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ABSTRACT 

In recent years it has become possible to study the 

relationships between organisms by a comparison of the 

extent to which their nucleic acids cross-hybridize. How

ever, few studies have been conducted attempting to apply 

this technique to an investigation of the species contained 

within a single genus and for this reason experiments were 

conducted to determine the practicality of applying the 

technique of DNA-DNA hybridization to a small group of 

species within the genus Drosophila. The members of this 

group are: D. nannoptera, D. pachea, D. acanthoptera, and 

an undescribed Drosophila, species w. 

Experiments were designed to characterize some of 

the physical properties of Drosophila DNA, to label iri vitro 

125 . the DNA with Iodine, to analyze the DNA reassociation 

kinetics, and to detect differences between the single-copy 

DNAs of the Drosophila species. It was found that the 

species of Drosophila examined have DNAs which band in CsCl 

at 1.704 to 1.706 g/cc and one to three light satellite 

components. From 15% to 40% of the total DNA of each 

Drosophila species is made up of satellite sequences. 

The reassociation of the Drosophila DNAs, under 

standard conditions, occurs over 9 decades of Cot values 

and has been analyzed for individual kinetic components by 

viii 



the method of least-squares curve fitting by a computer 

program. The haploid genome of each Drosophila species is 

composed of at least three DNA sequence reiteration 

frequency components: (1) highly repetitive (400,000 to 

40,000 copies); (2) middle repetitive (1,000 to 400 copies); 

and (3) single-copy sequences. The genome of each species 

contained about 25% repetitive DNA. From the analysis of 

DNA reassociation it was determined that D. nannoptera had 

g 
less than half the amount of DNA per genome (1.1 x 10 NTP) 

Q 
than did the other three species (2.4 x 10 NTP). Most of 

the difference in DNA content between the species resided in 

the single-copy components. 

DNA-DNA hybridization experiments between species of 

Drosophila revealed differences in single-copy sequence 

homology contained within the species genomes. Thermal 

stability comparisons between DNAs indicated that approxi

mately 5% to 8% sequence divergence has occurred between the 

DNA sequences which had been hybridized in the experiments. 

Hybridization of DNA from one member of this group with a 

distantly related species of Drosophila indicated that a 2-

to 3-fold higher level of sequence divergence exists between 

the single-copy DNAs of these species. It is concluded that 

single-copy DNA-DNA hybridization experiments are useful as 

a tool for investigating species relationships in the genus 

Drosophila. 



INTRODUCTION 

This dissertation describes an attempt to classify a 

limited group of organisms by a direct determination of the 

degree of similarity of genetic material. The monumental 

task of taxonomically describing and classifying the 

existing species of plants, animals, and microbes has 

occupied the time of many scientists since Carl Linnaeus 

began systematizing the previous efforts at classifying 

living things. After Charles Darwin introduced the concept 

of evolution in Origin of Species the descriptive phase of 

taxonomic work was accompanied by an attempt to deduce 

phylogenetic relationships between organisms and hence to 

incorporate the evolutionary history of a group of organisms 

into the classification schemes. In this way taxonomists 

have played a decisive and necessary role in the development 

of the synthetic theory of evolution. Until about 10 to 15 

years ago, relationships between organisms have been deduced 

mostly from comparative structural and morphological 

studies, but cytogenetic, developmental, and genetic 

criteria have also been employed. More recently it has 

become possible through the use of biochemical methods to 

obtain a quantitative estimate of "genetic distance" between 

different organisms. These methods include the comparison 

of biochemical pathways, comparisons of proteins by 

1 
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electrophoretic, immunological, and amino acid sequencing 

techniques, as well as direct comparisons of nuclein acids 

by hybridization techniques. This dissertation describes a 

comparison of the genetic material of several species of 

Drosophila and from the results, the overall similarity 

between the species has been deduced. 

The materials studied by nucleic acid hybridization 

are six Drosophila species. The genus Drosophila was 

established by Fallen in 1823, and since then taxonomists 

have described over 1200 species belonging to this group of 

insects (see Patterson and Stone, 1952; and Wheeler, 1970, 

for lists of species). There is considerable species 

diversity within the genus Drosophila and the members of the 

genus have been arranged into several subgenera and further, 

into clusters of species called species groups primarily on 

the basis of anatomical and morphological criteria 

(Sturtevant, 1939; Stone, 1962). 

The Drosophila species examined are: D. pachea 

Patterson and Wheeler, D. acanthoptera Wheeler, D. nannop-

tera Wheeler, D. melanogaster Meigen, D. mojavensis 

Patterson and Crow, and an undescribed species designated as 

"species w." D. acanthoptera and D. nannoptera appeared 

morphologically very dissimilar to Wheeler (1949) and these 

apparently bore no obvious taxonomic relationship to D. 

pachea which Patterson and Wheeler (1942) had described some 

years earlier. However, Throckmorton (1962; cited in Heed 



and Kircher, 1965) and Ward and Heed (1970) have concluded 

on the basis of internal morphology and cytogenetic com-

parisons that D. nannoptera, D. pachea, D. acanthoptera, and 

species w probably belong together in one species group in 

the subgenus Drosophila (see Literature Review Section for a 

fuller discussion of their taxonomic history). 

The work described here was undertaken for a two

fold purpose: (1) to attempt to determine by an independent 

method whether D. pachea, D. nannoptera, D. acanthoptera, 

and species w are indeed closely related to the extent that 

it is reasonable to classify them together into a species 

group; and (2) to determine whether a direct comparison of 

DNA sequences is useful for distinguishing different degrees 

of relatedness among Drosophila species. To this end, D. 

mojavensis and D. melanogaster were included in the study as 

representing species with different presumed relationships 

to those under investigation. Both are members of different 

species groups, the first in the same subgenera as the 

species under investigation, the second in another. 

The relationship between the different species was 

determined by a direct comparison of their nonrepeated DNA 

sequences employing the technique of molecular hybridiza

tion. The results show that this technique is capable of 

detecting and quantifying nucleotide sequence homology and 

base mismatch between the DNAs of different Drosophila 

species. Furthermore, the results demonstrate that D. 
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pachea, D. nannoptera, D. acanthoptera, and species w are 

indeed more closely related than was originally thought 

based on morphological grounds alone. Further, they are all 

more closely related to each other than they are to D. 

mojavensis and D. melanogaster. 

Additional information concerning the genetic 

material of the species examined was obtained during the 

course of characterizing the DNAs for use in molecular 

hybridization experiments. Centrifugation studies showed 

that the bulk of the DNA from D. pachea, D. nannoptera, D. 

acanthoptera, and species w is similar in CsCl buoyant 

density and hence in base composition. In addition, they 

contain one to three light buoyant density DNA satellites, 

such that each species of Drosophila shares one or more of 

the satellites with at least one other species. Studies of 

DNA reassociation kinetics revealed that the DNA of each of 

the species is composed of at least three nucleotide 

sequence frequency components, the most slowly reassociating 

component representing DNA sequences present once per 

haploid genome. 



