefore, the 

frequencies obtained by this method may not be good estimates of frequencies 

of precise excision. The best estimates of precise excision to date are those that 

were reported by Tsubota and Schedl (1986). They sequenced all the apparent 

excision events of a P element inserted in the rudimentary gene in dysgenic 

crosses. They picked up 18 new mutations of the rudimentary locus in 7793 

chromosomes, and only three of these were caused by precise excisions of P 

elements which were already inserted within this region. Therefore, the 

resulting estimate was 0.04% (3/7,793) per insert per generation. 

In this chapter, I describe an experiment designed to compare P 

element excision frequencies in D. melanogaster and D. simulans. In order to 

accomplish this, similar experimental conditions must be ensured for both 

species. The methods previously used to measure P element excision 

frequencies in D. meianogaster, which were described above, are not available 

for measuring excision frequencies in D. simuians, because these methods 

used techniques specific to "melanogaster" genetics. A more generally 

applicable way of measuring excision frequencies has been described by Rio, 

Laski and Rubin (1986). They developed an assay that utilized P element

bearing plasmids and cell culture lines. Using this system, they showed that P 
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elements can excise, not only from resident sites in the genome, but also from 

plasmids which have been artificially introduced into insects. In a later study, 

they also showed that P elements can excise from plasmids introduced into 

mammalian and yeast cells (Rio et al. 1988). A virtue of this in vitro assay is 

that it can be applied to a variety of organisms under similar experimental 

conditions. Another merit of this system is that any differences observed 

between species are likely to reflect differences in host-encoded factors. This is 

because the introduced P element plasmids are identical, and as there are no 

differences in P element-associated factors, any significant variation must be 

attributable to host-encoded species differences. 

O'Brochta and Handler (1988) modified this assay in order to assess P 

element mobility in insect embryos, instead of cultured cell lines. The 

advantage of their assay over that of Rio, Laski and Rubin (1986) is that 

established cell lines are not required and the introduction of plasmids into 

insect embryos is accomplished relatively easily. Using this modified system 

O'Brochta and Handler (1988) tested a number of different Drosophilid 

species. They detected P element excision in D. simulans, D. willistoni, 

D. meianica, D. grimshawi, Chymomyza proncemis and Zaprionus 

tuberculatus. However, P element excision frequencies were 2- to IO-fold less 

in these species than in a D. melanogaster M strain. 

The results of O'Brochta and Handler (1988) suggest that there may be 

differences in excision frequencies between D. melanogaster and D. simulans. 

The excision frequency in D. simulans was estimated to be about half that in 

D. melanogaster. However, because they used only one strain for each 

species, it could not be concluded that there was a general difference between 
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the two species. In order to compare general differences in excision 

frequencies between D. melanogaster and D. simulans, I applied the modified 

excision assay system of O'Brochta and Handler. This assay is simpler to carry 

out than any other methods using several strains for each species. In addition 

to comparing excision frequencies between species, within species variation 

in excision frequencies was also investigated. If the variation among species 

is larger than that within the species, we might be able to come to some 

conclusions concerning possible species differences in excision frequencies. 

Daniels et al. (1987) showed that there were differences in the 

frequencies of GD sterility among true M strains of D. melanogaster when 

they were crossed to males of a moderate P strain, Agafia. A reasonable 

explanation for this observation was that host-encoded factors differ among 

these M strains. If so, both GD sterility and excision frequencies may be 

influenced by the same host-encoded factors, and thus some positive 

correlation between GD sterilities and excision frequencies might be expected. 

With this rationale in mind, within species variation of excision frequencies 

was checked in the present study by analyzing correlations between O'Brochta 

and Handler's (1988) excision assay results and the degree of gonadal sterility, 

in addition to comparing P element excision frequencies in D. melanogaster 

and D. simulans. 

Materials and methods 

Plasmids 

The system used for the measurement of P element excision (Figure 4-

1) requires two plasmids, pISP2 and pUChs1t.12-3, both of which were 

constructed by Rio, Laski and Rubin (1986) and were kindly provided by Dr. 
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Q'Brochta, currently at the University of Maryland. The plasmid, pISP2 is a 

pUC8 derivative and is referred to as the P element excision indicator. It 

contains a nonautonomous P element integrated into the middle of a lac Z a 

gene. If the inserted P element is excised precisely, or nearly precisely, from 

the plasmid, the lac Z a gene is rejoined. The P element in the plasmid 

cannot produce any transposase because of an internal deletion, but both 

terminal repeats and internal transposase binding sites (Kaufman, Doll and 

Rio 1989; Mullins, Rio and Rubin 1989) are conserved. Thus, the P element 

can be excised from the plasmid when P transposase is supplied in trans. The 

plasmid, pUChs1t82-3, is also a pUC8 derivative and is referred to as the 

helper plasmid. This plasmid contains an engineered P element, 82-3, that 

has had its third intron removed (Rio, Laski and Rubin 1986). The 82-3 

element can produce transposase, but cannot excise from the plasmid because 

its terminal repeats have been removed. The insertion of L\2-3 into the pUC 

plasmid completely eliminates the function of the lac Z gene. In addition to 

the 82-3 element, pUChs1tL\2-3 also carries an upstream hsp70 (heat shock 

protein 70) promoter that governs P element transcription. In vivo, the IV3 

(third intron of the element) is spliced out only in germ cells to allow the 

production of transposase, but the engineered deletion of this intron results 

in somatic production of transposase as well (Laski, Rio and Rubin 1986). 

When the pUChs1t.!\2-3 and pISP2 plasmids coexist in a cell, along 

with the appropriate host-encoded factors needed for P element excision, the 

transposase made by the 82-3 element can cause the excision of the 

nonautonomous P element in the inducing plasmid. When this occurs the 

lac Z gene is rejoined. Colonies of E. coli that are subsequently transformed 



107 

with this plasmid will show the LacZ phenotype, i.e., blue colonies in the 

presence of IPTG (isopropylthio-~-D-galactoside) and X-gal (5-brom0-4-chloro-

3-omdolyl-~-D-ga1actoside). Excision events are assayed by transforming Lac 

z- E.coli and plating on X-gal IPTG plates. 

Transformation of Drosophila 

Introduction of plasmid DNA into early Drosophila embryos was 

carried out by standard microinjection procedures (Spradling and Rubin 

1986). Embryos, 20-30 minutes old, were collected as follows: About 500 flies, 

aged 3-7 days, were kept in a small population cage containing a 500 cc plastic 

beaker with small holes (Figure 4-2). This cage was put onto a petri-dish with 

apple juice medium (Appendix B). To stimulate egg production, cages were 

kept in a lighted, 18°C incubator for at least one hour before starting the 

transformation experiment and moved to a dark, warm (room temperature) 

place at the start of egg collection. A yeast paste was applied to the surface of 

the medium to encourage egg production. 

For injection, a normal phosphate buffer (Appendix A) was used and 

the concentration of plasmids was 400 mg/ml for pISP2 and 100 mg/ml for 

pUChs7t~-3. Micropipets (25 microliters: Drummond "microcaps") were 

used as needles for microinjection. The micropipets were siliconized using 

dichlorodimthylsilane (Sigma, St Louis Mo) (Maniatis, Fritsch and Sambrook 

1982) and pulled by a vertical pipet puller (model 720, David Kopf 

Instruments, Tujunga, Ca). The DNA solution was back-loaded into the 

needle. 

The room used for microinjection was kept at 18°C and humidity was 

increased by an evaporator for at least 1 hour before starting injections. The 
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eggs were carefully transferred with a camel hair brush from the surface of the 

medium onto a microscope slide to which was applied double-sided Scotch 

tape (Figure 4-3a). Chorions were removed by stroking with a dull-ended 

needle. Ten to twenty dechorinated embryos were lined-up on the edge of a 

strip of tape on a microscope slide, posterior ends facing towards the direction 

of the needle (Figure 4-3b). Each slide was desiccated for 5-15 minutes in a 

petri-dish containing Drierite (CaS04) (Hammond Drierite Company, Xenia, 

Ohio). The desiccation time was determined empirically. Following 

desiccation, halocarbon oil (series 700, Halocarbon Products Corporation, 

Hachensack, NJ) was poured on the slides in an amount sufficient to cover 

the eggs entirely (Figure 4-3c). In the first series of experiments, a 

Brinckmann's (#06-15-00) micromanipulater was used to inject DNA into 

embryos; thereafter, a Narishige (Model 155) micromanupulator was used. 

Injections were carried out manually using air pressure to dispense the DNA 

solution into the posterior cytoplasm (Figure 4-4d). After injection, 

developing embryos were kept in the humid chamber at 18°C for 18 hours, 

after which time, they were placed in a 37°C incubator for 1 hour to provide a 

heat shock to start transposase transcription from the hsp promoter, and then 

returned to 18°C. At 24 hours after injection, all embryos that were deemed 

vital (by observing cytoplasmic movement under the dissecting microscope) 

were placed in Eppendorf tubes. About 100 eggs were collected per tube. 

Approximately 200 eggs were injected per strain, with the exception of Canton 

S and 80S, for which about 300 eggs were injected. 
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Plasmid recovery 

Re-extraction of plasmid DNA from embryos was accomplished by a 

slight modification of the method of O'Brochta and Handler (1988). 200 J.1l of 

Hirt (1967) solution (Appendix A) was added to each tube of 100 eggs, vortexed 

and centrifuged 15,000 rpm for 20 min at 15,000 rpm to spin down oils. The 

liquid phase was then removed to another Eppendorf tube, and 5 M N aCI was 

added to make the final concentration 1 M. After incubation overnight at 

4°C, the solution was extracted with equal volumes of phenol and 

chloroform. DNA was precipitated by adding 1/10 volume of 3 M sodium 

acetate and an equal volume of cold 100% ethanol (EtOH). Samples were kept 

at -70°C for at least 2 hours and then centrifuged for 15 minutes. The EtOH 

was removed and the pelleted DNA (which normally cannot be seen) was 

dried under vacuum. The pellets were resuspended with 100 J.l.I of modified 

TEN buffer (Appendix A). 

Transformation of E. coli 

Transformation was performed with the plasmid solution mentioned 

above. The method of transformation was adapted from that described by 

Chung et. al. (1989) with slight modification. E. coli DH5 a cells were 

incubated to OD600 of 0.3-0.4. The cells were pelleted by centrifugation at 1,000 

x g for ten minutes at 4°C, and suspended in one tenth of the original volume 

of ice-cold 1 x TSS (Appendix A). A sample consisting of 0.1 ml of the cells 

was mixed with 10 J.l.I of plasmid solution and incubated 30 minutes on ice. 

Next, 0.9 ml of LB broth was added (Appendix A), and the cells were grown at 

37°C for 1 hour. 200 J.l.I of this solution was then plated on LB plates 

containing ampicillin (75 ml/ml). Plates were treated with 500 J.l.I of 100 mM 
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IPTG and 250 JlI of X-gal (20 mg/ml) prior to plating the cells. 10 ml of bacteria 

solution was produced from one tube of embryos (100 eggs). Therefore, 50 (10 

m1 divided by 200Jll) of such plates were prepared from 100 embryo 

equivalents. Because DH5 ex is LacZ-, only those cells which carrying a pISP2 

plasmid that lost its P element show a LacZ+ phenotype. 

Escherichia coli strain 

As mentioned earlier, the E. coli strain DH5 ex was used as the 

transformation host. The genotype of this bacterium is supE44 111ac U169 

(f801ac Z AM15) hsd R17 rec AlendAl gyrA96 thi-lrelA1. The f801ac Z AM15 

permits complementation with the amino terminus of the J3-galactosidase 

encoded in the pUC vectors (Maniatis, Fritsch and Sambrook 1982). This 

strain was a gift from Kevin Lewis of the University of Arizona. 

Drosophila strains 

1. D. melanogaster: 

Canton S red: see chapter 3. 

ry506: made from ry5, by Bill Gelbart at the University of Connecticut. 

Limpopo: collected in South Africa in the 1970's, and provided by S. 

Daniels, University of Connecticut. 

0231.1: obtained from the Drosophila Stock Center Bowling Green (BG). 

Kenting: collected in 1968 at Kenting, Taiwan. 

2. D. simulans: 

8DS: see chapter 3. 

0251.2: obtained from BG. 

Amherst: collected at Amherst, MA by Dr. P. T. Ives in 1967. 

Lima: received from Dr. H. Kreider University of Connecticut. 
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Tucson 2: captured by S. Daniels in Tucson, AZ in 1986. 

All strains were kept in vials at room temperature (see chapter 3 

Materials and Methods section). All D. melanogaster strains used were 

classified as true M strains (Daniels et al. 1986). The absence of P element 

sequences in their genomes was confirmed by Southern blotting analyses 

(data not shown). The D. simulans strains were chosen at random from the 

natural population stocks available. The results of GD sterility tests of the 

strains are shown in Table 4-1. 

Statistical analyses 

An analysis of covariance was applied to the results. The GLM (general 

linear model) procedure in the SAS package was used. Analysis of covariance 

was chosen, rather than a simple analysis of variance, because inclusion of 

the covariate (number of white colonies) in the model, was expected to 

increase precision in determining the effect of different species on the 

excision frequencies. The calculations were performed using the RV AX 

system at CCIT, University of Arizona. The mathematical model is as 

follows: 

BCijk=J.1 + SPi+STij+~(WCik-WCi) + e ijk 

where: 

BCijk : The numbers of blue colonies in the i-th species of the j-th 

strain of the k-th individual. 

J.1: mean. 

SPi: the fixed effect of the i-th species. 

STij : the fixed effect of the j-th strains among the i-th species. 



13 : the pooled slope of the regression line. 

WCik: the number of white colonies in the i-th species of the k-th 

individual (covariate). 

WCi : mean of the covariate. 

e ijk : residue. 