LITERATURE REVIEW 

Taxonomic Background of Drosophila Species 

This dissertation deals primarily with four 

Drosophila species whose formal taxonomic relationships have 

not yet been established. D. acanthoptera and D. nannoptera 

appeared taxonomically and anatomically so dissimilar that 

the subgenus Sordophila was specifically erected for the 

first species and the second species was assigned to a 

monotypic species group in the subgenus Sophophora (Wheeler, 

1949). D. pachea Patterson and Wheeler (1942) was 

originally assigned to the repleta species group within the 

subgenus Drosophila. The fourth species examined is as yet 

undescribed and is designated as "species w" (Ward and Heed, 

1970). Throckmorton (1962; cited in Heed and Kircher, 1965) 

examined the adult internal morphology of D. nannoptera and 

D. pachea and found them similar. At present, these two 

species are listed by Wheeler (1970) as members of the 

subgenus Drosophila. Ward and Heed (1970) have shown that 

the D. acanthoptera and species w are cytologically closely 

related to D. pachea and D. nannoptera. The authors showed 

that the four species share the same banding pattern in each 

of the polytene chromosomes except for four interspecific 

inversions and that the metaphase karyotypes differ among 

the species only in the position and amount of 

5 
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heterochromatic segments. Despite the close cytological 

relationship, the four species yielded no hybrid offspring 

when crossed in the laboratory although recently it has been 

found that sexual isolation is not complete between certain 

species and they will cross inseminate (Heed, Russell, and 

Ward, 1975). 

DNA Reassociation Kinetics 

The two complementary strands of DNA in solution 

separate from each other when the solution is heated above a 

characteristic temperature called the melting temperature 

(Tm) (Marmur and Doty, 1959). Base paired structures will 

form between complementary sequences when the solution is 

then incubated under appropriate conditions at a temperature 

of 25°C below the Tm (Marmur and Doty, 1961). The process 

of reforming base pairs between single-stranded DNA 

molecules is generally referred to as DNA reassociation. 

The study of DNA reassociation kinetics yields significant 

information about genome size, DNA sequence frequency 

distribution, and genome organization and this in turn has 

stimulated models of gene regulation for higher organisms 

(see Davidson and Britten, 1973, for a review of these 

subjects). 

The reassociation between two complementary DNA 

molecules to form a base paired structure results from their 

collision, and therefore the rate of the reassociation 



reaction depends on their DNA concentration. The reassocia 

tion of DNA from E. coli or various other prokaryotes 

follows ideal second-order kinetics according to the 

following equation: 

C = 1 
Co 1 + KCot 

where 

C = concentration of single-stranded DNA after re-

association , 

Co = initial concentration of single-stranded DNA, 

K = reaction rate constant, and 

t = time. 

Britten and Kohne (1968) have devised a method for 

graphically representing the results of a reassociation 

experiment by plotting the fraction of DNA remaining single 

stranded as a function of the logarithm of Co X t (referred 

to by the acronym Cot). Therefore reactions carried out at 

different concentrations and/or times may be intercompared 

and the data combined to give a more complete view of the 

time course of the reaction. Thus the curve that describes 

the DNA reassociation reaction is generally referred to as 

a "Cot curve." 

Cot^^ the product of the initial DNA concentra

tion and time for completion of one-half of the DNA re-

association reaction. It can be seen from the second-order 

kinetics equation that the reaction rate constant is equal 



to the reciprocal of the Cot, or K = ^—r . It has been 
1/2 Coti/2 

both deduced on theoretical grounds and found empirically 

that the rate constant of the DNA reassociation reaction is 

linearly related to the genome size of the prokaryotic 

organism from which the DNA has- been isolated. Therefore 

the genome size of an organism can be estimated from the 

rate at which the DNA reassociates in comparison with a DNA 

whose genome size and reaction rate constant are known. 

Because of the relationship between K and Cot^^ either 

value can be utilized for comparing DNA reassociation 

reactions. I have chosen to use Cot^^2 to describe the 

reaction because it is more readily apparent from the Cot 

curve. 

Several factors affect the reassociation kinetics of 

DNA reactions and there has been agreement in the field to 

conduct experiments under standard conditions so that they 

can be compared with other results. Among the parameters 

which affect reassociation kinetics are incubation tempera

ture, cation concentration, and DNA fragment size. The 

manner in which these factors affect DNA reassociation 

reactions has been well studied (see, for example, Wetmur 

and Davidson, 1968; Britten, Graham, and Neufeld, 1974). 

It is thus possible to refer experimental results obtained 

under a variety of conditions to a standard set of condi

tions. The standard conditions of DNA reassociation adopted 

by most workers are: (1) temperature of reassociation is 



-f 
Tm - 25°C; (2) cation concentration is 0.18 M Na ; and (3) 

single-strand DNA fragment length is 200-500 nucleotides. 

The reassociation kinetics of the DNA extracted from 

most eukaryotes has been found not to follow ideal second-

order kinetics as does that of bacteria and viruses 

(Britten and Kohne, 1968). This is because there are 

several distinguishable fractions of nucleotide sequences in 

eukaryotic DNA. In addit on to nucleotide sequences which 

are present only once per haploid genome, eukaryotic DNA 

also contains nucleotide sequences which occur from a few to 

many times per haploid genome. The Cot curve resulting from 

the reassociation of eukaryotic DNA is a more complex curve 

than found for prokaryotic DNA. The complex curve can 

sometimes be broken down into individual second-order 

kinetic curves, each of which describes an individual DNA 

fraction or kinetic component. This is most easily done 

with the aid of a computer program such as the one designed 

by Turner and Britten (see Britten et al., 1974) 

The reassociation of DNA from calf thymus tissue 

results in a Cot curve with two major kinetic components and 

will serve as an illustration for describing eukaryotic Cot 

curves. This DNA has a fraction that reassociates very 

rapidly with a Cot^^ = 0.03 and a more slowly reassociating 

fraction with a Cot-jy2 ~ 3000 (Britten and Kohne, 1968). 

The latter fraction is made up of sequences present only 

once in the calf genome and is called single-copy (SC) 
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sequence. Therefore, the sequences in the rapidly re-

associating fraction must be repeated approximately 100,000 

times relative to single copy sequences according to the 

following relationship: 

Cot, SC fraction 
7T—r —. • ••• c zr = reiteration frequency, Cot^^ repetitive fraction J 

and 

3000 
0.03 

100,000. 

Estimation of the genome size of eukaryotes from 

reassociation experiments is done by identifying the slowly 

reassociating component which is single-copy (SC) DNA and 

relating the Cot^^ °f this fraction to a Cot^^ °f the ^NA 

from a prokaryote with a known genome size. The propor

tionality between these two sets of measurements provides an 

accurate estimate of the genome size (Britten, 1971) . 

Hydroxyapatite Technique for Assaying 
Extent of DNA Reassociation 

A common method for assessing the proportion of DNA 

reassociated at any Cot is to separate single- from double-

stranded DNA and to estimate the concentration of each by 

spectrophotometric means. A procedure in common practice 

for achieving the separation is hydroxyapatite chroma

tography (Bernardi, 1965; Miyazawa and Thomas, 1965). 

Hydroxyapatite (HAP) is a form of calcium phosphate and is 

generally prepared commercially by the method of Tiselius, 
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Hjerten, and Levin (1956). Nucleic acids endowed with 

rigid, ordered secondary structures have more affinity for 

HAP than do flexible ones (Bernardi, 1965). Thus, double-

stranded DNA adsorbs to HAP at intermediate molarities 

(e.g., 0.12 M) of PB (where PB is a mixture of equimolar 

quantities of NaH2PO^ and Na2HPO^) whereas the single-

stranded molecules wash through. At a 0.50 M PB concentra

tion the double-stranded DNA is released from the HAP and 

eluted in the buffer wash. 

A major advantage of the HAP technique is the 

ability to separate the reassociated DNA from the incubated 

DNA mixture and then to directly characterize the adsorbed 

DNA by thermal chromatography. The latter technique 

(Miyazawa and Thomas, 1965) consists of raising the tempera

ture of the HAP in discrete steps and after each step, the 

DNA which has been rendered single-stranded is eluted from 

the HAP. This provides a means for estimating the thermal 

stability of the reassociated DNA product in addition to 

measuring the extent of reassociation. Bernardi (1971) and 

Britten et al. (1974) have exhaustively reviewed the methods, 

theory, and advantages of the HAP technique for analyzing 

nucleic acid molecules 

Reassociation of Eukaryotic DNA 

The DNA reassociation kinetics of many organisms 

have been investigated since the first report (Britten and 
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Kohne, 1968) that a large number of eukaryotes contain 

repetitious DNA. A current, comprehensive review of the 

organization of animal genomes is given by Davidson and 

Britten (1973) and for specific groups of organisms the 

reader is referred to: (1) Cellular Slime Moild, Firtel and 

Bonner (1972); (2) Crabs, Vaughn (1975); (3) Rodents, 

Santiago and Rake (1973) and Rake (1974); (4) Plants, 

Zimmerman (1975), Stein and Thompson (1975), and Smith and 

Flavell (1975); (5) Amphibians, Straus (1971); (6) Birds, 

Shields and Straus (1975); (7) Insects, Lagowski et ai. 

(1973), Gage (1974), Sachs and Clever (1972), and Sohn, 

Rothfels, and Straus (1975). The studies relating to 

organization of the Drosophila genome will be discussed in 

detail. 

Early studies by Laird and McCarthy (1969) utilized 

spectrophotometric measurements for determining the re-

association kinetics of D. melanogaster, D. simulans, and 

D, funebris, The first two are sibling species and had 

identical DNA reassociation kinetics. Their SC sequences 

reassociated 25 times more slowly than did those of E, coli 

DNA in contrast to the SC sequences of the more distantly 

related D. funebris which reassociated 50 times more slowly 

than the bacterial DNA, Others using this technique have 

obtained reassociation kinetics very similar to that found 

for D. melanogaster (Wu, Hum, and Bonner, 1972). 
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Laird (1971) repeated the D. melanogaster measure

ments using the HAP technique and refined his measurements 

by including the reference radiolabeled E. coli DNA in the 

Drosophila DNA incubation mixture. He found in this case 

that the SC sequences of D. melanogaster reassociated 33 

times slower than E. coli DNA, which translates into an 

Q 
estimated genome size for melanogaster of 1.7 x 10 NTP. 

Schachat and Hogness (1974) assayed the reassocia-

tion of D. melanogaster DNA using nuclease, an enzyme 

which specifically degrades single-stranded DNA, and by this 

method confirmed the results of Laird (1971). 

Independent measurements of the genome size based 

on Feulgen staining (Rasch, Barr, and Rasch, 1971) and 

viscometry (Kavenoff and Zimm, 1973) also both set the 

g 
genome size of D. melanogaster at 1.7 x 10 NTP. 

With the same precision of measurement Laird and 

coworkers (Dickson, Boyd, and Laird, 1971) have used re-

association kinetics to estimate the genome size of D„ hydei 

g 
as 2.8 x 10 NTP. The earlier measurements of D. funebris 

DNA reassociation (Laird and McCarthy, 1969) indicate that 

the genome size of D. funebris could be as large as or 

larger than the genome of D. hydei. Therefore it appears 

that different species of Drosophila can have different 

size genomes and that this difference can be as great as 

two-fold between species which are members of different 

subgenera. These measurements establish that Drosophila 
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species have relatively small genomes sizes (0.1-0.3 x 

-12 10 g) in comparison with that of many other eukaryotic 

organisms (Laird, 1973). As a consequence, Drosophila, 

among its other attributes as a convenient organism for 

genetic studies, is also favorable for studying nucleic 

acid interactions because of the relatively low Cot values 

required for complete reassociation of the DNA. 

The reassociation kinetics of Drosophila DNA have 

established that there is repetitive DNA contained within 

the genome. Recent investigations (Manning, Schmid, and 

Davidson, 1975; Schachat and Hogness, 1974) have determined 

that the DNA of D. melanogaster contains a minimum of three 

components with different reiteration frequencies. About 

70% of the DNA is composed of single-copy sequences (see 

also, Laird et al., 1974). This value is somewhat lower 

than originally estimated (Laird and McCarthy, 1969; Laird, 

1971; Wu et al., 1972) and may stem from different methods 

of DNA extraction, reassociation assay, and from reassoci-

3ting DNA extracted at different developmental stages. The 

remaining 30% of the melanogaster genome is composed, in 

approximately equal amounts, of a highly repetitive (24,000 

copies) and a middle repetitive component (70 copies) (see 

also Botchan et al., 1971, for the kinetics of the fast 

component). 

Differences in the amounts of repetitive DNA have 

been observed for various Drosophila species but no attempt 
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has been made to characterize these differences by re-

association analysis. For instance, Laird and McCarthy 

(1969) found twice as much repetitive DNA in D. funebris as 

in D. melanogaster. It has also been determined that cells 

and tissues from different developmental stages may differ 

in the proportions of repetitive and SC components. This 

is especially noticeable in the DNA from polytene nuclei 

where highly repetitive DNA is found lacking,, DNA from D. 

hydei pupae or embryos consists of approximately 80% SC 

whereas DNA from salivary polytene nuclei contain over 9 5% 

SC sequences (Dickson et al., 1971). The authors concluded 

that most of the SC sequences present in non-polytene nuclei 

undergo essentially equal replication in the formation of 

polytene chromosomes in salivary gland tissues. However, 

the fast reassociating fraction of DNA in the non-polytene 

nucleus is probably under-replicated during polytenization 

of the salivary chromosomes. 

Cytochemical observations with D. melanogaster 

(Rudkin, 1969) and the result of in situ hybridization of 

CsCl buoyant density satellites of D. virilis DNA (Gall, 

Cohen, and Polan, 1971) show that DNA in centrometric 

heterochromatin is also under-represented in polytene 

chromosomes, Dickson et al. (1971) therefore suggested that 

the repeated sequences in D. hydei were located at or very 

near the centromeres, probably in the pericentric hetero

chromatin. This has been confirmed with the purified 
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satellites of D. virilis, which are localized in hetero-

chromatin and have been shown to reassociate very rapidly 

with a Cotx/2 °"^ less than 0.01 (Blumenfeld, Fox, and 

Forrest, 1973). 

In contrast to D. virilis which contains over 40% of 

its diploid DNA in satellite bands, D. hydei has only a 

small CsCl density gradient satellite representing about 3% 

of the DNA from non-polytene uclei but lacking in DNA from 

polytene cells (Dickson et al., 1971; Hennig, Hennig, and 

Stein, 1970; Hennig, 1972). It can therefore be concluded 

that some but not all highly repetitive Drosophila DNA: 

(1) forms buoyant density satellites, (2) is localized in 

heterochromatic segments adjacent to the centromeres, and 

(3) is under-represented in polytene DNA. 

Application of DNA Hybridization to 
Evolutionary Biology 

Molecular techniques for the study of nucleic acid 

sequence similarity provide a quantitative measurement of 

genetic homology between different organisms. The 

detection of genes held in common allows not only taxonomic 

relationships to be evaluated, it may also indicate an 

evolutionary relationship among the organisms in question. 