Results 
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P element-bearing plasmids were injected into both D. melanogaster 

and D. simulans embryos, and excision frequencies were measured by the 

assays described in the Materials and Methods section. The results of the 

excision assay are summarized in Table 4-2. By inspection, the difference in 

excision frequencies between D. simulans and D. melanogaster are obvious 

(1.53 x 10-3 vs 0.65 x 10-3 in the means). With only two exceptions, the mean 

excision frequencies of all of the D. simulans strains were less than half of 

those of the D. melanogaster strains. One of the exceptions is likely to have 

been caused by the small number of recovered colonies in one of the trials. 

The frequency of the D. melanogaster strain with the lowest excision 

frequency does not even overlap with the D. simulans strain having the 

highest value. The results of an analysis of covariance are shown in Table 4-

3. The value of the correlation coefficient (R2) is 0.96 and, thus, the model fits 

very well for this data set. 

In the 5A5 system, there are four methods to calculate the sum of 

squares (55) (i.e., type I 55 - type IV 55). Type m 55 is the method to calculate 

a sum of squares when a specific variable is added last to the model, and this 

5S does not add up to the model 5S in Table 4-3a. Usually, type m 55 
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provides a better estimate than type I 55, which is commonly used in an 

ANOVA model, as in the case of an analysis of covariance (5A5 1989). The 

variances of the numbers of blue colonies obtained can be explained mainly 

as the variance of the difference between the two species, which is highly 

significant (p > 0.0001). The variances observed among strains within a 

species were not statistically significant (p > 0.06). The correlation between the 

numbers of blue and white colonies is significant (p > 0.001), therefore these 

two parameters tend to vary together, e.g., the more the number of white 

colonies that are counted, the greater the number of blue colonies that will be 

found. 

As mentioned earlier, a number of D. melanogaster M strains were 

tested for possible differences in excision frequency, because they showed 

different GD sterility responses when crossed to a moderate P strain. One 

possibility is that these observed differences might be related to differences in 

host-encoded factors, which might also influence excision frequency. 

However, the correlation coefficients between GD sterility and excision 

frequency were 0.26 and 0.23 for D. melanogaster and D. simuians, 

respectively. Therefore there appears to be no statistically significant linear 

relationship between these two measurements (Figure 4-4). 

Discussion 

The results of the excision assays indicate that excision frequencies are 

lower in D. simulans than in D. melanogaster. As mentioned earlier, 

differences in excision frequencies may reflect differences in host-encoded 

factors. 5ince the same P elements were employed for both species in this 

study, we can conclude that some host-encoded functions differ between the 
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two species. Alternatively, the results may be influenced by the differential 

response of the two species to the injection procedures. However, frequencies 

of the recovered plasmid were almost the same for both species, therefore it is 

unlikely that this is the reason for the observed differences. 

Recently, a good example of host-specific factors causing differences in 

gene expression was published by Laurie et al. (1991). They described 

interspecific gene transfer experiments using the cloned Adh genes from 

D. melanogaster and D. simulans. When the two Adh genes were transferred 

into same genetic background, there were no detectable differences in 

expression levels. However, Adh expression levels were always relatively 

higher when either gene was in a D. melanogaster background, and relatively 

lower when either was in a D. simulans background. The authors concluded 

that the interspecific difference in Adh expression is due to genome-encoded 

"trans-acting modifiers" and not to base sequence differences in the DNA. It 

is possible that the difference in P transposase activity observed in 

D. melanogaster and D. simulans may be regulated in a manner similar to 

that observed for Adh. In the experiments discussed here, the same P 

elements were used in both species, ruling out the possibility of cis acting 

factors. 

Possible host-encoded factors which might account for the observed 

differences in excision frequencies between D. melanogaster and D. simulans 

will be discussed in Chapter 6. 

Recently, O'Brochta, Gomez and Handler (1991) proposed an improved 

excision assay system. Unlike the old assay which I used, it is possible, using 

the new method, to measure the frequency of imprecise excision, too. By this 
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method, they found that both precise and imprecise excision frequencies were 

about 10-fold greater from D. melanogaster than from D. virilis and 

Chymomyza procemis, and that the ratio of precise and imprecise excision 

were the same for all three species. Furthermore, they found that transposase 

was not absolutely necessarily for the excision of P elements, even though it 

accelerated the excision of P elements. 

The results of O'Brochta, Gomez and Handler (1991) are consistent 

with my results, i.e. excision frequencies in D. melanogaster are higher than 

in any other drosophilid species. Furthermore, their observation that P 

element excision may occur in the absence of transposase is very interesting. 

If transposase is not required for excision, it is interesting to ask what causes 

the different frequencies observed among the species. 

Intraspecific variation in excision frequencies: In this study, it was 

observed that the relationship between GO sterility and excision rates was not 

significant (Figure 4-4). There are several reasons for this lack of correlation 

between the two traits. We do not understand the mechanism governing GO 

sterility. We may guess that sterility is a more complex event than is excision. 

Actually, Rasmusson et al. (1990) failed to find any quantitative relationship 

between P element numbers and GO sterility frequencies, although they did 

find a positive relationship between P element numbers and a number of 

other dysgenic traits such as the snw excision rate. They concluded that this 

failure reflects the complex etiology of GO sterility. It is possible that factors, 

which influence GD sterility may be quite different from the factors which 

influence other dysgenic traits. However, trends in between-species excision 

frequencies and GD sterility are similar. Therefore, many of the factors may 
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influence both characteristics, even though there is no linear relationship 

between GD sterility and excision frequency among species. If so, it is likely 

that host-factors influence the observed differences in variation of GD sterility 

among strain as well as excision frequencies 

An alternative explanation for the variation in GD sterility observed 

among true M strains (Daniels et al. 1987) is that other transposable elements 

influenced the results. Two other elements, I and hobo in D. melanogaster, 

may cause hybrid dysgenesis, even though the characteristics of these other 

types of hybrid dysgenesis are not the same as P-M system. Although gonadal 

dysgenesis has never been found to be associated with I elements (Bregliano 

and Kidwell 1983), it may have been found with hobo (Yannopoulous, 

Stamatis and Eeken 1989). Neither of these elements, nor any other elements 

were surveyed in their experiments. Therefore it is possible that other 

transposable elements were responsible for the variation observed, not P 

elements. 
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Figure 4-1.----- Scheme of the excision assay system. A 
transformed E. coli strain is applied to a plate containing 
IPfG and X-gal. If the P element has excised precisely, or 
nearly precisely, then blue colonies result. Otherwise, the 
colonies are white. 
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Figure 4-2. ---- Photograph of a population cage used for 
collecting Drosophila embryos. 

118 



a 

b 

d 

Q 0 0 ,. ~ 

o G 
o ~ q 

D 

Figure 4-3.---- Diagram indicating sequential steps a-d in the 
micro-injection procedure. (a) Embryos are gathered on 
the double-side scotch tape, and chorions of embryos are 
removed. (b) The embryos are lined-up on the edge of the 
tape so that the posterior end is facing towards the 
direction of the needle. (c) After desiccation, the embryos 
are covered by halocarbon oil. (d) The needle is inserted 
into the embryqs and the solution is injected. 
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Table 4-1 
Percent GD sterility in the Fl progeny of several M strains of 
D. melanogaster and D. simulans used in the excision assay 

M strains 

D. melanogaster 
Canton S 
ry506 
Limpopo 
0231.1 
Kenting 

D. simulans 
8DS 
Amherst 
0251.2 
Lima 
Tucson 2 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

Cross 

100.0 (67.8) c 
100.0 (84.3) 
100.0 (89.3) 
100.0 (43.3) 
100.0 (87.5) 

100.0 
100.0 
100.0 
85.2 
70.0 

a Canton S or 8DS was used as M strains for D. melanogaster and 
D.simulans, respectively. 
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b Harwich and DsP1t5C27 were used as the P strain for D. melanogaster and 
D. simulans, respectively. 
c Agana was used as the P strain 
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Table 4-2 
Frequencies of P element excision from the plasmid pISP 

Host strains Freq. (x 10-3) a # of LacZ+ colonies n b 

D. melanogaster 
Canton S 1.62 17 10481 

1.72 19 11020 
1.54 15 9722 

ry506 1.81 24 13246 
1.70 34 20046 

Limpopo 1.06 20 18821 
1.46 28 19913 

0231.1 1.48 19 12877 
1.60 20 12474 

Kenting 1.45 12 8295 
1.54 10 6507 

Mean 1.53 218 142655 

D.simulans 
8DS 0.48 5 10364 

0.70 8 11397 
0.57 6 10471 

Amherst 0.90 13 14393 
0.61 9 14693 

0251.2 0.66 9 13547 
0.51 6 11653 

Lima 0.70 4 5493 
0.55 11 12746 

Tucson 2 1.44 1 693 
0.67 10 14864 

Mean 0.65 78 120314 

(Previously published results) c 
D. melanogaster 1.7 82000 
D. simulans 0.85 47000 

a = number of LacZ+ phenotype (blue) per thousand pISP (white) recoverd 
b = number of pISP recoverd 
c O'Brochta and Handler (1988) 



Table 4-3 
Analysis of covariance of excision frequencies in 

D. melanogaster and D. simulans 
(a) 

Source df Sum of squares Mean squares 

Model 
Error 
Total 

10 
11 
21 

1378.8 
56.3 

1435.1 

R2: 0.9607 C. V.=16.6 
(b) 

Source df type ill ssa 

Species 1 495.7 
Strains 8 111.6 
# of white 1 118.3 
colonies 

a Sum of Squares 

137.9 
5.1 

Mean squares 

495.7 
114.0 
118.3 

F 

26.93 

F 

96.8 
2.7 

23.1 
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p>F 

0.0001 

p>F 

0.0001 
0.0631 
0.0005 



Introduction 

CHAPTERS 

TRANSPOSITION ASSAY 

In this chapter, I describe the results of experiments to measure the 

relative frequencies of transposition of P elements in the genomes of 

D. melanogaster and D. simulans. It was necessary to perform these 

comparative experiments for the following two reasons: 

First, as shown in the previous chapter, excision frequencies of P 

elements from plasmids were significantly lower in D. simulans than in 
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D. melanogaster. However, it is possible that the frequencies of excision of P 

elements from host chromosomal DNA are different to those from plasmids. 

Therefore, a measure of P element movement in situ is needed. 

Second, in order to better understand P element dynamics, it is 

important to measure characteristics in addition to excision frequencies. 

Excision is one of the important characteristics of P elements, but others must 

also be considered. We do not know the fate of excised P elements. It is 

possible that excised P elements do not reintegrate into chromosomes, and 

that some other, unknown mechanisms create new insertions. In fact, earlier 

results suggested that excision and transposition may not be related in the 

case of P elements (Finnegan 1990). Therefore, estimates of insertion 

frequencies must be obtained to more completely understand the dynamics of 

P elements. 

P element transposition frequencies in D. melanogaster have been 

estimated in several earlier studies. By counting the number of new in situ 
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hybridization sites on polytene chromosomes, Bingham, Kidwell and Rubin 

(1982) estimated a transposition frequency of 0.25 per generation per insertion 

site. Two similar experiments performed on much larger scales yielded 

almost identical results (Benz and Engels 1984; Eggleston, Johnson-Schlitz and 

Engels 1988). However, in situ hybridization may fail to identify new 

insertions of small elements and those landing in regions of heterochromatin 

which do not show up in polytene chromosome spreads. 

Progress in studying the movement of individual elements has come 

from a scheme in which a genetically marked transposable element is 

mobilized to nonhomologous chromosomes by a single nonautonomous P 

element, such as P[ry+ 82-3] (99B) integrated into the same genome. (Such a 

helper element is often called a "jumpstarter"). This P element can work as a 

constitutive transposase source for another P element in trans, but it cannot 

move itself. Using this method, Robertson et al. (1988) estimated 

transposition rates ranging from 3.1 X 10-4 to 2.1 X 10-1 insertions per element 

per generation. As discussed before, chromosomal position effects associated 

with the starting location, and variation in element size, may cause 

transposition rates to vary within a wide range of frequencies (see Berg and 

Spradling 1991 for review). In addition location and size-independent factors, 

such as temperature, may also influence the observed rate variation. In 

general, transposition rates for marked P elements have been found to be 

significantly lower than those for naturally occurring P elements. Particular 

marked sequences present in a P element can exert a large effect in decreasing 

its rate of transformation (Spradling 1986). 
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It is not easy to measure P element transposition frequencies in 

D. simulans directly, because the necessary genetic tools are less well 

developed than in D. melanogaster. For instance, there is no strain such as 

P[ry+ A2-3] (99B) of D. melanogaster which can produce transposase 

constitutively as mentioned earlier. In addition, methods to measure site 

change by in situ hybridization are expected to require a large scale 

experiment to provide data which would allow us to judge whether 

transposition frequencies are significantly different in these two species. This 

is because the within-species variance of insertion site location is expected to 

be very large. 

Another assay system designed to measure insertion frequencies, the 

capture assay, was proposed by Handler and Q'Brochta (1990). In this system, 

the insertion of P elements into a specific gene on a plasmid (capture plasmid) 

is measured by the change of phenotype of the E. coli which carry that 

plasmid. However, preliminary results show that frequencies of insertion 

estimated by this method are too low to detect significant differences between 

species (Handler and Q'Brochta 1990). In addition, this method also uses a 

non-chromosomal system, therefore it is not suitable for my purposes. 

Considering all the aspects discussed above, I decided to measure the 

rate of movement of single marked P inserts in order to compare 

transposition frequencies between D. melanogaster and D. simulans. 