Most of the early nucleic acid hybridization studies had 

been conducted using the DNA-agar or the DNA-membrane 

filter techniques. A full description of these and other 

methods for studying nucleic acid hybridization is given by 



Church (1973). Investigations utilizing the agar technique 

have compared the amount of DNA/DNA or DNA/RNA hybridization 

between various microorganisms (McCarthy and Bolton, 1963), 

mammals (Hoyer, McCarthy, and Bolton, 1964), plants 

(Bendich and Bolton, 1967), and rodents (McLaren and 

Walker, 1970). Similarly the membrane technique has 

extended the nucleic acid sequence comparisons to include 

other plants (Bendich and McCarthy, 1970; Chooi, 1971; and 

Goldberg, Bemis, and Siegel, 1972), birds (Schultz and 

Church, 1972), salamanders (Mizuno and Macgregor, 1974), 

and insects (Laird and McCarthy, 1968; Robertson, Chipchase, 

and Man, 1969; and Entingh, 1970). The majority of these 

studies have compared organisms on broad taxonomic levels. 

The magnitude of the difference found between the different 

organisms varied with respect to the taxonomic levels 

compared. Differences between genera were larger than 

differences between species of a group, for example. 

The hybridization conditions of the DNA-agar tech

nique yield a maximum Cot between 1 and 100 (Britten and 

Kohne, 1968), and for DNA from higher organisms only the 

repeated sequences will hybridize appreciably at these low 

Cot's. Nucleic acid hybridization experiments carried out 

with Drosophila (Laird and McCarthy, 1968; Robertson et al., 

1969; Entingh, 1970) utilizing the DNA membrane technique 

with conditions of hybridization similar to those employed 

in the DNA-agar technique, detected the formation of hybrid 
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molecules almost exclusively between repetitive sequences. 

The hybridizations with Drosophila DNA resulted in imper

fectly paired structures as determined from the thermal 

stabilities (Tm) of the hybrid molecules. The Tm of the 

hybridized homologous DNA was 78°C instead of 85°C for 

perfectly paired native D. melanogaster DNA (Laird and 

McCarthy, 1968). Differences measured between Drosophila 

DNAs under these conditions will reflect variability in 

sequences within families of repeated sequences, rather 

than between strictly homologous sequences. Laird and 

McCarthy (1968) found a 25% sequence similarity (Tm = 65°C) 

between DNA from melanogaster and funebris, and a 7 5% 

similarity (Tm = 75°C) between melanogaster and simulans 

DNAs. They concluded from these measurements that the level 

of sequence homology in the genus Drosophila is equivalent 

to the homology found between higher taxons in other groups 

of organisms, for example the genera belonging to different 

families in order Rodentia. However, the interpretation of 

results such as these is difficult because differences in 

genome sizes between species of Drosophila may be accom

panied by distributional differences in sequence reiteration 

frequencies. The limitations that are inherent in these 

hybridization techniques and the factors which govern the 

specificity of the reactions have been evaluated by McCarthy 

and Church (19 70). 



19 

Sequence homology of single-copy DNA sequences is 

generally studied by conducting liquid hybridization 

reactions and assaying the hybrid molecules by HAP chroma

tography. The following studies have determined the extent 

of single-copy sequence similarity within many groups of 

animals using these methods. 

Kohne, Chiscon, and Hoyer (1972) have measured the 

DNA nucleotide changes which have occurred since the 

divergence of various primates. Comparisons made between 

man and chimpanzee showed the highest level of sequence 

similarity (95%) with only a slightly lower (ATm = -1.5°C) 

Tm than the homologous reaction. At the other extreme the 

single-copy sequences from man and the prosimian, Galago, 

are only capable of forming duplexes to a limited extent 

(60%) and the resulting duplexes have a ATm = -28°C. Both 

the extent of reassociation between the various primate 

DNAs and the thermal stability measurements agreed with the 

paleontological view of the relationships between the 

primates tested. 

Among the Artiodactyls the cow shares about 95% and 

60% of its single-copy DNA sequences with the sheep and 

pig, respectively (Laird, McConaughy, and McCarthy, 1969). 

The DNA duplexes which formed between these organisms have 

thermal stabilities of 5 to 11°C below the homologous 

reaction. Results quantitatively similar to the Artiodactyl 

comparisons have also been found between different genera 
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and families of birds (Shields and Straus, 1975). The 

amount of nucleotide sequence variation among rodents is, 

by comparison, much greater than that found among primates 

or Artiodactyls. Single-copy DNA from different rodent 

genera share a range in sequence similarity (20-75%) and in 

lowered thermal stabilities (ATm's = -15 to -25°C) (Laird 

et al„, 1969; Kohne et al., 1972; Rice and Esposito, 1973; 

Rice, 1974). 

Relatedness between different species of the same 

genus based on measurements of DNA nucleotide sequence 

similarity has been determined for a number of organisms. 

No difference was found between the DNAs of four closely 

related species of birds belonging to the genus Junco 

(Shields and Straus, 1975). Rice (1974) could detect dif

ferent amounts of single-copy sequence homology between 

different members of the genus Peromyscus. In general, the 

heterologous rodent DNAs were only 70% to 90% as effective 

as the homologous DNA in reassociating with the labeled 

single-copy DNA. The thermal stabilities of the heterolo

gous DNA hybrids were generally 4°C below the homologous 

value. Among four species of Neurospora sequence homology 

between DNAs averaged 83% with a ATm = -4°C (Dutta and 

Ojha, 1972). Finally, the investigation most relevant to 

the material studied in this dissertation is the determina

tion of sequence homology between the DNAs of different 

species and genera of black flies (Sohn et al., 1975). Two 
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of the black fly species are capable of forming inter

specific hybrid offspring and these species showed about 90% 

homology in their DNA sequences with only a slight de

pression in thermal stability (ATm = -2°C). Other com

parisons between black fly species revealed smaller homolo

gies between DNA sequences (40 to 60%) and greater ATm's 

(-7 to -11°C). The authors constructed a phylogenetic 

relationship between the black flies based on the DNA 

measurements and determined that some species of black 

flies classified in the same genus based on morphological 

characteristics are molecularly as distant from each other 

as they are from other genera of black flies. 



MATERIALS AND METHODS 

Preparation of DNAs 

The following species of Drosophila examined in this 

study are listed with their collection locality: (1) D. 

pachea, Patterson and Wheeler (1942), Sonora, Mexico; (2) 

D. acanthoptera, Wheeler (1949), D. nannoptera, Wheeler 

(1949), and an undescribed Drosophila species, species w, 

Oaxaca, Mexico; and (3) D. melanogaster (Oregon R). Cul

tures of Drosophila were raised in half-pint milk bottles on 

a standard banana food medium, composed of bananas, malt, 

corn syrup, and yeast (Heed and Kircher, 1965), Young 

adults were removed regularly and stored at -20°C until 40 

to 90 g (approximately 100,000 to 200,000 adults flies) of 

flies had been collected for DNA extraction, DNA was pre

pared from a crude nuclear pellet by the following method 

adapted from Laird and McCarthy (1968) and Eckhardt and 

Gall (1971). Frozen adults were homogenized by mortar and 

pestle in 10 volumes of ice-cold homogenizing buffer with 

[0.05M Tris (tris-[hydroxymethyl]amino methane), 0.025 M 

KCl, 0,005 M CaC^r 0.35 M Sucrose, pH 7.6], The homo-

genate was filtered through cheesecloth, the filtrate 

centrifuged for 10 minutes at 5,000 x g, and the resulting 

nuclear pellet resuspended in 2 volumes of 0.1 M EDTA 

(ethylene diamine tetracetate), 0,05 M Tris, pH 8,4. 