Transposition frequencies were estimated by following the movement of 

specific P elements. Due to the absence of jumpstarter strains in D. simuians, 

I decided to use P chromosomes as a source of P transposase. P flies were 

crossed with the flies carrying single marked P elements. The neomycin 
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resistance gene was chosen as a P element marker because this gene does not 

occur naturally in the genome of Drosophila and neomycin resistant flies are 

easy to select from neomycin sensitive flies. The transposition of P elements 

at the population level was measured by Southern blotting analysis (see 

details in Materials and Methods section). I used the same P strains as used in 

the mixed population experiments (Chapter 3). This choice provides the 

additional advantage that the results of the transposition assay can be 

compared with the results of the mixed population experiments. 

Materials and Methods 

Drosophila strains 

1. D. melanogaster 

Harwichw, Para Wirra and Canton S (see Material and Methods section 

of Chapter 3 for description). 

AS57, AS125 AS237 and AS273 : Single marked P element insertion 

strains were obtained from the Drosophila Stock Center at 

Bloomington, Illinois. These are autosomal recessive lethal strains, 

and are maintained by the use of balancers. Each of these strains was 

originally transformed using a pUChsneo plasmid which carried a P 

element marked with a neomycin resistance gene (neo T). This gene 

originated from the E. coli transposon Tn5 (Steller and Pirrotta 1986). 

2. D. simulans: 

DsP1t5C17, DsP1t5C27 and 8DS (see Materiels and Methods section of 

Chapter 3 for description). 

DS9, DS12, DS18, and DS26 : Single marked P element insertion strains 

were made by microinjection for this study (see next section for details 
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of the microinjection procedure). The white riverside (w riverside) 

mutant strain (a gift from Dr J. Coyne, University of Chicago) was used 

as the transformation recipient strain. It showed 95% sterility in an A 

cross test for GD sterility using DsP1t5C27 as the P references strain. The 

plasmid, pUChsneo (see details in later), which was the same as that 

used by Steller and Pirrotta (1986) was used for transformation of 

D. simulans. 

Construction of D. simulans single marked insert strains 

Construction of the D. simulans strains with a marked P element 

carrying a neomycin resistant gene was performed by the same 

transformation procedure as described in Chapter 4. The plasmid, pUChsneo 

(Figure 5-1 a), was kindly supplied by Dr. Pirrotta (Steller and Pirrotta 1986). 

This plasmid is a derivative of pUC8 and includes the two ends of the P 

element, and a neomycin resistant (neor) gene controlled by an upstream hsp 

promoter isolated from the E. coli transposon Tn5. pUChs1t.12-3 (described in 

chapter 4) was used as a helper plasmid for transformation. After 
. . 

transformation, the injected embryos were kept at 18°C. After hatching, 

larvae were moved to normal corn medium and kept at room temperature. 

Survivors from the microinjection procedure were crossed with flies from 

the parental strain (white riverside). F1 larvae were fed on an instant 

medium (Ward's, Santa Fe Spring, CA) supplemented with G418 (neomycin 

substitute, Sigma, St Louis). The instant medium powder was rehydrated in 

water containing 500 J,lg/ml of G418. On days 1 and 3 after emergence, the 

larvae were subjected to a heat shock treatment at 37°C for 30 minutes. All Fl 

survivors were backcrossed again to the parental strain, wriverside (neoS) and 
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were grown on the G418 supplemented medium. Transformed strains were 

backcrossed to the parental strains for two more generations. By means of 

these procedures, all neomycin-sensitive flies, which might have survived 

on the G418 medium, were killed and thus all flies which survived should 

have been heterozygous for neor . Surviving individual flies were kept as 

separate strains on normal medium. Each of these strains was checked by 

Southern blotting to see whether it carried one or more insertions. All 

strains were found to have only a single insert. Five transformed strains 

were established, but one of these subsequently died. The remaining four 

strains were used for the experiment. 

Mating schemes 

The mating scheme for the transposition assay is shown in Figure 5-2. 

Ten females from a single insertion strain (called a "maternal strain" 

hereafter) were crossed with 10 males from a P strain (called a "paternal 

strain" hereafter). These paternal strains provided a source of transposase. 

The combination of one maternal strain and one paternal strain constituted 

one set. Each set was duplicated. Flies were kept on medium, supplemented 

with G418, in order that only larvae which carry the neor gene can survive 

into the next generation. Ten female G1 flies were crossed with 10 M male 

flies (Canton S or 8DS). These flies were kept on normal food (without G418). 

In the G2 generation, 200 females and 200 males from each set of matings 

were randomly selected and divided into four groups. Genomic DNA was 

extracted from 100 flies four times per cross. As shown in Figure 5-2, various 

genotypes of G2 individuals are generated. About half of these carry the 



original single insert, and the other half do not, due to segregation, 

recombination, or excision. 

Southern blotting procedures 
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The procedure for Southern blotting was the same as described in 

Chapter 3, except that in order to detect movements of single P elements, 10 

Jlg of DNA was loaded in each lane, instead of 1-2 Jlg. Furthermore, in order 

to decrease the stringency, the second wash was performed with high salt, at 

42°C, instead of 65°C. 

Extracted DNA was digested with BamHI /EcoRI. Both restriction 

enzymes cut the pUChsneo plasmid once in the region of pUC8. Therefore, 

when the Southern filters are probed with a neomycin resistance gene, each 

band in the blot represents a single P-neo insertion. About half of the G2 flies 

carry original single inserts and these show up as dense bands on the blots. In 

addition to these, new insertions will show up as faint bands. The Hind III 

enzyme cuts near both ends of the P-neo region of pUChsneo. The resulting 

fragment appeared as a 4.3 kb band in Southern blots. This band was used as a 

marker standard. 

An Xho I/Bam m fragment cut from the plasmid "pMC1Neo poly A", 

purchased from Strata gene (La Jolla, CA), was used as the probe (Figure 5-1b). 

The neomycin resistance gene in this plasmid is identical to the one on 

pUChsneo. The fragment was isolated from the agarose gel using a DEAE

cellulose membrane and following normal procedures (Sambrook, Fritsch 

and Maniatis 1989). These fragments were labeled with digoxigenin as 

described in Chapter 3. 



Statistical analysis 

An analysis of variance was applied to the results of this assay. 

Calculations were performed using the SAS GLM procedure described in 

Chapter 4. The mathematical model is as follows: 

NIijk=Jl + SPi+MSTij+PSTik+ e ijk 

where: 
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NIijk : numbers of new insertion sites per 400 flies in the i-th species of 

the j-th maternal strain of the k-th paternal strain 

Jl: mean 

SPi: the fixed effect of the i-th species 

MSTij : the fixed effect of the j-th single-marked P element insert 

strains (maternal strains) among the i-th species 

PSTik: the fixed effect of the k-th transposase source (paternal strains) 

among the i-th species 

e ijk : residue. 

Results 

Figure 5-3 shows a sample of the Southern blots from this 

transposition assay. 10 Jlg of BamHI / Eco RI digested DNA from 100 adult 

flies was loaded in each lane. Each faint band represents a transposition event 

and each dense band shows an original single insert. Lane 1 shows a band 

representing a 4.3 kb fragment from genomic DNA digested with Hind ID. 

The results of the complete assay are summarized in Table 5-1. The 

DNA was isolated by four independent procedures for technical reasons but 



132 

these four samples came from the same cross. Therefore, even though the 

DNA was loaded in four separate lanes because bands would be easier to read, 

the results from the four lanes were pooled together in the Table. 

Transposition frequencies show marked differences between species with 

D. melanogaster showing higher transposition frequencies than D.simulans, 

except for one strain. Within-species differences are also high. 

Table 5-2 shows the results of an analysis of variance. The ANDV A 

shows that the variance due to species and maternal inserts strains was highly 

significant (P > 0.0001). However, the variance due to paternal strains was not 

statistically significant, even though Para Wirra showed somewhat higher 

transposition frequencies than Harwich, and DsP1t5C27 was higher than 

DsP1t5C17. The least squares means of transposition frequencies of these two 

species are shown in Table 5-3. AS125 shows an almost 4-fold increase in the 

frequency compared with AS273. In the case of D. simulans, DS9 shows more 

than a 5-fold higher frequency than DS12. The effect of duplication was not 

significant. Therefore the model did not include this effect. 

Two bands on the blots were thicker than any other bands which 

indicated new sites on the whole blots (figure not shown). These bands might 

represent more than one insert. However, it is very unlikely that two 

elements would insert at the same site independently. Therefore, these bands 

may be the result of premeiotic transposition. Two or more G2 flies carried 

the elements at the same site, apparently originating from one premeiotic 

cluster. These bands were counted as a single transposition event in the 

analysis. There were only two premeiotic transpositions in all 32 (2 x 2 x 4 x 2) 



crosses in the G1 generation. Therefore, the effect of premeiotic clusters 

appears not be a major concern in the analysis of the data. 

Discussion 
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In summary, frequencies of transposition of 1.59% and 0.51% per site 

per generation were observed in D. melanogaster and D. simulans 

respectively. Analysis indicated that these differences in frequency between 

the two species are statistically significant. In addition, important position 

effects of the inserts were observed in both species. 

Comparison of observed frequencies with previous results: Berg and 

Spradling (1991) measured transposition frequencies using two plasmids 

with P elements marked with rosy + genes, P[ry+1] and P[ry+11]. These two 

plasmids differed in size of rosy inserts and insertion points in the P element, 

but the P elements in the plasmids are identical. The transposition 

frequencies were 0.29-1.83% per site per generation for P[ry+1] and 7.87-12.63 % 

per site per generation for P[ry+11], using the jumps tarter element, P[js]. Thus 

the transposition frequencies of 1.59% per site per generation which were 

obtained in my study for D. melanogaster are similar to the transposition 

frequencies determined for P[ry+l] by Berg and Spradling (1991). 

Engels (1989) concluded that transposition frequencies are higher when 

a jumpstarter, such as P[ry+~2-3], is used as a transposase source, than when P 

chromosomes are used to produce hybrid dysgenesis. P chromosomes were 

used in my study as a source of P transposase, therefore the frequencies 

should have been lower in my study than those obtained by Berg and 

Spradling (1991). It is possible to explain this discrepancy by the fact that PUs] 

does not show strong transposase activity like .12-3. Alternatively, P 
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chromosome might be as strong as jumpstarters as a source of P transposases. 

However, the design of experiments for obtaining transposition frequencies 

was not identical, therefore more observations are needed in order to 

conclude that different transposition frequencies are brought about by 

different transposase sources. 

One previous study in D. melanogaster which used hybrid dysgenesis 

gave estimates of transposition rates around 25% per site per generation 

(Bingham, Kidwell and Rubin 1982), a frequency much higher than that of 

1.59 % in my experiments. This difference might be explained by position 

effects and/or the increased size of the marked elements in my study which is 

expected to reduce the transposition rate. In previous studies (Bingham, 

Kidwell and Rubin 1982; Benz and Engels 1984; Eggleston, Johnson-Schlitz 

and Engels 1988), there were many donor elements in the chromosomes. 

Each element may have different transposition potential and the size of the 

elements varied, but all transposition events were measured together. Some 

elements may transpose very actively, others will be relatively inactive, and 

the average observed transposition frequencies would be influenced by active 

elements. On the other hand, in the case of the measurement of 

transposition frequencies in my studies, frequencies were obtained for 

transposition of single elements. Therefore, direct comparison of the data 

from these two different experimental design must be made with caution. 

Alternatively, the size of P elements may explain the lower 

transposition frequency obtained this study. The size of the marked P 

element in this study was 5.2 kb, which is much larger than that of complete P 

elements (2.9 kb). Previous studies have concluded that smaller elements 
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transpose more frequently than larger elements (Robertson et al. 1988; Engels 

1989), and that the natural elements in the genome are equal to, or smaller 

than, 2.9 kb. 

Position effect of the existing insertion site: It is known from the 

previous studies that position effects have a great influence on frequencies of 

transposition (Robertson et al. 1988; Engels 1989; Berg and Spradling 1991). In 

this study, four different insertion lines were used for each species and strong 

position effects were observed according to the insertion sites. For example, 

in the case of D. melanogaster, there were almost 5-fold differences in 

transposition frequencies between the highest (3.50) and the lowest value 

(0.75) (see Table 5-1). In one of the D. simulans strains, DS12, only two 

transposition events occurred in a total of 400 G2 flies. Berg and Spradling 

(1991) also showed almost a 7-fold difference in transposition frequencies 

with different insertion sites of the ry+1 P element. It has been speculated that 

these position effects might be explained by a cis effect of flanking DNA 

(Engels 1989). 

Comparison of transposition frequencies in D. simulans and 

D. melanogaster: The major objective of this experiment was to determine 

whether transposition frequencies are different in D. simulans and 

D. melanogaster. The analysis indicated that the frequencies are statistically 

different in D. simulans and D. melanogaster. This result is consistent with 

the results of the two experiments described in the previous chapters which 

indicate that P elements in D. melanogaster show higher activity than they do 

in D. simulans. We know very little about the relationship between the 

mechanisms of excision and transposition, but the similar trends observed in 
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these two species suggest that these two characteristics are not independent of 

each other. 

According to the transposition model of Engels et al. (1990), if wild type 

chromatids are used to fill gaps after excision of P elements, the event can be 

detected phenotypically. There may be many excisions of P elements which 

are followed by gap repair using homologous chromatids as templates. In this 

case, if repair is precise, excisions cannot be detected phenotypically. 

Therefore, excision may actually occur more frequently than is observed. In 

the model of Engels et ai., transposition results from the re-insertion of 

excised elements, and thus, these two events, transposition and excision are 

related to each other. The data obtained here show the same trend in both 

excision and transposition frequencies and thus they are consistent with their 

model. Furthermore, the similar trends in patterns of excision and 

transposition suggest that common factors, including host-encoded factors, 

which influence excision frequency also influence transposition frequencies. 

In the transposition assay employed in this study only one recipient of 

transformation was used for each species. There may, therefore, be a problem 

about concluding that transposition frequencies in these two species differ. It 

would have been better to have used several M strains. However, there are 

technical difficulties in constructing single marked insert strains using 

several different recipient strains. It may be possible that, by chance, the 

strains which I used are very different from the average in their properties. 

However, within-species differences were not statistically different in the 

excision assay. If the mechanisms of excision and transposition share some 

control system as mentioned above, it may be expected that within-species 
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differences of transposition were not significant. If so, it may not be necessary 

to be concerned about the fact that only one strain was used as a recipient for 

each species. 

The effect of paternal strains was not significant in contributing to the 

variance of the transposition frequencies. In the case of D. meianogaster, 

there were more P elements (both complete and deleted P elements) in the 

genome of Harwich than in Para Wirra. Therefore, the total number of the P 

elements in the genome may not be directly related to transposition 

frequencies. 

In the mixed population experiments, the same strains were used as in 

the transposition assay. The Harwich strain always showed higher GD 

sterility than Para Wirra in the mixed population experiments (see chapter 3). 

As described, the differences in transposi tion frequencies between these two 

strains were not statistically significant and GD sterility and transposition 

frequency did not show a clear relationship. It could be argued that a 

threshold value in transposase concentration is required for transposition, 

and if the concentration crosses this threshold line, transposition frequencies 

are not further influenced by the concentration. There may be no simple 

relationship between transposase and GD sterility, because GD sterility is 

likely to be influenced by many factors. 
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Figure 5-1.--- The structure of plasmids used in the 
transposition assay: 
(a) pUChsneo 
(b) pMClneo poly A 