22 
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Sarkosyl (sodium lauryl sarcosinate, NL-97 Geigy) was added 

to 0.5% to lyse the nuclei and the mixture was incubated for 

20 minutes at 50°C. Pronase (Calbiochem), which had been 

preincubated for 1/2 hour at 37°C, was added to the lysed 

nuclear suspension to 200 pg/ml and the mixture incubated 

for 2 hours at 37°C in order to degrade proteins. The 

lysate was further deproteinized by shaking for 20 minutes 

with a phenol-m-cresol mixture (88:12 v/v) containing 0.1% 

8-hydroxyquinoline (Hastings and Kirby, 1966), The phenol 

and cresol had been redistilled before use and the mixture 

had been saturated with 0.0 5 M Tris - 0.1 M EDTA, pH 8.4 

before use as a deproteinizing agent. Two volumes of 

ethanol were added to the aqueous phase to precipitate 

the nucleic acids which were subsequently resuspended in 

0.05 M Tris - 0.015 M NaCl (pH 7.6). The solution was 

incubated at 37°C with pancreatic RNase (100 yg/ml), T^ 

RNase (30 units/ml), and a-amylase (100 M g/ml) for 2-1/2 

hours and finally with pronase (500 Mg/ml) for 2 hours. The 

DNA containing solution was treated two times with phenol-

cresol-hydroxyquinoline followed by chloroform-isoamyl 

alcohol (24:1) and ethanol precipitation and resuspension 

as described above. Most DNA preparations at this stage 

had contaminating pigment material and in order to free the 

DNA from this material, the DNA solution was adjusted to 

0.4 M NaCl and the DNA precipitated by adding CTAB 

(cetyltrimethy1ammonium bromide) to 1.4% (Hill, Wayne, and 
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Gross, 1972). The pellet, recovered by centrifugation, was 

washed with 0.4 M NaCl, and dissolved in 1 M NaCl. The 

resultant solution was treated with chloroform-isoamyl 

alcohol and the DNA again precipitated with ethanol. Upon 

resuspension, the purified DNA solution had optical density 

260/280 nm and 260/230 nm ratios greater than 1.8 and 2,2, 

respectively. The DNA concentration was estimated by 

assuming that a 1000 pg/ml solution of DNA in a 1-cm path-

length has an OD of 20 at 260 nm (Hastings and Kirby, 

1966). The yield of purified DNA varied between 0.8 and 

1.7 mg DNA per 10 g of wet frozen adult flies, 

Analytical Ultracentrifugation 

The buoyant density of the Drosophila DNA was 

determined by equilibrium centrifugation in CsCl, using the 

Spinco model E ultracentrifuge. DNA from the brains and 

associated imaginal discs of 6-10 Drosophila third instar 

larvae was examined by a procedure described by Gall et al. 

(1971), The larval tissues were placed in 0.1 ml of 

0.0 5 M Tris - 0.05 M EDTA - 0.5% Sarkosyl, pH 8.4, 

homogenized in a Konte microflex tube with a Kel-F pestle, 

and incubated at 50°C. After 1-2 hours, 0.5 ml of 0.02 M 

Tris, pH 8.5 and 0,7500 g CsCl was added and the sample 

placed directly into the cell for centrifugation. Samples 

containing 1 to 3 \ig of purified DNA in 0,8 ml of CsCl at 

a density of 1,70 g/cc were loaded into cells containing 



25 

Epon, 12 mm, 4° sector centerpieces and were centrifuged 

at 44,000 rpm for 18-20 hours at 20°C in an AN-F rotor. The 

samples were photographed on Kodak commercial film using 

ultraviolet optics and the negatives subsequently scanned 

for optical density with a Gilford model 2400--S spectro

photometer equipped with a linear transport device and film 

adapter accessory. DNA from Micrococcus lysodeikticus 

(Miles) was used as a density reference (p = 1.731 g/cc) and 

the densities of the Drosophila DNA were calculated using 

the method of Mandel, Schildkraut, and Marmur (1968). 

Shearing of DNA and Measurement of 
Fragment Lengths 

Short native DNA fragments for use in reassociation 

experiments were obtained by blending DNA solutions at high 

speed (50,000 rpm for 30 minutes) in a VirTis 60 homogenizer. 

DNA (300 yg/ml) solutions consisted of 67% glycerol and 

0,2 M sodium acetate (pH 6,0) and were cooled with a dry 

ice/ethanol bath during blending (Britten et al«r 1974), 

The sheared DNA was precipitated with ethanol, resuspenced 

in 0.2 M sodium acetate, and the resulting DNA solution was 

passed over a Chelex (BioRad) column to remove possible 

contaminating cations which may alter DNA reassociation 

rates (Britten et al., 1974). The DNA was again precipi

tated with ethanol and finally resuspended in a minimum 

volume of Chelex treated 0,01 M PB (PB is a mixture of 

equimolar quantities of Na2HPO^ and Nal^PO^). All PB used 



26 

for subsequent DNA reassociation reactions was routinely 

treated with Chelex. 

The single-strand molecular weights of the sheared 

DNA samples in 0.9 M NaCl - 0.1 M NaOH were determined by 

analytical band sedimentation velocity in a model E ultra-

centrifuge according to the procedure of Studier (1965). 

The five different sheared DNA preparations were similar and 

had an average (+ S.E.) sedimentation coefficient of 

S°2q w ~ 4.6 +0.1. The average size of the single-strand 

DNA fragments for the different DNA preparations ranged from 

180 to 260 nucleotides with an average length of 220 

nucleotides. 

In Vitro Iodination of DNA 

12 5 
DNA was labeled in vitro with Iodine using the 

method of Commerford (1971) as modified by Orosz and Wetmur 

(1974) for minimizing DNA degradation. Purified Drosophila 

nannoptera DNA was iodinated (60°C for 20 minutes) in a 

-4 
final reaction mixture containing 200 ]jg/ml DNA, 1.0 x 10 

— £ ] n c 
M KI, 6.0 x 10 M TlCl^ t 200 pCi/ml of Na I (carrier 

free, Amersham/Searle), 0.1 M sodium acetate and 0.04 M 

acetic acid (pH 5.0). The DNA sample was dialyzed 

exhaustively at 4° and then at 60°C against a buffer 

containing 0.4 M NaCl, 0.015 M Nal^PO^, 0.0002 M EDTA 

12 5 (pH 6,0) in order to remove unreacted I. A toluene-

based scintillation fluid containing 0,005% POPOP plus 0,4% 
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PPO was used to determine the radioactivity of the sample. 

One volume of Triton X-100 or Scintisol (Isolab) was mixed 

respectively with 2 or 5 volumes of toluene fluid in order 

to solubilize aqueous samples. Samples were counted in a 

12 5 Beckman Model LS-230 scintillation spectrometer with a I 

isoset. The specific activity of different labeled DNA 

preparations ranged from 0. 5 to 1 x 10^ cpm/|jg, 

Conditions for Reassociation of DNA 

Known concentrations of sheared Drosophila DNA in 

0.12 M PB, unless otherwise noted, were denatured in Konte 

microflex vials or sealed capillary tubes by heating in a 

boiling water bath for 10 minutes and were then incubated 

at 60°C for specified periods of time. Following incubation 

the samples were frozen in a solid CC^/acetone mixture and 

stored at -20°C, The extent of reassociation was measured 

at appropriate Cot values (Britten and Kohne, 1968). Cot 

was calculated as: 

„ Mg/ml DNA x hr x SCF 
83 

where SCF is the salt correction factor applied to Cot for 

the effect of sodium ion concentration on the rate of 

reassociation. The SCFs used are 1.000, 1.3288, and 

5.0056 for 0.12, 0,14, and 0.41 M PB, respectively (Britten 

et al., 1974). Incubations carried out in 0.41 M PB were 

used for Cot points equal to 1000 or greater. 
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Hydroxyapatite Fractionation of DNA 

Hydroxyapatite chromatography (Bernardi, 1965; 

Miyazawa and Thomas, 1965) was used to fractionate single-

from double-stranded DNA contained in DNA samples incubated 

to different Cot values and stored at -20°C, The DNA 

samples were thawed at a convenient time, brought to 0,12 

M PB, 0.06% SDS (sodium dodecyl sulfate) and passed over a 

hydroxyapatite (BioRad HTP, Batch No. 9404) column maintained 

at 60°C and pre-equilibriated with 0.12 M PB, 0,06% SDS. 

Incubated samples containing no more than 150 pg of DNA were 

3 
used per cm of wet packed hydroxyapatite (HAP) to avoid 

exceeding the capacity of the HAP. Single-stranded DNA was 

washed from the column with 10 ml of 0.12 M PB, 0.06% SDS 

and the reassociated DNA was recovered by eluting with 10 ml 

of 0.5 M PB, 0.06% SDS, 60°C (Britten et al., 1974). 

125 Reassociated I DNA samples were fractionated in a 

different manner. Samples incubated in 0.12 M PB were 

adjusted to 0.03 M PB, 0.15 NaCl, 0.06% SDS and applied to a 

HAP column at 60°C. Under these conditions both single- and 

125 
double-stranded DNA molecules were absorbed while free I 

was washed through with 10 ml of 0.03 M PB, 0,15 M NaCl, 

0.06% SDS. Single-stranded DNA was eluted with 0.12 M PB, 

0.06% SDS, 60°C and double-stranded molecules were removed 

by raising the temperature of the column to 98°C and washing 

with 10 ml of 0.12 M PB, 0.06% SDS, 
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For both methods of fractionation, one-ml fractions 

were collected from the column, the optical density of each 

fraction measured at 260 nm and 320 nm, and to correct for 

light scattering, due to suspended particles of HAP, the 

OD 320 nm was subtracted from the OD 260 nm. The radio

activity in each fraction was counted in 10 ml of either 

toluene-Triton or -Scintisol scintillation fluid. 

Isolation and Reassociation of the 
Non-Repetitive DNA Fraction 

125 
Non-repetitive I labeled D, nannoptera DNA was 

isolated as that DNA which failed to bind to HAP at 60°C in 

0.12 M PB after incubation at 60°C to Cot 10, a Cot suffi

cient for the reassociation of the repetitive DNA sequences. 

The isolated non-repetitive fraction was reduced in volume 

by vacuum evaporation and dialyzed against 0.05 M PB. The 

125 
reassociation kinetics of the non-repetitive I labeled 

DNA fraction was determined by incubating small quantities 

(0.02 ng) of the labeled DNA in the presence of a 3000-fold 

excess of sheared unlabeled total D. nannoptera DNA. Under 

these conditions the labeled DNA reassociates with the un

labeled DNA fragments. 

To estimate the extent of single-copy sequence 

homology between the DNA of D. nannoptera and that of other 

125 
Drosophila species, isolated non-repetitive I labeled D. 

nannoptera DNA was incubated at both 50°C in 0,14 M PB and 

60°C in 0.12 M PB in the presence of a 1000- to 3000-fold 
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excess of unlabeled DNA of other Drosophila species. The 

first criterion of salt and temperature was chosen to 

minimize the effects of sequence divergence on the rate of 

reassociation of heterologous DNA (Bonner et al., 1973) and 

the second criterion was selected to maximize these effects. 



RESULTS 

Buoyant Density Analysis of 
DNA from Drosophila 

This dissertation deals with an attempt to determine 

the extent of sequence homology between the DNAs of four 

presumably related Drosophila species (Ward and Heed, 1970). 

DNA used in this study was extracted from adult flies for 

convenience and technical considerations. It has been 

shown that adult Drosophila contain tissues with different 

degrees of ploidy and polyteny (see review by Ashburner, 

1970) and that there is an under-replication of CsCl buoyant 

density satellite components in some of these polytene 

tissues (Gall et al,, 1971), It has been further shown that 

differential replication of satellite DNAs occurs during 

Drosophila development (Blumenfeld and Forrest, 1972; 

Travaglini, Petrovic, and Schultz, 1972a). An increasing 

number of Drosophila species have now been shown to contain 

various satellite DNA components (Laird and McCarthy, 1968; 

Hennig et al., 1970; Travaglini, Petrovic, and Schultz, 

1972b; Peacock et al., 1974; Gall and Atherton, 1974). 

Thus, DNA obtained directly from diploid brain tissues of 

Drosophila larvae and DNA extracted and purified from adult 

flies was examined by isopycnic centrifugation in CsCl for 

the purpose of: (1) characterizing the DNAs with respect 

31 
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to buoyant density in CsCl; (2) detecting the presence of 

any satellite components; (3) determining whether the 

extracted and purified DNA from adult tissues is repre

sentative of that contained in diploid tissue; and (4) 

establishing if there was any preferential loss of certain 

classes of DNA during extraction and purification (Skinner 

and Triplett, 1967)„ 

Examination of CsCl gradients prepared from larval 

brain tissues and purified DNAs revealed that each 

Drosophila species contained one, two, or three sharply 

banding satellites in addition to the main band DNA (Table 

1 and Figures 1-4). Comparisons of satellite buoyant 

densities between species showed that there was a total 

of three different satellites and that each satellite was 

found in at least two of the Drosophila species examined. 

For convenience, the satellites are referred to as I, II, 

and III although this does not imply that Satellite I, for 

example, is composed of the same nucleotide sequence in both 

D. pachea and species w. 

The DNA of Drosophila species w consists of a main 

band with a buoyant density of 1,705 g/cc and three distinct 

satellite bands with densities of 1.697, 1,694, and 1.689 

g/cc (numbered I, II, and III in Figure 1). Together these 

satellites make up approximately 41% of the DNA from 

diploid larval tissues (I = 14%, II = 15%, III = 12%) yet 

only 28% of adult DNA (Table 1). The DNA of D. acanthoptera 



Table 1. Buoyant densities (p) in g/cc (+ S.E.) of Drosophila DNAs and the pro
portion (% + S.E.) of the satellite to the main band DNA banded in 
analytical CsCl density gradients. 

Source3 

Drosophila of Main Satellite Satellite Satellite % , 
species DNA Band I II III Satellite 

species w Extraction (4) 1. .7056+. .0003 1. . 6975;. .0005 1. .6942; .0006 1. ,6888;.0007 28%;2£ 

Brain (5) 1. .7047+. .0004 1. .6967;. .0003 1. .6939; .0003 1. .6884;.0002 41%;1% 

nannoptera Extraction (4) 1. .7061±. .0002 1. .6938; .0002 24%;1% 

Brain ( 2 )  1. .70591. .0001 1. .6935; .0003 27%;2% 

acanthoptera Extraction (2) 1. .7058;, .0004 1. .6949; .0004 9%;3% 

Brain (3) 1. .7048+, .0003 1. .6939+ .0001 1. .6888;.0001 20%;2£ 

pachea Extraction (5) 1. .7046+. .0008 1. .6972° 
c 

Brain (2) 1.7040±, .0006 1, .6964;, .0000 17%=3% 

a. Extraction = purified DNA extracted from adult Drosophila; Brain = larval brain and imaginal disc tissue; number of 
determinations in parentheses. 

b. Values were determined by quantitation of microdensitoTEter tracings of negatives scanned on a Guilford Model 2400-S 
spectophotoneter equipped with a film microdensitoner accessory. The conposition of a DNA sanple was determined by 
cutting out tracings of DNA bands and weighing each cut-out separately. In regions of band overlap a line was drawn 
perpendicular to the base line from the minimum point between two bands. This line was taken as one of the 
boundaries of each band. 

c. Two of the three DNA extractions yielded lew molecular weight molecules with a very broad banding pattern in CsCl. 
It was not possible to detect a satellite in samples of these DNA extractions and therefore no atterrpt was made to 
estimate the proportion of satellite DNA. 