138 



139 

oxiginal singlGmaxk,Qd.F element inselt 

Go ===:::11 '-__ ---II ,-I ___ ...,,11 ... ___ .... 
J • 111..-__ --1 

~~~m#~ Imi;:;!1:1~J 1111~1111~1~1~1J 
(single insert strain. AS125 etc) 

....--______ ---1 (Haxwich. Para Wirra. DsPn5C17 01 DsPn5C27) 

x 

Gl 

1 
::1 ==e~~~~~~~~11 e~~~~~1 I l~t~~::~~~t~~1 

a l I~I =~~~II I 
d e~~~~mmm3 :e~~~1=-==1 ::1 =~~~~~~~;:~~~ 

I II 1 ... 1 ___ .... 

new site 

G 2 b ::1 ===ti~a ::1 ==-=:::!I ::1 ===o:::!1 I II 1 ... 1 ___ .... 

new site new site 
f ::1 ===:::1 ~m1111~1~1~131 :: ===o~1 

~I ___ .... II I~I ___ .... 

etc 

Figure 5-2. ---- lviating scheme for transposition assay for 
D. melanogaster and D. simulans. Various kinds of 
progenies are shown in the G2 generation. Only female 
individuals are shown as example. Individuals b, c, and f 
carry marked P elements that have transposed to new 
genomic sites. Individuals a and f do not carry the 
original inserts because of segregation or recombination. 
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Figure 5-3. ----A sample of Southern blots from the transposition 
assay. Each lane represents genomic DNA extracted from 
100 adults flies. 10 Jlg of DNA were loaded in each lane 
and probed with the pMClneo plasmid. 
(1). ASl25 DNA cut with Hind ill 
(2). AS 125 DNA cut with Bam HI/ Eeo RI 
(3)-(6):DNA from G2 flies from ASl25 vs Harwich crosses. 
cut with Bam H I / Eeo RI (duplicate 1) 
(7)- (10). same as above. (duplicate 2). 
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Table 5-1 
Transposition frequencies of marked P elements 

Single Transposase Number of new sites in Transposition rate in 
insert sourse strains duplicate trials a duplicate trails b 
strains (paternal) 
(maternal) 

D. melanogaster 
AS59 Harwich 3 6 0.75 1.50 

Para Wirra 5 6 1.25 1.50 
AS125 Harwich 12 13 3.00 3.25 

Para Wirra 12 14 3.00 3.50 
AS247 Harwich 4 4 1.00 1.00 

Para Wirra 4 6 1.00 1.50 
AS273 Harwich 3 3 0.75 0.75 

Para Wirra 3 4 0.75 1.00 

D. simulans 
DS9 DsP1t5C17 3 4 0.75 1.00 

DsP1t5C27 4 3 1.00 0.75 
DS12 DsP1t5C17 1 0 0.25 0.00 

DsP7t5C27 1 0 0.25 0.00 
DS18 DsP1t5C17 2 1 0.50 0.25 

DsP1t5C27 2 1 0.50 0.25 
DS26 DsP1t5C17 1 2 0.25 0.50 

DsP1t5C27 2 5 1.25 0.50 

a Number of faint bands on Southern blots per 400 G2 flies. 
b Transposition rate is the proportion of new sites / 400. 
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Table 5-2 
Analysis of Variance of transposition frequenies 

Source df Sum of Squares Mean Squares F p>F 

Species 1 153.1 153.1 158.5 0.0001 
Maternal 

strains 6 243.3 40.5 42.0 0.0001 
Paternal 

strains 2 3.3 1.6 1.7 0.2090 

Error 22 21.3 1.0 

Total 31 420.9 

R2: 0.950 C. V.= 23.5 
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Table 5-3 
Least squares means of transposition frequencies obtained from 

the Analysis of Variance shown in Table 5-2. 

Strains Species Least squares means 

Maternal strains 
AS 125 D. melanogaster 3.19 
AS 59 D. melanogaster 1.25 
AS 247 D. melanogaster 1.13 
AS 273 D. melanogaster 0.81 
DS9 D. simulans 0.88 
DS26 D. simulans 0.63 
DS 18 D. simulans 0.38 
DS 12 D. simulans 0.15 

Paternal strains 
Para wirra D. melanogaster 1.69 
Harwich D. melanogaster 1.50 
DsP7t5C27 D. simulans 0.57 
DsP7t5C17 D. simulans 0.44 

All tested strains D. melanogaster 1.59 
All tested strains D. simulans 0.51 



CHAPTER 6 

DISCUSSION 

A. Summary of experiments 

In order to compare the population dynamics of P elements in the 

sibling species D. melanogaster and D. simulans, I performed three sets of 

studies, mixed population experiments, excision assays and transposition 

assays. 

Mixed population experiments 
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In this series of comparative experiments, the P-M mixed populations 

of D. melanogaster evolved into P or Q populations, depending on the 

strength of P strains used as the original parental strains. However, no mixed 

populations of D. simulans evolved into P populations; even when the 

strongest P strains of D. simulans were used, all mixed populations evolved 

into Q or M' populations. 

Excision assays 

Using the assay system of O'Brochta and Handler (1988) excision 

frequencies in a variety of strains of D. melanogaster and D. simulans were 

measured. On average, excision frequencies of P elements from plasmids 

were significantly lower in D. simulans than in D. melanogaster. In addition, 

there were no statistically significant correlations between GD sterility and 

excision frequencies. 

Transposition assays 

Using single neomycin -marked P elements, transposition frequencies 

of P elements were compared in D. melanogaster and D. simulans. As with 
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excision frequencies, transposition frequencies were lower in D. simulans 

than in D. melanogaster. In addition, the position of the original insertion 

sites had a strong effect on transposition frequency. 

B. Conclusions of the experiments 

Comparison of phenotypic assays of P element behavior in 

D. melanogaster and D. simulans mixed population experiments 

demonstrated clear and consistent differences between the two species in the 

frequency of P element movement. The general trends in the results of the 

excision and transposition assays and those of the population experiments are 

consistent; that is, they showed significantly lower average activity of P 

elements in D. simulans than in D. melanogaster. This consistency suggests 

that these three sets of results are influenced by common factors either 

directly and/or indirectly. Furthermore, as shown by the results of the 

excision assay, host-encoded factors influence the differences in excision 

frequencies between D. melanogaster and D. simulans. Therefore, the results 

of the mixed population experiments and the transposition assays may also be 

influenced by host-encoded factors. 

C. A model of species-specific differences in P element regulation and P 

element dynamics. 

In order to try to obtain a better understanding of the relationship 

between the results of the three experiments and to speculate about the 

dynamics of P elements in the two species, I have attempted to reformulate 

and interpret the available information in terms of "P element regulation". 

Although, as mentioned earlier, our understanding of P regulation is far 



from perfect, the following is a working model for regulation of the P-M 

system as it is currently understood. 
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It seems that transposable element-encoded factors (transposase and 

repressor proteins) may compete with transcription factors and RNA 

polymerase IT (RNA polymerase complex) for the cis binding site of P 

elements (Kaufman and Rio 1991). Kaufman and Rio, using an in vitro 

system, showed that P transposase is a transcription repressor. They showed 

that the yeast transcription factor TFllD and RNA polymerase IT cannot bind 

to the P element promoter when transposase blocks the cis binding site of P 

elements. Their results suggest that competition of the RNA polymerase IT 

complex with P transposase may determine the rate of transcription of P 

elements. 

From current available evidence, I propose that the activity of P 

elements is determined simply by a combination of three factors: the amounts 

of transposase, repressor proteins, and host-encoded factors. The ratio of the 

amounts of RNA polymerase complex, transposase and repressors may 

largely determine cytotype which may be modified by other additional host

encoded factors. Although we do not know the location of the binding site of 

repressor molecules on the P element, it is possible that the same site is 

shared by repressors and transposase. According to this scenario, the three 

molecules (transposase, repressor and RNA polymerase complex) compete for 

that cis binding site. If transposase binds to the cis site, the P element 

transposes. If repressor binds, then nothing happens. Finally, if RNA 

polymerase complex binds to the promoter and blocks the cis-site, 



147 

transcription of P element sequences coding for transposase and/or repressors 

occurs, and transposition of this element does not occur. 

Normally transposase is expressed in the germline and repressors are 

expressed both in the germline and soma (Misra and Rio 1990). We do not 

know the timing of expression of repressors and transposase. They may be 

expressed in embryos, but alternatively, they may be expressed earlier, and 

stored in embryos as maternal factors. H this is so, in hybrid dysgenic 

embryos there would be no repressor and transposase proteins in the 

germline because there would be no maternal P transposase and/or 

repressors. Thus transcription of the P element would occur and P 

transposase would be expressed in the embryo. Because of the availability of 

these newly synthesized transposases, transposition of P elements would then 

occur and cause hybrid dysgenesis. 

H Q lines were used in dysgenic crosses, similar events would occur, 

but more repressor proteins would be expressed than in the case of P lines, 

because there would be more deleted P elements in Q lines than when P lines 

were used. Some transposition might thus occur and cause some hybrid 

dysgenesis, but this would tend not to be sufficient to cause gonadal sterility. 

In the P cytotype, transposase and repressor would already exist as maternal 

factors, and transcription of P elements would not occur because the cis 

binding site would be occupied by these proteins. The repressor might have 

greater affinity for P elements or there might be more repressors than 

transposase in germline. Therefore, excision of P element would not occur. 

According to the model described above, the results of mixed 

population experiments can be explained as follows. In P-M mixed 
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populations of D. melanogaster, the concentration of both proteins (repressor 

and transposase) tends to be low in the germline and transcription of P 

elements does not occur more frequently than in the original P strains. 

Depending on the ratio of repressor to transposase concentration, mixed 

populations may evolve into P or Q strains. Furthermore, if strong P strains 

are used as parents in a mixed population, the number of complete elements 

which encode transposase would be sufficient for transposition of the 

elements to occur. Thus, the elements would not be lost by drift when the 

population is mixed with M strains. If weak P strains were used in a mixed 

population experiment, there would be more repressors than transposase 

protein, and transposition of P elements would not occur frequently. 

Therefore, if these weak P strains are mixed with M strains, there would be a 

greater chance of losing the limited number of complete P elements by drift. 

In the case of D. simulans mixed populations, the copy number of P 

elements cannot be easily increased, due to the low frequency of transposition 

and excision, as shown in the above experiments, even though there are 

many copies of complete elements. Thus mixed populations tend not to 

become P strains again. 

D. Host-encoded factors 

From the results of my excision assays, it seems likely that host

encoded factors play very important roles in influencing the different 

population dynamics of P elements in the two species. I wish to consider now 

what kind of host-encoded factors are involved in determining these 

differences. Host-encoded factors affecting transposition of transposable 

elements are not as well known in eukaryotes as they are in bacteria. In the 



case of E. coli, host-encoded factors have been relatively well-studied and 

several have been shown to influence the regulation of transposable 
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elements (e.g., Galas and Chandler 1989). I will first review host-encoded 

factors which influence the transposition of E. coli transposable elements, and 

use this information as background for discussing possible host-encoded 

factors affecting Drosophila transposable elements. 

It has been shown that DNA polymerase I is an important host factor 

affecting transposition of transposable elements of E. coli, such as Tn5 and 

Tnl0 (Sasakawa, Uno and Yoshikawa 1981). In a mutant of the pol A gene 

which encodes DNA polymerase I of E. coli, reduced transposition frequencies 

of Tn5 and Tnl0 have been observed (Clements and Syvanen 1981; Sasakawa, 

Uno and Yoshikawa 1981). However, the role of the pol A gene in the 

transposition process remains a matter of speculation. Some DNA 

polymerase I may be needed to fill the gaps at element-target junctions. It is 

also possible that it may actually playa structural role as one component of 

transposition proteins complex (Berg 1989). 

Another host factor affecting the activity of transposable elements of 

E. coli is DNA gyrase. For example, Sternglanz et al. (1981) have reported that 

DNA topoisomerase I-mutant strains exhibit reduced levels of transposition 

of Tn5, Tn9 and Tnl0, but not of Tn3. DNA gyrases are needed to supercoil 

target DNA in preparation for transposition and supercoiling may be 

important in facilitating local melting and sequence recognition by the 

transposition proteins (Berg 1989). 

A third host-encoded factor of E. coli known to affect transposable 

elements is methylase. Dam methylation sites were found at the end of IS20, 
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1550,15903 and other transposable elements (Galas and Chandler 1989). 

Transposition of these elements occurs more frequently when these sites are 

unmethylated than when they are methylated and therefore, methylation 

may be involved in the control of transposition of the elements. For 

example, Dam methylation controls the relative level of transposase and 

repressor in 1550 (Yin, Krebes and Reznikoff 1988). 

Some of the host-encoded factors mentioned above are also known to 

have other roles. The best-studied of these, integration host factor (IHF), binds 

to transposable elements in E. coli (Berg 1989). This histone-like element 

binds adjacent to the transposase, within transposons. IHF has been 

implicated in a variety of cellular processes, including transpositional 

recombination events. Hu, which is a similar binding protein with 

homology to IHF (Galas and Chandler 1989) and IHF seem to stimulate Tnl0 

circle formation in a cell-free system. Even though considerable information 

has been accumulated, the role of these proteins in transposition is not clear. 

In general, then, it appears that host-encoded factors affecting 

transposable element activity are, in many cases, genes which have important 

house-keeping functions in cells, such as replication, translation, 

transcription, recombination and methylation. Because transposable 

elements are also DNA sequences as are other genes in the cell, it is 

reasonable to believe that products of house-keeping genes might act as host 

encoded factors of transposable elements. We do not know what IHF is. 

However, it is possible that IHF is also a kind of house-keeping gene. 

From what is known about E. coli host-encoded factors, it is possible to 

speculate about the analogous factors which influence the transposition of P 
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elements. (Methylation factors are out of consideration, because no 

methylation is observed in Drosophila.). There are several possible 

candidates for host-encoded factors that might influence P element activity as 

follows: 

1. Host-encoded P element binding factors: 

Different host-encoded factors that bind like IHF to either P element 

DNA or to the transposase peptide may influence P element expression, and 

may thus affect transposition frequencies. For example, a P element binding 

protein from D. simulans might not be able to bind as efficiently as one from 

D. melanogaster, resulting in a lower frequency of transposition for 

D. simulans. A DNA binding protein that binds with the terminal 31-base 

pair inverted repeats of the P element was purified by Rio and Rubin (1988). 

This protein is thought to be involved in promoting the transposition 

process. The locus that encodes this protein has not been determined. It is 

not known whether this protein is the only host-encoded factor that governs 

P element transposition. However, if the binding capacities of this or other 

binding proteins differ in D. simulans and D. melanogaster, it is possible that 

this would influence transposition frequencies in the two species. 

The preliminary results of a gel mobility assay (K. R. Peterson, pers. 

comm.) showed different binding patterns when P element DNA was 

incubated with crude protein extracts from D. simulans (8DS) and 

D. melanogaster (Canton S). This result suggests that the binding capacities of 

host proteins may not be the same in different species. 

2. DNA polymerases and other transcription factors: 
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It is possible that DNA polymerase may have different availability to P 

element promoters in the two species. For example, if the D. simulans 

polymerase cannot bind as efficiently as the D. melanogaster heat shock 

protein (hsp) promoter in the pUChs1td2.-3 plasmid, then it follows that the 

amount of P transposase transcripts would be less in D. simulans than in 

D. melanogaster embryos injected with these plasmids. Similarly, P element 

excision from pISP2 would be less frequent in D. simulans than in 

D. melanogaster, because there would be less available transposase in the 

former than the latter. Other transcription factors might influence P element 

activity differently in the two species in a similar way. 

As mentioned earlier, Kaufman and Rio (1991) suggested that the 

outcome of the competition of the RNA polymerase n complex with P 

transposase may determine the transcription of the P elements. If the 

outcome of this competition is not the same in the two species, it may result 

in different dynamics of P elements. 

3. Splicing factors: 

Although there is no splicing mechanism in E. coli, it is possible that in 

Drosophila splicing is a cause of different transposition frequencies. There are 

three introns in the P element transcripts. If these introns cannot be spliced 

properly or efficiently in D. simulans, the post transcription product may 

differ, which may in turn lead to a different rate of translation of the 

transposase. 

In vitro, this may not be unlikely. In the excision assay, O'Brochta and 

Handler (1988) have shown that they are no differences in mRNA transcripts 

from the two species. However, in vivo, differential efficiency of splicing of 
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the third intron in D. simulans and D. melanogaster may still be a candidate 

as another possible cause of the observed differences in P element dynamics. 

H more of the 66 kd repressor protein is produced in D. simulans than in 

D. melanogaster, transposition frequencies of the P element would be 

expected to be less in D. simulans than in D. melanogaster. 

4. Translational factors: 

Another possibility is that factors which control the translation of P 

element peptide transcripts may cause differential mobility of P elements in 

the two species. Although transcription may occur at the same rate in both 

species, the rate of translation of the transposase may differ in 

D. melanogaster and D. simulans. For example, certain translational fac.tors 

may not translate P transposase as efficiently in D. simulans as in 

D. melanogaster. Alternatively, transposase mRNA may degrade at different 

rates, thereby resulting in less transposase peptide production in D. simulans 

than in D. melanogaster. 

5. Other unknown transposable elements: 

Although not host-encoded factors in the strict sense, other 

transposable elements present in D. simulans, but missing in 

D. melanogaster, may inhibit P element mobility in D. simulans. In fact, 

there are mobile elements such as mariner that have been shown to occur in 

D. simulans, but not in D. melanogaster (Hartl 1989). Alternatively, a 

transposable element which does not occur in D. simulans may accelerate the 

mobility of P elements in D. melanogaster. The possibility that other mobile 

elements influence the activity of P element seems unlikely for several 

reasons. First, as Dowsett and Young (1982) showed, the amount of middle 
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repetitive DNA in D. melanogaster is three times higher than in D. simulans. 

Therefore, mariner-type elements may not be common. Second, no other 

known transposable element is cross-mobilized by the P element (Engels 

1989). 

6. Gap repair enzymes: 

Additional possible candidates for host-encoded factors for P element 

transposition, are gap repair enzymes. A mechanism for P element 

transposition has been suggested by Engels et al. (1990). They propose that P 

element transposition occurs by a "cut and paste" mechanism in which a P 

element is nonreplicatively inserted into a new site from a donor site that 

subsequently undergoes double-stranded gap repair. If their hypothesis is 

correct, then gap repair enzymes play an important role in the transposition 

of P elements. Differences in the efficiency of the repair enzymes for 

repairing the gap caused by P element excision may result in different excision 

frequencies. If this turns out to be the case, then repair enzymes could 

constitute host-encoded factors that might unequally influence P element 

dynamics in different species. 

In the excision assay system used in the present study, there were no 

DNA sequences to serve as templates after P elements excised from the 

plasmids. Therefore, differences in gap-repair enzyme function are not likely 

to be the reason for the differences in excision frequencies observed in this 

study. However, repair enzymes may still influence P element dynamics in 

vivo. For instance, if the repair enzymes of D. simulans had different 

efficiencies and capacities than their counterparts in D. melanogaster, it might 

cause an increase in internal deletions of P elements. As some of the deleted 
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elements act as repressors (Black et al. 1987), imperfect repair may cause an 

increase of the repressors and reduce the activity of other mobile elements. 

Alternatively, if gap repair enzymes in D. simulans use wild-type 

homologous chromosomes as repair templates more often than repair 

enzymes do in D. melanogaster, then excision frequencies in both species may 

differ. The use of a wild-type sequence as template will cause reversion to 

wild type and lead to the loss of the element at the insertion site. In such a 

scenario, reversion would occur more frequently in D. simulans than in 

D. melanogaster. Engels et al. (1990) reported that the sister strand is used 

preferentially as the template for repair in D. melanogaster. This may not be 

the case in D. simulans. 

There are several studies which examine the influence of other 

mutations on P element transposition. The mutant alleles mei-41 and mus-

101 produce meiotic abnormalities, and are thought to function in 

postreplication repair of gaps in DNA (Slatko, Mason and Woodruff 1984). 

The mutation mei-9 is thought to be involved in excision repair. Slatko, 

Mason and Woodruff (1984) reported that defects in the postreplication repair 

system may enhance some dysgenic traits, such as segregation distortion, but 

have no effect on others. 

7. Transcription factors: 

Several additional host-encoded factors, other than P elements, are 

known to influence the transposition of Drosophila transposable elements. 

There are many suppressor genes known in Drosophila. In recent research, it 

has been shown that many mutant alleles which are suppressed by these 

genes are mutations caused by insertion of transposable elements (Parkhurst 
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and Corces 1986). Recent intensive study of su(Hw) supports a model of the 

interaction of the retroposon and suppressor gene product (Parkhurst et al. 

1988). Ihe su(Hw) gene encodes a 1100 kd protein that contains 12 copies of 

the zinc finger motif. It also contains an acidic domain with 48% aspartic acid 

and glutamic acid residues (Parkhurst et al. 1988). These two structural 

characteristics are typical of transcription factors. Therefore, the su(Hw) gene 

product is thought to encode the DNA binding protein which may work as a 

transcription factor of gypsy elements. Certain gypsy sequences that bind the 

su(Hw) protein have been implicated in the mutagenic effect of this 

transposable element, and the effect is likely to result from interaction of the 

su(Hw) protein with transcriptional factors necessary for the expression of the 

mutant gene (Parkhurst et al. 1988). This interaction may block the role of 

transcription factors, resulting in a mutant phenotype. 

All examples of suppressor genes which have been studied at the 

molecular level are caused by insertion of the retroposon type of transposable 

element (class I elements) (Bingham and Zachar 1989; Corces and Geyer 1991). 

This fact leads to the question of whether any suppressor mutations are 

caused by insertions of class II elements such as P elements. Recently M. 

Simmons (pers. comm., cited in Engels 1989) found that the supppressor-of

sable (su(s) ) allele showed repression of the snW phenotype. The allele sues) 

had been reported to suppress certain insertion alleles of the transposable 

element 412 (Searls and Voelker 1986). Simmons found that "the bristles of 

snw, but not those of its sne derivatives, appeared wild type in the presence of 

at least some alleles of su(s)." This fact suggests that similar suppressor 

mechanisms may work in P element regulation, too. As mentioned above, 
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su(Hw) encodes a transcription factor. Analogously, a product of sues) may be 

a transcription factor. If so, it is reasonable to propose that some transcription 

factors work as host-encoded factors of P element transposition. 

There is no clue as to which specific host-encoded factors cause the 

observed differences in the dynamics of P elements in D. melanogaster and 

D. simulans. The limited available evidence (especially the gel mobility assay, 

K. R. Peterson pers. comm.) suggests that host-encoded binding factors are 

perhaps the best candidates to account for the difference in P element 

expression between D. melanogaster and D. simulans .. In addition, it is 

possible that several factors influence P element transposition cooperatively. 

Furthermore, any factors listed above cannot be formally ruled out. 

For example, O'Brochta and Handler (1988) could not detect any differences 

between the transcripts of P elements between these two species. However, it 

is possible that there could be small differences in the way D. melanogaster 

and D. simulans process P transcripts which cannot be detected at the level of 

resolution of a northern blot methods. Even small differences at the 

transcript level can potentially yield large differences in the final number of 

transposase molecules. Such a situation would escape detection by northern 

blot analysis, in which case DNA polymerase, transcription factors and 

splicing factors would become more likely candidates. The best way to 

understand the real reason for differences in expression may be to quantify 

peptide levels of transposase. Further studies are needed to clarify this. 

It is unrealistic to suppose that these factors are very different in these 

two species, because they may be house-keeping genes which should be 

conserved in evolution. Therefore, these genes should not differ very much 
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between these two sibling species, and slight differences in these genes would 

cause large differences in dynamics of P elements observed between these two 

species. 

E. Possible evolutionary history of P elements in D. simulans 

Finally, I will discuss the possible reasons for the absence of P elements 

in D. simulans natural population in light of the information obtained from 

my experiments and others studies. As mentioned above, in contrast to 

D. melanogaster, there are no P elements in the genome of wild populations 

of D. simulans and the P elements of D. melanogaster were likely derived 

from D. willistoni by horizontal transfer in the last four decades (Daniels et al. 

1990). The geographical distributions of D. meianogaster and D. simulans 

overlap that of D. willistoni, but where the three occur together in Central 

and Southern America, D. simulans is often found to be the dominant 

species, relative to D. melanogaster. If the hypothesis that the 

D. melanogaster P element came from D. willistoni is true (Daniels et al. 

1990), there may have been an opportunity for P elements to also have 

invaded D. simulans. In addition, we know that D. simulans can be 

transformed relatively easily with P elements by the microinjection 

technique. 

A likely scenario is that because horizontal transfer is likely to be a very 

rare event, it simply may not have occurred in D. simulans. On the other 

hand, recent evidence suggests that mites may act as a vector for P element 

transfer between species. Houck et al. (1991) showed that one species of mite 

(Proctoiaeiaps regalis) picks up Drosophila DNA quite frequently during 

feeding. If the mite actually proves to be a vector, it is possible that gene 



transfer could occur more frequently than previously thought. Although 

horizontal transfer may be rare, it is reasonable that there is still some 

probability that horizontal transfer of P elements from D. willistoni to 

D. simulans would happen. 
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I propose here another scenario to explain why P elements have not 

been found naturally in D. simulans. 

From observations of P elements in D. melanogaster, we can suppose 

that when P elements invade a "new" species successfully, it happens in 

several steps. 

P elements may be first introduced to a single or a few flies by 

horizontal transfer. P elements may transfer more frequently than any 9ther 

DNA sequences, because P elements are transposable. The progeny of the 

horizontal transfer of DNA from one species to another may occur very 

rarely, but it should happen with some frequency in nature. Matings between 

these P transformed flies with non-P flies would likely occur. The organism 

which gets a P element from another organism may be "diluted" out in large 

populations, e.g., by random drift and mating with non-P flies. In particular, 

since flies with P elements have reduced fitness, P-transformed flies might be 

lost from the population. The results of Good and Hickey (1984) indicate that 

P elements decrease in number more rapidly than normal mutant alleles, 

when they are constantly back-crossed into M strains. Their data support the 

idea that P flies may drift out of a population very easily in nature. In 

addition, even when the flies are inbred, P elements may very easily be lost as 

shown by Preston and Engels (1986). 



160 

The data of Preston and Engels (1986), however, also showed that some 

lines can increase copy number of elements. The data of Kidwell, Kimura 

and Black (1988) also support this idea. Therefore, it is possible that very 

small closed populations, in which inbreeding occurs frequently, can increase 

the copy number of P elements. Furthermore, in some cases, it is possible to 

develop strong or relatively strong P strains in D. melanogaster without any 

selection, as the results of Kidwell, Kimura and Black (1988) and those of 

Preston and Engels (1988) show. 

Offspring of these matings might constitute very small local P 

populations and if they inbred continuously, the copy number of P elements 

would increase in small population and a certain fraction would produce 

strong P populations. These small populations might mix with nearby M 

populations. Subsequently, P elements would spread gradually, from initially 

small populations to large populations. In the case of D. melanogaster, it is 

relatively easy to expand P populations from a small strain to a relatively 

large one, once strong P strains have developed by mixture of strong P and M 

strains (Kidwell Novy and Feely 1981; Kiyasu and Kidwell 1984). Small P 

populations may easily invade nearby populations and P elements may easily 

spread throughout the world as seen in D. melanogaster. As shown in the 

mixed population experiments in this study, when relatively weak P strains 

were used, mixed populations did not easily evolve to P populations. 

Therefore, first establishing strong P strains may be an essential condition for 

the spread of P elements. 
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According to the scenario mentioned above, the evolutionary 

explanation of the absence of P elements in D. simulans will be described as 

follows: 

The distributions of D. willistoni and D. simulans overlap, therefore 