Figure 1. Microdensitometer tracing of Drosophila species 
w DNA banded in CsCl. 

Brains and imaginal discs (diploid tissues) from 8 
third instar (? and o") larvae were dissolved in Sarkosyl 
detergent and placed directly into CsCl with M. lysodeikticus 
marker CNA (p = 1.731) and centrifuged for 18 hours at 
44,000 rpm in a Model E ultracentrifuge. UV photographs 
were taken of the banded DNA and the negative traced on a 
Gilford Model 2400-S spectrophotometer equipped with a linear 
transport film adapter accessory for scanning negatives. 
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Figure 1. Microdensitometer tracing of Drosophila species 
w DNA banded in CsCl. 



Figure 2. Microdensitometer tracing of Drosophila 
acanthoptera DNA banded in CsCl. 

Brains and imaginal discs (diploid tissues) from 5 
third instar (?) larvae were dissolved in Sarkosyl detergent 
and placed directly into CsCl with M. lysodeikticus marker 
DNA (p = 1.731) and centrifuged for 18 hours at 44,000 rpm 
in a Model E ultracentrifuge, UV photographs were taken of 
the banded DNA and the negative traced on a Gilford Model 
2400-S spectrophotometer equipped with a linear transport 
film adapter accessory for scanning negatives. 
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Figure 2, Microdensitometer tracing of Drosophila 
acanthoptera DNA banded in CsCl. 



Figure 3. Microdensitometer tracing of Drosophila 
nannoptera DNA banded in CsCl. 

Brains and imaginal discs (diploid tissues) from 5 
third instar (?) larvae were dissolved in Sarkosyl detergent 
and placed directly into CsCl with M, lysodeikticus marker 
DNA (p - 1.731) and centrifuged for 18 hours at 44,000 rpm 
in a Model E ultracentrifuge. UV photographs were taken of 
the banded DNA and the negative traced on a Gilford Model 
2400-S spectrophotometer equipped with a linear transport 
film adapter accessory for scanning negatives. 
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Figure 3. Microdensitometer tracing of Drosophila 
nannoptera DNA banded in CsCl. 



Figure 4. Microdensitometer tracing of Drosophila pachea 
DNA banded in CsCl. 

Brains and imaginal discs (diploid tissues) from 8 
third instar (?) larvae were dissolved in Sarkosyl detergent 
and placed directly into CsCl with M. lysodeikticus marker 
DNA Cp = 1.731) and centrifuged for 18 hours at 44,000 rpm 
in a Model E ultracentrifuge. UV photographs were taken of 
the banded DNA and the negative traced on a Gilford Model 
2400-S spectrophotometer equipped with a linear transport 
film adapter accessory for scanning negatives. 



37 

t.731 

1.704 

0 . P A C H E A  

Mlcrodensitometer^tracx 9 

DNA Figure 4. banded m 



1.731 

. 7 0 4  

D - P A C H E A  

. 6 9 7  

Figure 4. Microdensitometer fr-*„ • 
DNA banded in CsCl, lng °f 5£°sophiia pachea 



38 

also consists of a main band at a density of 1.705 g/cc and 

a sharply banding satellite (II) with a density of 1.694 

g/cc and one minor satellite (III) with a density of 1.689 

g/cc detectable only in larval tissue (Figure 2). Satellite 

III is barely detectible on CsCl gradients and constitutes 

less than 5% of the total DNA. Satellites II and III 

together account for about 20% of the diploid DNA in 

larval brain tissue but apparently only 9% of the adult DNA 

(Table 1). The satellite (II) at 1.694 g/cc in D, 

nannoptera is the most prominent satellite band found among 

the Drosophila species examined, making up approximately 

2 5% of the DNA (Table 1). The main band has a buoyant 

density of 1,706 g/cc and on most gradients is slightly 

skewed toward the lighter side (Figure 3). 

D. pachea displays a single datellite (I) band at 

1,697 g/cc in CsCl density gradients and a main band at 

1.704 g/cc (Figure 4). Satellite I makes up approximately 

17% of the larval brain tissue DNA (Table 1) and may contain 

3 second minor component because the satellite band is 

slightly skewed toward the lighter side in CsCl gradients. 

When the purified DNA from two of the three extractions of 

D. pachea was centrifuged to equilibrium in CsCl a very 

broad band formed at approximately 1.705 g/cc and satellite 

I, because its buoyant density is very close to the main 

band, may have been obscured by the main band in these two 

low molecular weight DNA preparations. An alternative 
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explanation for this lack of satellite DNA in the purified 

DNA preparation could be that the composition of DNA 

extracted from adult flies may differ from that found in 

the diploid brain tissues of the same species. The 30-50% 

reduction, relative to diploid tissue, in the satellite 

DNAs of preparations purified from D„ acanthoptera and 

species w flies seems to support such an explanation 

(Table 1)„ 

The higher estimates of satellite DNA in brain 

tissue may be in error due to an underestimation of the main 

band. In overloaded gradients the UV absorption of the main 

band may be outside the linear range of the photographic 

emulsion and result in an under-estimation of its amount. 

Indeed, the proportion of satellite DNA contained in the 

purified DNA preparation of D„ nannoptera is barely reduced 

(10%) relative to the diploid proportion (Table 1), 

Variations of this magnitude have been observed by Laird 

and McCarthy (1968) in the proportion of satellite DNA found 

among different DNA preparations extracted from adults of 

D. melanogaster. I therefore conclude that DNA extracted 

and purified from adult flies by the above method is 

probably representative of the DNA in diploid tissues, 

Reassociation Kinetics of Unlabeled 
Drosophila DNA 

The reassociation kinetics of DNA from four 

Drosophila species was measured in order to identify and 
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characterize the repetitive and non-repetitive DNA in the 

genome of each species. The results obtained from the re-

association measurements were used to demonstrate that the 

non-repetitive fraction of DNA of each Drosophila species 

represents DNA sequences present only once per haploid 

genome, thereafter called single-copy (SC) sequences. 

Finally, the SC fraction of DNA from D. nannoptera was 

isolated for the purpose of measuring the extent of simi

larity between it and the DNA sequences of other Drosophila 

species. 

Figure 5 shows the results of the hydroxyapatite 

(HAP) reassociation kinetics experiments on sheared nuclear 

DNA of D. nannoptera and the theoretical curve that has been 

fitted to the data points by least-squares analysis using a 

computer program (Britten et al., 1974). The theoretical 

curve matches the data closely and has been derived using 

the assumption that D. nannoptera DNA contains three compo

nents: (1) a component consisting of highly repetitive (HR) 

nucleotide sequences which make up 11% of the genome and has 

a Cot^^2 = 0.0003; (2) a middle repetitive (MR) component 

with a Cot^y2 = 0'10 anc^ UP 16% °f the genome; and 

(3) a kinetic component with a ~ an^ making up 

59% of the haploid genome. Britten (1971) has stated that 

when the total nuclear DNA of a higher organism is allowed 

to reassociate and the slowly reassociating or single-copy 

component identified, the Coti/2 "*"s ^ounc^ to proportional 
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Figure 5. Binding of reassociated nuclear DNA of Drosophila nannoptera to 
hydroxyapatite. 