DNA exchange, including P elements, by horizontal transfer might happen 

via some unknown vector organism such as a mite. The successful 

transformation of P elements to D. simulans by microinjection methods 

supports the idea that P element might also be transferred to D. simulans in 

nature. 

The experiments involving of P- transformed D. simulans show that 

the copy number of P elements can increase in D. simulans populations. 

(Montchamp-Moreau 1990). Therefore, if D. simulans is transformed by P 

elements from D. willistoni, P elements can increase their numbers. 

However, the result of P element transformation experiments in 

D. simulans by Montchamp-Moreau (1990) shows that the copy number of P 

elements can increase in D. simulans populations, but it is difficult to develop 

P strains in this species even in small bottle population. It must be essential 

for invasion of P element to first develop a strong P population. Therefore, 

this may be a first difficulty for D. simulans to develop P populations in 

nature. 

Daniels, Chovnick and Kidwell (1989), however, showed that it is 

possible to establish P strains in D. simulans by selection. Furthermore, if the 

flies which have P elements also carry adaptive features, the P element in a 

population may increase by hitchhiking. Therefore, it is still possible to 

develop strong P strains in D. simulans in nature. 
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On the other hand, my bottle population studies showed that 

D. simulans mixed populations rarely evolve into P populations, but are 

more likely to evolve into Q or M' population, even though strong P strains 

were used as parental strains of mixed populations. These populations will 

tend to lose P elements by recombination and drift and also by mixture with 

other M populations, because P elements do not transpose very well in the 

genome of D. simulans. Thus, although D. simulans strains may evolve into 

strong P strains, it may not be easy to expand P populations. This may be a 

second difficulty for D. simulans to develop P population in nature. 

As we have seen, there may be two major difficulties which inhibit P 

element invasion in the case of D. simulans. The first difficulty is that it is 

not easy to develop P populations in D. simulans The second difficulty is that 

P populations do not evolve to P populations again after mixture with M 

populations. Because of these difficulties, P elements may not increase their 

numbers in D. simulans and no natural P populations of D. simulans are 

seen. As discussed earlier, the differences of P element behavior between 

D. melanogaster and D. simulans may be caused by different host-encoded 

factors. Therefore, we may conclude that the reason why there are no P 

elements in D. simulans is the presence of different host-encoded factors in 

the two species. 



1. 1 x TBE buffer 

APPENDIX A 

COMPOSmONS OF 1HE SOLUTION 

0.09 M Tris-borate 
0.002MEDTA 

2. Southern denaturing solution for DNA agarose gels. 
1.5MNaCI 
O.5MNaOH 

3. Southern neutralization solution for DNA agarose gels (pH 7.4). 
1.5 MNaCI 

4. 20 x SSPE (pH 7.4) 

5.20 x SSC (pH 7.0) 

6.TE 

0.5 M Trizma Base 

3 MNaCI 
0.2 M NaH2P04·H20 
O.D4MEDTA 

3M NaCI 
0.3 M sodium citrate 

10mM Tris·CI 
1 mMEDTA 

7. Prehybe and hybe solutions for DNA-DNA hybridization. 
5xSSC 
50 % (vol/vol) formamide 
0.1 % (wt/vol) N-Iauroylsarcosine 
0.02 % (wt/vol) SDS 
5.0 % (wt/vol) "Genius" kit blocking reagent. 
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Hybe solution contains denatured DNA (2.5 mllabelled DNA solution 
per 100 cm2 filter). 

8. High salt wash solution for Southern filters 
2xSSC 
0.1 % (wt/vol) SDS 

9. Low salt wash solution for Southern filters 
0.1 x SSC 
0.1 % (wt/vol) SDS 



10 Phosephate buffer for injection 
5mM KCI 
0.1 mM potassium phosphate (pH 6.8) 

11. Hirt solution (pH 7.5) 0.6 % SDS 
0.01 MEDTA 

12. Modified TEN buffer 6 mM Tris 
(pH 7.4) 0.1 mM EDTA 

10 mM NaCI 

13. 1 x TSS (pH 6.5) 10 % PEG 8000 (wt/vol) 
5 % DMSO (vol/vol) 
20mMMgS04 

in LB broth 

14. LB (Luria Bertani) broth 
Per liter: 

10 g bacto-tryptone 
5 g bacto-yeast extract 
10 gNaCI 

164 



APPENDIXB 

COMPOSmONS OF DROSOPHllA MEDIUM 

1. Com meal medium: Water 20/000 ml 
(for 20 1) Agar 340 g 

Yeast 530g 
Sugar 1500g 
Cornmeal 940 g 
Moldex solution 345 ml 

(100 g/l/OOO ml of 95 % ethanol) 

2. Apple juice medium: Water 750 ml 
(for 1 1) Sugar 12.2 g 

Agar 22.5g 
Moldex solution 10 ml 
~pple juice (100 %) 250 ml 

165 



166 

REFERENCES. 

Ajioka, J. W. and D. L. Hartl, 1989 Population dynamics of transposable 
elements, pp. 959-958 in Mobile DNA, edited by D. Berg and H. Howe. 
ASM Publications, Washington, D.C. 

Anxolabehere, D., H. Benes, D. Nouaud and G. Periquet, 1987 Evolutionary 
steps and transposable elements in Drosophila melanogaster: the 
missing RP type obtained by genetic transformation. Evolution 41:846-
853. 

Anxolabehere, D., L. Charles-Palabost, A. Fleuriet and G. Periquet, 1988 
Temporal survey of French population of Drosophila melanogaster: p
M system, enzymatic polymorphism and infection by the sigma virus. 
Heredity 61:121-131. 

Anxolabehere, D. M., M. G. Kidwell and G. Periquet, 1988 Molecular 
characteristics of diverse populations are consistent with a recent 
invasion of Drosophila melanogaster by mobile P elements. Mol. BioI. 
Evo!. 5:252-269. 

Anxolabehere, D., D. Nouaud, G. Periquet and S. Ronsseray, 1986 Evolution 
des potentialities dysgenesiques du systeme P-M dans des populations 
experimentales mixtes P, Q, M, et M' de Drosophila melanogaster. 
Genetica 69:81-95. 

Anxolabehere, D., D. Nouaud, G. Periquet and P. Tchen, 1985 P element 
distribution in Eurasian populations of Drosophila melanogaster; a 
genetic and molecular analysis. Proc. Natl. Acad. Sci. USA 82:5418-5422. 

Anxolabehere, D. and G. Periquet, 1987 P-homolougous sequences in diptera 
are not restricted to the Drosophilidae family. Genet. Ther. 39:211-222. 

Aquadro, C. F., K. M. Lado, and W. A. Noon, 1988 The rosy of Drosophila 
melanogaster and Drosophila simulans . I. Contrasting levels of 
naturally occurring DNA restriction map variation and divergence. 
Genetics 119:875-888. 

Ashburner, M., and F. Lemeunier, 1976 Relationship within the genus 
Drosophila (Sophophora) I. Inversion polymorphism in Drosophila 
melanogaster and Drosophila simulans. Proc. R. Soc. Lond. B 193:137-
157. 



167 

Benz, W. K. and W. R. Engels, 1984 Evidence for replicative transposition of P 
element in Drosophila melanogaster. Genetics 107:s10. 

Berg, C. A. and A. C. Spradling, 1991 Studies on the rate and site-specificity of 
P element transposition. Genetics 127:515-524. 

Berg, D. E., 1989 Transposon TnS, pp. 185-210 in Mobile DNA, edited by D. 
Berg and H. Howe. ASM Publications, Washington, D.C. 

Berger, E. M., 1970 A comparison of gene-enzyme variation between 
Drosophila melanogaster and D. simulans. Genetics 66:677-683. 

Biel, S. W. and D. L. Hartl, 1983 Evolution of transposons: natural selection 
for TnS in Escherichia coli K12. Genetics 103:581-592. 

Bingham, P. M., M. G. Kidwell and G. M. Rubin, 1982 The molecular basis of 
P-M hybrid dysgenesis: the role of the P element, a P strain-specific 
transposon family. Cell 28:995-1004. 

Bingham, P. M. and Z. Zachar, 1989 Retrotransposons and the FB transposon 
from Drosophila melanogaster, pp. 485-502 in Mobile DNA, edited by 
D. Berg and H. Howe. ASM Publications, Washington, D.C. 

Black, D. M., M. D. Jackson, M. G. Kidwell and G. A. Dover, 1987 KP elements 
repress P-induced hybrid dysgenesis in D. melanogaster. EMBO J. 
6:4125-4135. 

Blackman, R. K. and W. M. Gelbart, 1989 The transposable element hobo of 
Drosophila melanogaster, pp. 523-529 in Mobile DNA, edited by D. Berg 
and H. Howe. ASM Publications, Washington, D.C. 

Bodmer, M. and M. Ashburner, 1984 Conservation and change in the DNA 
sequences coding for alcohol dehydrogenase in sibling species of 
Drosophila. Nature 309:425-430. 

Boussy, I. A., 1987 A latitudinal cline in P-M gonadal dysgenesis potential in 
Australian Drosophila melanogaster populations. Genet. Res. 49:11-18. 

Boussy, I. A. and M. G. Kidwell, 1987 The P-M hybrid dysgenesis cline in 
eastern Australian Drosophila melanogaster: discrete P.,Q and M 
regions are nearly contiguous. Genetics 115:737-745. 



Boussy, I. A., M. J. Healy, J. G. Oakshott and M. G. Kidwell, 1988 Molecular 
analysis of the P-M hybrid dysgenesis cline in eastern Australian 
Drosophila melanogaster. Genetics 199:889-902. 

168 

Bownes, M., 1990 Preferential insertion of P elements into genes expressed in 
the germ-line of Drosophila melanogaster. Mol. Gen. Genet. 222:457-
460. 

Bregliano, J. C. and M. G. Kidwell, 1983 Hybrid dysgenesis determinants, pp. 
363-410 in Mobile Genetic Elements, edited by J. A. Shapiro. Academic 
Press, London. 

Brennan, M. D., R G. Rowen and W. J. Dickinson, 1984 Introduction of a 
functional P element into the germ line of Drosophila hawaiinensis. 
Cell 38:147-151. 

Brookfield, J. F. Y., 1991 Models of repression of transposition in P-M hybrid 
dysgenesis of P cytotype and by zygotically encoded repressor proteins. 
Genetics 128: 471-486. 

Brookfield, J. F., E. Montgomery and C. Langley, 1984 Apparent absence of 
transposable elements related to the P elements of D. melanogaster in 
other species of Drosophila. Nature 310:330-332. 

Campbell, A., 1981 Evolutionary significance of accessary DNA elements in 
bacteria. Annu. Rev. Microbiol. 35: 55-83. 

Cariou, M. L., 1987 Biochemical phylogeny of the eight species in the 
Drosophila melanogaster subgroup, including D. sechellia and 
D. orena. Genet. Res., 50:181-185. 

Choudhary, M., and RS. Singh, 1987. A comprehensive study of genetic 
variation in natural populations of Drosophila melanogaster. III. 
Variation in genetic structure and their causes between Drosophila 
melanogaster and its sibling species Drosophila simulans. Genetics 
117:697-710. 

Chung, C. .T., S. L. Niemela and R. H. Miller, 1989 One-step preparation of 
competent Escherichia coli: Transformation and storage of bacterial 
cells in the same solution. Proc. Natl. Acad. Sci. USA 86:2172-2175. 

Clements, M. B. and M. Syvanen, 1981 Isolation of poJA mutation that affects 
transposition of insertion sequences and transposition. Cold Spring 
Harbor Symp. Quant. BioI. 451:201-204. 



Cobb, M., K. Connolly and B. Burnet, 1985 Courtship behavior in the 
melanogaster species sub-group of Drosophila. Behavior 95:203-231. 

Colgan, D. J. and D. S. Angus, 1978 Bisexual hybrid sterility in Drosophila 
melanogaster. Genetics 89:5-14. 

169 

Corces, V. G. and P. K. Geyer, 1991 Interactions of retroposons with the host 
genome: the case of the gypsy element of Drosophila. Trends in Genet. 
7:86-90. 

Coulthart, M. B. and R. S. Singh, 1988 High level of divergence of male
reproductive-tract protein, between Drosophila melanogaster and its 
sibling species, D. simulans. Mol. BioI. Evo!. 5:182-191. 

Daniels, S. B., I. A. Boussy, A. Turkey, M. Carrillo and M. G. Kidwell, 1987 
Variability among "true" M lines in P-M gonadal dysgenesis potential. 
Drosophila Inf. Servo 66:37-39. 

Daniels, S. B., A. Chovnick and M. G. Kidwell, 1989 Hybrid dysgenesis in 
Drosophila simulans lines transformed with autonomous P elements. 
Genetics 121:281-291. 

Daniels, S. B., S. H. Clark, M. G. Kidwell and A. Chovnick, 1987 Genetic 
transformation of Drosophila melanogaster with an autonomous P 
element: phenotypic and molecular analysis of long-established 
transformed lines. Genetics 115:711-723. 

Daniels, S. B., M. McCarron, C. Love, S. H. Clark and A. Chovnick, 1985 
Dysgenesis induced instability of rosy locus transformation in 
Drosophila melanogaster: analysis of excision events and the selective 
recovery of control element deletions. Genetics 109:95-117. 

Daniels, S., B. K. R. Peterson, 1. D. Strausbaugh, M. G. Kidwell and A. 
Chovnick, 1990 Evidence for horizon tal transmission of the P 
transposable element between Drosophila species. Genetics 124: 339-355. 

Daniels, S. B., and 1. D. Strausbaugh, 1986 The distribution of P element 
sequences in Drosophila: the willistoni and saltans species groups. J. 
Mol. Evol. 23:138-148. 

Daniels, S. B., 1. D. Strausbaugh and R. A. Armstrong, 1985 Molecular analysis 
of P element behavior in Drosophila simulans transformants. Mol. 
Gen. Genet. 200:258-265. 



Daniels, S. B., L. D. Strausbaugh, L. Earman and R A. Armstrong, 1984 
Sequences homologous to P elements occur in Drosophila 
paulistorum. Proc. Natl. Acad. Sci. USA 81:6794-6797. 

170 

Doolittle, W. F. and C. Sapienza, 1980 Selfish genes, the phenotype paradigm 
and genome evolution. Nature 284: 601-603. 

Dowsett, A. P. and M. W.Young, 1982 Differing levels of dispersed repetitive 
DNA among closely related species of Drosophila. Proc. Natl. Acad. Sci. 
USA. 79: 4570-4574. 

Eanes, W. F., C. Wesley, J. Hey, D. Houle and J. W. Ajioka, 1988 The fitness 
consequences of P element insertion in Drosophila melanogaster. 
Genet. Res. 52: 17-26. 

Eeken, J. C. J., A. W. M. deJong and M. M. Green, 1987 The spontaneous 
mutation rate in Drosophila simulans. Mut. Res. 192:259-262. 

Egglestone, W. B., D. M. Johnson-Schlitz and W. R Engels, 1988 P-M hybrid 
dysgenesis does not mobilize other transposable element families in D. 
melanogaster. Nature 331: 368-370. 

Emori, Y., T. Shiba, S. Inouye, S. Yuki and K. Saigo, 1985 The nucleotide 
sequences of copia and copia-related RNA in Drosophila virus-like 
particles. Nature 315:773-776. 

Engels, W. R, 1979 Extrachromosomal control of mutability in Drosophila 
melanogaster. Proc. Natl. Acad. Sci. USA 76:4011-4015. 

Engels, W. R, 1989 P element in Drosophila, pp. 437-484 in Mobile DNA, 
edited by D. Berg and H. Howe. ASM Publications, Washington, D.C. 

Engels, W. R, D. M. Johnson-Schlitz, W. B. Egglestone and J. Sved, 1990 High
frequency P element loss in Drosophila is homolog dependent. Cell 
62:515-525. 

Fawcett, D. H., C. K. Lister, E. Kellett and D. J. Finnegan, 1986 Transposable 
elements controlling I-R hybrid dysgenesis in D. melanogaster are 
similar to mammalian LINEs. Cell 47:1007-1015. 

Finnegan, D. J., 1989a Eukaryotic transposable elements and genome 
evolution. Trends in Genet. 5: 103-107. 



Finnegan D. J. 1989b The I factor and I-R hybrid dysgenesis in Drosophila 
melanogaster, pp. 503-517 in Mobile DNA, edited by D. Berg and H. 
Howe. ASM Publications, Washington, D.C. 

171 

Finnegan, D. J., 1990 Transposable elements, pp. 371-384 in The Genome of 
Drosophila melanogaster, part4. edited by D. L. Lindsley and G. Zimm. 
Drosophila Inf. Servo 68. 

Fitzpatrick, B. and J. A. Sved, 1986 High levels of fitness modifiers induced by 
hybrid dysgenesis in Drosophila melanogaster. Genet. Res. 48:89-94. 

Galas, D. J. and M. Chandler, 1989 Bacterial insertion sequences, pp.109-162 in 
Mobile DNA, edited by D. Berg and H. Howe. ASM Publications, 
Washington, D.C. 

Gonzalez, A. M., V. H. Cabrera, J. M. Larruga and A. Gullon, 1982 Genetics 
distance in the sibling species Drosophila melanogaster, Drosophila 
simulans and Drosophila mauritiana. Evolution 36:517-522. 

Good, A. G. and D. A. Hickey, 1987 hybrid dysgenesis in Drosophila 
melanogaster: the elimination of P elements through backcrossing to 
an M-type strain. Genome 29:195-200. 

Good, A. G., G. A. Meister, H. W. Brock, T. A. Grigliatti and D. A. Hickey, 1989 
Rapid spread of transposable P elements in experimental populations 
of Drosophila melanogaster. Genetics 122:387-396. 

Green, M. M., 1967 The genetic of a mutable gene at the white locus of 
Drosophila melanogaster. Genetics 56:467-482. 

Handler, A. M. and D. A. O'Brochta, 1990 Prospects for gene transformation 
in insects. Annu. Rev. Entomol. 36: 159-183. 

Hartl, D. L., 1989 Transposable element mariner in Drosophila species, pp. 
531-536: in Mobile DNA, edited by D. Berg and H. Howe. ASM 
Publications, Washington, D.C. 

Hartl, D. L., Dykhuizen, R. Miller, L. Green, and J. deFramond, 1983 
Transposable element 1550 improves growth rate of E. coli cells 
without transposition. Cell 35:503-510. 

Hey, J., 1989. The transposable portion of the genome of Drosophila algonquin 
is very different from that in D. melanogaster. Mol. BioI. Evol. 



Hey, J., and W. F. Eanes, 1991. An examination of transposable element 
identify and copy number in the euchromatin of Drosophila 
melanogaster. Genetics in press. 

172 

Hiraizumi, Y., 1971 Spontaneous recombination in Drosophila melanogaster 
males. Proc. Natl. Acad. Sci. USA 68:268-270. 

Hirt, B., 1967 Selective extraction of polyoma DNA from infected cell cultures. 
J. Mol. BioI. 26:365-369. 

Houck, M. A., J. B. Clark, K. R Peterson and M. G. Kidwell, 1991 Possible 
horizontal transfer of Drosophila genes by the mite Proctolaelaps 
regalis. Science in press. 

Hudson, R R., M. Kreitman and M. Aqade, 1987 A test of neutral molecular 
evolution based on nucleotide data. Genetics 116:153-159. 

Hutter, P. and M. Ashburner, 1988 Genetic rescue of inviable hybrids between 
Drosophila melanogaster and its sibling species. Nature 327:331-333. 

Hyytia, P., P. Capy, J. R. David and R. S. Singh, 1985 Enzymatic and 
quantitative variation in European and African populations of 
Drosophila simulans. Heredity 54:209-217. 

Inoue, Y., 1988 Chromosomal mutation in Drosophila melanogaster and 
Drosophila simulans. Mut. Res. 197:85-92. 

Inoue, Y. H., and Yamamoto M-S.,1987 Insertional DNA and spontaneous 
mutation at the white locus in Drosophila simulans. Mol. Gen. Genet. 
209:94-100. 

Jackson, M. S., D. M. Black and G. A. Dover, 1988 Amplification of KP 
elements associated with the repression of hybrid dysgenesis in 
Drosophila melanogaster. Genetics 120:1003-1013. 

Kaplan, N., T. Darden and C. Langley, 1985 Evolution and extinction of 
transposable elements in Mendelian populations. Genetics:109:459-480. 

Karess, R. E. and G. M. Rubin, 1984 Analysis of P transposable element 
functions in Drosophila. Cell 38:135-146. 

Kaufman, P. D., R. F. Doll and D. C. Rio, 1989 Drosophila P element 
transposase recognizes internal P element DNA sequences. Cell 59:369-
371. 



173 

Kaufman, P. D. and D. C. Rio, 1991 Drosophila P-element transposase is a 
transcriptional repressor in vitro. Proc. Nat!. Acad. Sci. USA 88:2613-
2617. 

Kelly, M. R, S. Kidd, R L. Berg and M W. Young, 1987 Restriction of P
element insertions at the Notch locus of Drosophila melanogaster. Mol. 
Cell. BioI. 7:1545-1548. 

Kidwell, M. G., 1979 Hybrid dysgenesis in Drosophila melanogaster: the 
relationship between the P-M and I-R interaction systems. Genet. Res. 
33:105-117. 

Kidwell, M. G., 1983 Evolution of hybrid dysgenesis determinants in 
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 80:1655-1659. 

Kidwell, M. G., 1986 P-M mutagenesis, pp. 59-81 in Drosophila: A practical 
approach, edited by D. B. Roberts. IRL Press, Oxford. 

Kidwell, M. G., 1990 Evolutionary aspects of hybrid dysgenesis in Drosophila. 
Can. J. Zool. 68:1716-1726. 

Kidwell, M. G. and J. F. Kidwell, 1976 Selection for male recombination in 
Drosophila melanogaster. Genetics 84:333-351. 

Kidwell, M. G, K. Kimura and D. M. Black, 1988 Evolution of hybrid 
dysgenesis potential following P element contamination in Drosophila 
melanogaster. Genetics 119:815-828. 

Kidwell, M. G., J. B. Novy and S. M. Feeley, 1981 Rapid unidirectional change 
of hybrid dysgenesis potential in Drosophila. J. Hered. 72:32-38. 

Kimura, K. and M. G. Kidwell, 1988 Transfer of P element between 
Drosophila simulans and Drosophila mauritiana. Genome 30:423. 

Kiyasu, P. K. and M. G. Kidwell, 1984 Hybrid dysgenesis in Drosophila 
melanogaster: the evolution of mixed P and M populations maintained 
at high temperature. Genet. Res. 44: 251-259. 

Kyriuacou, C. P. and J. c. Hall, 1982 The function of courtship song rhythms 
in Drosophila. Anim. Behav. 30:794-801. 

Lachaise, D., J. David, F. Lemeunier, L. Tsacas and M. Ashburner, 1986 The 
reproductive relationship of Drosophila sechellia with D. mauritiana, 



D. simulans and D. melanogaster from the Afrotropical region. 
Evolution 40:262-271. 

174 

Langley, C. H., E. Montgomery and W. F. Quattlebaum, 1982 Restriction map 
variation in the Adh region of Drosophila me1anogaster. Proc. Natl. 
Acad. Sci USA 79:5631-5635. 

Lansman, R. A., S. N. Stacey, T. A. Grigliatti and H. W. Brock, 1985 Sequences 
homologous to the P mobile element of Drosophila melanogaster are 
widely distributed in the subgenus Sophophora. Nature 318:561-563. 

Laski, F. A., D. C. Rio and G. M. Rubin, 1986 Tissue specificity of Drosophila P 
element transposition is regulated at the level of mRNA splicing. Cell 
44:7-19. 

Laurie, C. c., E. M. Heath, J. W. Jacobson and M. S. Thomson, 1991 Genetic 
basis of the difference in alcohol dehydrogenase expression between 
Drosophila melanogaster and Drosophila simulans. Proc. Natl. Acad. 
Sci. USA 87:9674-9678. 

Lee, W. H. and T. K. Watanabe, 1987 Evolutionary genetics of the Drosophila 
melanogaster subgroup I. Phylogenetic relationship based on matings, 
hybrids and proteins. Jpn. J. Genet. 62:225-239. 

Lemeunier, F., J. R David, L. Tsacas, and M. Ashburner, 1986 The 
melanogaster species group, pp. 148-239 in The Genetics and Biology of 
Drosophila, Vol3e. edited by M. Ashburner, H. L. Carson and J. N. 
Thompson Jr. Academic Press, London. 

Lemke, D. E., J. Tonzetich and M. V. Shumeyko, 1978 Resistance to radiation 
induced chromosomal rearrangements in Drosophila simulans. 
Drosophila Inf. Servo 53:159-161. 

Levis, R, M. Collins and G. M. Rubin, 1982 FB elements are the common 
basis for the instability of the wDZL and W C Drosophila mutations. Cell 
30:551-565. 

Mackey, T. F. c., 1986 Transposable element-induced fitness mutations in 
Drosophila melanogaster. Genet. Res. 48:77-87. 

Mackay, T. F. C., 1987 Transposable element-induced polygenic mutations in 
Drosophila melanogaster. Genet. Res. 49:225-233. 

Mackay, T. F. c., 1988 Transposable element-induced quantitative genetic 
variation in Drosophila, pp. 219-253 in Proceeding of the Second 



175 

International Congress in Quantitative Genetics. edited B. S. Wier, E. J. 
Eisen, M. M. Goodman and G. Namkoong. Sinauer, Sunderland, MA. 

Maniatis, T., E. F. Fritsch and J. Sambrook, 1982 Molecular Cloning: A 
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, 
N.Y. 

Manning, A., 1959 The sexual behavior of two sibling Drosophila species. 
Behavior 15:123-145. 

McClelland, c., J. Hanish, M. Nelson and Y. Patel, 1988 KGB: a single buffer 
for all restriction endnuc1eases. Nuc1. Acids Res. 16:364. 

Miller, L. H., R. K. Sakai, P. Romans, R. W. Gwadz, P. Kantoff and H. G. Coon, 
1987 Stable integration and expression of bacterial gene in the mosquito 
Anopheles gambiae. Science 237:779-781. 

Misra, S. and D. C. Rio, 1990 Cytotype control of Drosophila P element 
transposition; The 66 kd protein is a repressor of transposase activity. 
Ce1162:269-284. 

Montchamp-Moreau, c., 1990 Hybrid dysgenesis in P-transformed lines of 
Drosophila simulans. Evolution 44:194-203. 

Mukai, T., 1964. The genetic structure of natural population of Drosophila 
melanogaster. I Spontaneous mutation rate of polygene controlling 
viability. Genetics 50:1-19. 

Mukai, T., M. Baba, M. Akiyama, N. Uowaki, S. Kusakabe and F. Tajima, 1985 
Rapid change in mutation rate in a local population of Drosophila 
melanogaster. Proc. Nat!. Acad. Sci. USA 82:7671-7675. 

Mullins, M., D. Rio and G. M. Rubin, 1989 Cis-acting sequence requirements 
for P element transposition. Gene. Dev. 3:729-738. 

Nitasaka, E., T. Mukai and T. Yamazaki, 1987 Repressor of P element in 
Drosophila melanogaster: cytotype determination by a defective P 
element with only open reading frames 0 through 2. Proc. Nat!. Acad. 
Sci. USA 84:7605-7608. 

O'Brien, S. J. and R. J. MacIntyre, 1969 An analysis of gene-enzyme variability 
in natural populations of Drosophila melanogaster and D. simulans. 
Am. Nat. 103:97-113. 



176 

O'Brochta, D. A., S. P. Gomez and A. M. Handler, 1991 P element excision in 
Drosophila melanogaster and related drosophilids. Mol. Gen. 
Genet:225:387-394. 

O'Brochta, D. A. and A. M. Handler, 1988 Mobility of P elements in 
drosophilids and nondrosophilids. Proc. Natl. Acad. Sci. USA 85:6052-
6056. 

O'Hare, K. and G. M. Rubin, 1983 Structure of P transposable elements and 
their sites of insertion and excision in the Drosophila melanogaster 
genome. Cell 34:25-35. 

Ohnishi, S., A. J. L. Brown, R A. Voelker, and C. H. Langley, 1982 Estimation 
of genomic variability in natural populations of Drosophila simulans 
by two-dimensional and starch gel electrophoresis. Genetics 100:127-
136. 

Orgel, L. E. and F. H. C. Crick, 1980 Selfish DNA: ultimate parasite. Nature 
284:604-607. 

Parkhurst, S. M. and V. G. Corces, 1986 Interaction among the gypsy 
transposable element and the yellow and the suppressor of Hairy wing 
loci in Drosophila melanogaster. Mol. Cell. BioI. 6:47-53. 

Parkhurst, S. M., D. A. Harrison, M. P. Remington, C. Spana, R. L. Kelley, R. S. 
Coyne and V. G. Corces, 1988 The Drosophila su(Hw) gene, which 
controls the phenotypic effect of the gypsy transposable element, 
encodes a putative DNA-biding protein. Gene. Dev. 2:1205-1215. 

Parsons, P. A. and S. M. Stanley, 1981 Domesticated and widespread species, 
pp. 349-393 in The Genetics and Biology of Drosophila edited by M. 
Ashburner, H. L. Carson and J. N. Thompson Jr. Vol3a. Academic 
Press. London. 

Patau,V. K., 1935 Chromosomenmorpholgie bei Drosophila melanogaster 
und Drosophila simulans und ihre genetische Bedeutung. 
N aturwissenschaften 23:537-543. 

Picard, G., 1976 Non-mendelian female sterility in Drosophila melanogaster: 
heredity transmission of I factor. Genetics:107-123. 

Potter, S. S., 1982a DNA sequence of a foldback transposable element in 
Drosophila. Nature 297:201-204 



Potter, S. S., 1982b DNA sequence analysis of a Drosophila foldback 
transposable element rearrangement. Mol. Gen. Genet. 188:107-110. 

177 

Preston, C. R. and W. R. Engels, 1989 Spread of P transposable elements in 
inbred lines of Drosophila melanogaster. Prog. Nucleic Acid. Res. Mol. 
BioI. 36:71-85. 

Rasmusson, K. E., M. J. Simmons, J. D. Raymond and C. F. McLarnon, 1990 
Quantitative effects of P elements on hybrid dysgenesis in Drosophila 
melanogaster. Genetics 124:647-662. 

Rio, D. C., 1990 Molecular mechanisms regulating Drosophila P element 
transposition. Annu. Rev. Genet. 24:543-578. 

Rio, D. C., G. Barnes, F. A. Laski, J. Rine and G. M. Rubin, 1988 Evidence of 
Drosophila P element transposase activity in mammalian cells and 
yeast. J. Mol. BioI. 200:411-415. 

Rio, D. C., F.A. Laski and G.M. Rubin, 1986 Identification and 
immunochemical analysis of biologically active Drosophila P element 
transposase. Cell 44:21-32. 

Rio, D. C. and G. M. Rubin, 1988 Identification and purification of a 
Drosophila protein that binds to the terminal 31-base-pair inverted 
repeats of the P transposable element. Proc. Nat!. Acad. Sci. USA 
85:8929-8933. 

Robertson, H. M., 1988 Mating asymmetrics and phylogeny in the Drosophila 
melanogaster species complex. Pac. Sci. 42:72-80. 

Robertson, H. M., C. R. Preston, R. W. Phillis, D. Johnson-Schlitz, W. K. Benz 
and W. R. Engels, 1988 A stable genomic source of P element 
transposase in Drosophila melanogaster. Genetics 118:461-470. 

Sakoyama, Y., T. Todo. S. I. Chigusa, T. Hojo and S. Kondo, 1985 Structures of 
defective P transposable elements prevalent in natural Q and Q
derived M strains of Drosophila melanogaster. Proc. Nat!. Acad. Sci. 
USA 82:6236-6239. 

Sambrook, J./ E. F. Fritsch and T. Maniatis, 1989 Molecular c101'ling: A 
laboratory manual, second edition. Cold Spring Harbor Lab. Cold 
Spring Harbor, N. Y. 



178 

SAS Institute Inc., 1989 SAS/STAT users's guide, version 6, Fourth edition, 
vol. 2. SAS institute Inc. Cary, NC. 

Sasakawa, c., Y. Uno and M. Yoshikawa, 1981 The requirement for both DNA 
polymerase and 5' to 3' exonuclease activities of DNA polymerase I 
during Tn5 transposition. Mol. Gen. Genet. 182:19-24. 

Satta, Y. and N. Takahata, 1990 Evolution of Drosophila mitochondrial DNA 
and the history of the meianogaster subgroup. Proc. Natl. Sci. USA 
87:9558-9562. 

Satta, Y., N. Toyohara, C. Ohtaka, Y. Tatsuno, T. K. Watanabe, E. T. Matsuura, 
S. I. Chigusa and N. Takahata, 1988 Dubious maternal inheritance of 
mitochondrial DNA in D. simulans and evolution of D. mauritiana. 
Genet. Res. 52:1-6. 

Scavarda, N. J., and D. L. Hartl, 1984 Interspecific DNA transformation in 
Drosophila. Proc. Natl. Acad. Sci. USA 81:7615-7619. 

Scavarda, N. J. and D. L. Hartl, 1987 Germ line abnormalities in Drosophila 
simulans transfected with the transposable P element. J. Genet. 66:1-15. 

Searls, L. and R. A. Voelker, 1986 Molecular characterization of the 
Drosophila vermilion locus and its suppressible alleles. Proc. Acad. 
N atl. Sci. USA. 83:404-408. 

Shah, D. M. and C. H. Langley, 1979 Interspecific and intraspecific variation 
in restriction maps of Drosophila mitochondrial DNA. Nature 281: 696-
699. 

Shiba, T. and K. Saigo, 1983 Retrovitus-like particles containing RNA 
homologous to the transposable element copia in D. melanogaster., 
Nature 302:119-124. 

Simmons, M. J. and L. M. Bucholz 1985 Transposase titration in Drosophila 
melanogaster; a model of cytotype in the P-M system of hybrid 
dysgenesis. Proc. Natl. Acad. Sci. USA 82:8119-8123. 

Solignac, M., M. Monnerot and J. -co Mounolou, 1986 Mitochondrial DNA 
evolution in the melanogaster species subgroup of Drosophila. J. Mol. 
Evol. 23:31-40. 



179 

Slatoko, B. E., J. M. Mason, and R C. Woodruff, 1984 The DNA transposition 
system of hybrid dysgenesis in Drosophila melanogaster can function 
despite defects in host DNA repair. Genet. Res. 43:159-171 

Southern, E., 1975 Detection of specific sequences among DNA fragments 
separated by gel electrophoresis. J. Mol. BioI. 98:503-512. 

Spradling, A. C., 1986 P element-mediated transformation, pp. 175-197 in 
Drosophila: A practical approach, edited by D. B. Roberts. IRL Press, 
Oxford. 

Spradling, A. C. and G. M. Rubin, 1982 Transposition of cloned P elements 
into Drosophila germ line chromosomes. Science 218:341-347. 

Stacey, S. N., R A. Lansman, H. W. Brock, and T. A. Grigliatti, 1986 
Distribution and conservation of mobile elements in the genus 
Drosophila. Mol. BioI. Evol. 3:522-534. 

Steller, H. and V. Pirrota, 1986 P transposons controlled by the heat shock 
promoter. Mol. Cell. BioI. 6:1640-1649. 

Sternglanz, R, S. DiNardo, K. A. Voelkel, Y. Nishimura, Y. Hirota, K. 
Becherer, L. Zumstein, and J. C. Wang, 1981 Mutations in the gene 
coding for Escherichia coli DNA topoisomerase I affect transcription 
and transposition. Proc. Natl. Acad. Sci. USA 78:2747-2751. 

Sturtevant, A. H., 1919 A new species closely resembling Drosophila 
melanogaster. Psyche. 26:153-155. 

Sturtevant, A. H., 1920 Genetic studies on Drosophila simulans. I. 
Introduction. Hybrids with Drosophila melanogaster. Genetics 5:488-
500. 

Takamura, T. and T. K. Watanabe, 1978 Further studies on the lethal hybrid 
rescue(Lhr) gene of Drosophila simulans. Jpn. J. Genet. 55:405-408. 

Throckmorton, L. H., 1975 The phylogeny, ecology and geography of 
Drosophila, pp. 421-469 in Invertebrates of Genetic Interests edited by 
R King, Handbook of Genetics, Vol III. Plenum press, N.Y. 

Tsacas, L. and D. Lachaise, 1974 Quatre nouvelles especes de la C6te-d'Ivoire 
du genre Drosophila, groupe melanogaster, et discussion du sous
groupe melanogaster (Diptera:Drosophilaidae). Ann. Univ. Abidjan, 
Ser. E 7:194-211. 



180 

Tsubota, S., and P. Schedl, 1986 Hybrid dysgenesis-induced revertants of 
insertions at that 5' end of the rudimentary gene in Drosophila 
melanogaster: transposon-induced control mutations. Genetics 114:165-
182. 

Uyenoyama, M., 1985 Quantitative models of hybrid dysgenesis: rapid 
evolution under transposition, extrachromosomal inheritance and 
fertility selection. Theor. Pop. BioI. 27:176-201. 

Varmus, H. and P. Brown, 1989 Retroviruses, pp. 53-108 in Mobile DNA, 
edited by D. Berg and H. Howe. ASM Publications, Washington, D.C. 

Watada, M., Y. N. Tobari and S. Ohba, 1986 Genetic differentiation in 
Japanese populations of Drosophila simulans and D. melanogaster. I. 
Allozyme polymorphisms. Jpn. J. Genet. 61:253-269. 

Watanabe, T. K., 1979 A gene that rescues the lethal hybrids between 
Drosophila melanogaster and D. simulans. Jpn. J. Genet. 54:325-331. 

Watanabe, T. K. and M. Kawanishi, 1976 Colonization of Drosophila 
simulans in Japan. Proc. Jpn. Acad. 52:191-194. 

Watanabe, T. K. and M. Kawanishi, 1978 Geographical distribution of 
Drosophila simulans in Japan. Zoo I. Mag. 87:109-116. 

Woodruff R. C. and M. Ashburner, 1978 The frequency of X-ray induced 
breakage in the sibling species Drosophila melanogaster and 
Drosophila simulans. Am. Nat. 112:456-459. 

Yannopoulous, G., N. Stamatis and J. C. J. Eeken, 1986 Differences in the 
cytotype and hybrid dysgenesis inducer ability of different P-strains of 
Drosophila melanogaster. Experimentia 42:1283-1285. 

Yin, J. C. P., M. P. Krebs and W. S. Reznikoff, 1988 The effect of dam 
methylation on Tn5 transposition. J. Mol. BioI. 199:35-45. 

Young, M. W., 1979. Middle repetitive DNA. A fluid component of the 
Drosophila genome. Proc. Nat!. Acad. Sci. USA. 76:6274-6278. 

Yukuhiro, K. and T. Mukai, 1986 Increased detrimental load possibly caused 
by a transposon in a local population of Drosophila melanogaster. Jpn. 
J. Genet. 61:24-43. 