1 7 R 
Samples of unlabeled (©) or Iodine labeled (o) DNA with a single-strand 

fragment length of about 180 nucleotides was denatured and reassociated at 60 C 
to different Cot values in 0.12 or 0.41 M PB. The fraction of the total DNA 
fragments which had some portion of their length reassociated was determined by 
fractionation on hydroxyapatite at 60°C in 0.12 M PB. The reassociated fraction 
of the DNA which was eluted from hydroxyapatite with high salt or temperature was 
plotted as a function of the Cot value on a logarithmic scale. The curve fitted 
to the data points represents the best solution of the reassociation kinetics 
using a least-squares analysis. The inset shows the increase in root-mean-square 
error (RMS) for the curve when various values for the single-copy rate constant 
are fit to the data in place of the rate constant (K = 0.0082 Mole 1 sec" ) 
obtained from the best least-squares fit of the data. 

H 
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to the nuclear DNA content of haploid cells. This relation

ship has been shown by him and others to exist in a large 

number of higher organisms. The haploid genome size has 

been determined for Drosophila and found to range from 1 to 

g 
3 x 10 nucleotide pairs (NTP) depending on the species 

(reviewed by Laird, 1973). The genome size for D. 

nannoptera can be calculated relative to E. coli in the 

6 following manner. The genome size of E. coli is 4.5 x 10 

NTP (Cairns, 1963) and when the DNA from E. coli is sheared, 

reassociated, and assayed in a manner similar to that 

described for Drosophila DNA, the Cot^^ f°r the reaction 

is 4. 6 D. nannoptera has a ^or sl°wly reassoci-

ating component equal to 113 and its genome size is there

fore calculated as: 

Haploid genome = 113 x 4.5 x 10 /4.6 

= 1.1 x 108 NTP 

which is within the observed range of Drosophila species 

genome sizes. 

Note in Figure 5 that about 5-10% of the DNA fails 

to reassociate or to bind to HAP by Cot 10,000. This 

phenomenon was commonly observed with other DNAs (Figure 6) 

and has been reported by other investigators (Manning et 

al., 1975). One explanation for this might be degradation 

of DNA during the long incubation times (60-90 hours) 

necessary to achieve the Cot values. Thus size determina

tions were make on DNA which had been incubated to Cot 
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Figure 6. Binding of reassociated nuclear DNA of D. pachea, Drosophila species 
w, and D. acanthoptera to hydroxyapatite. 

Samples of unlabeled DNA from D. pachea ( 0 ), Drosophila species w (@), or 
D. acanthoptera (&) with single-strand fragment lengths of 270, 220, and 230 
nucleotides, respectively were denatured, reassociated at 60°C in 0.12 or 0.41 
M PB, and fractionated at 60°C on hydroxyapatite with 0.12 M PB. The reassocia-
tion kinetics of the DNA from the different Drosophila species were found to be 
very similar. Therefore, the reassociation data were combined and analyzed by 
the method of least-squares as described in the legend to Figure 5. 

The inset represents a plot of the root-mean-square errors (RMS) obtained 
when different values for the single-copy (SC) rate constant are fit to the data 
points. When the value for the SC rate constant (K = 0.00399 Mole-1 sec-1) is 
changed by a factor of two or more, a sharp increase in RMS is observed. 

w 
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10,000. No significant decrease in size was found in the 

bulk of the DNA, although it is possible that a small pro

portion of the molecules were degraded to the extent that 

they were too small to bind HAP or reassociate. 

Approximately 7% of the D. nannoptera DNA bound to 

- 5 
HAP at very low Cot values (2 x 10 ) indicating very rapid 

reassociation. This fraction appears similar in its amount 

and rapid reassociation to the inverted repeat sequences 

demonstrated to exist in D. melanogaster DNA (Wilson and 

Thomas, 1974; Schmid, Manning, and Davidson, 1975). 

The theoretical curve probably represents the best 

solution to the data points of D. nannoptera because it has 

the lowest possible root-mean-square error (RMS). Confi

dence in the calculated rate values depends on the change 

in RMS as a function of different assumed rate constants. 

On this basis, the assumed rate constant for the HR and the 

MR components can be varied by a factor of 8 with only a 10% 

and 40% change in RMS, respectively. However, when the 

assumed rate constant for the SC component is changed by a 

factor of 2.0, the RMS of the fitted curve rises sharply by 

'-lore than 80% (Figure 5, inset). 

Britten et al. (1974) have discussed the use of 

least-squares analysis for evaluating reassociation data 

and the proper interpretation of the results based on RMS 

values. They showed that it is difficult to evaluate an 

analysis of reassociation data when the DNA contains 



repetitive components in addition to the single-copy one. 

It was pointed out that reassociation data which have been 

fitted to a repetitive component may actually be the result 

of the reassociation of a family of related but not 

identical repeated sequences where there is a possible range 

of reassociation rate constants. Thus a spread over a 

factor of four in rate constants may only give a small in

crease in RMS error. In any case, a certain amount of un

certainty in rate results simply from the fact that compo

nents making up a small proportion of the genome are more 

difficult to evaluate with this method than are larger ones. 

Therefore, in accordance with other investigators (Davidson 

et al., 1973; Manning et al., 1975), it is judged that more 

confidence can be placed in the Coti//2 value for the sc 

component of D. nannoptera. 

Reassociation measurements made at the standard 

criterion of 0.12 M PB and 60°C have been used to estimate 

the average repetition frequency for the HR and MR compo

nents. These values are calculated relative to the SC 

component from the Cot-^^ °f each component. The HR 

component is composed of a nucleotide sequence repeated 

approximately 400,000 times in the genome of D. nannoptera. 

The MR component contains about 1,000 copies of a repeated 

sequency although it could be composed of a family of 

related, repeated sequence with an average reiteration 

frequency equal to 1000 copies per haploid genome. 
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When the reassociat.ion of D. pachea, D. acanthoptera, 

and species w DNA were each measured by the HAP technique, 

it was found that the DNA of each Drosophila species re-

associated to the same extent at the various Cot values 

examined (Figure 6). Therefore, the reassociation data were 

combined from the three Drosophila species and a curve 

fitted to the data points by least-squares analysis (Figure 

6). The combined reassociation data were found to be 

similar in general outline to those for D. nannoptera but 

somewhat different in detail. A minimum of three second-

order kinetic components were found to exist in the DNA of 

the Drosophila species. 

1. The HR component represents about 7% of each genome 

and has a Cot^^2 approximately 0.006. Because of 

the uncertainty in the Cot^^ f°r this fraction of 

the genome, only a rough approximation can be made 

of its reiteration frequency. The value is calcu

lated to be 40,000 copies per genome but could fall 

within a large range of values. 

2. The MR component amounts to 16% of the genome, has 

a reiteration of about 400 copies, and a Cot^^2 °f 

0.65. 

3. The largest kinetic component makes up about 7 3% of 

the genome of the Drosophila species, has a C0tjy2 

of 250, and reassociates at the rate expected for 

single-copy (SC) sequences, as described previously 



for D. nannoptera. Again it was judged from least-

squares analysis that more confidence can be placed 

in the Cot^y2 f°r the single-copy component than in 

the Cotjy2 values for the other components (Figure 

6, inset). 

The Drosophila genome sizes can be estimated rela

tive to E. coli (4.5 x 10^ NTP/haploid DNA content) by 

comparing the Cot^^ the slowly reassociating component 

(SC) of the Drosophila in question with the Cot^^ = ^® 

E. coli reassociated under the same controlled conditions 

(Britten, 1971). Thus, the kinetic estimate for the rela

tive genome sizes of D. pachea, D. acanthoptera, and species 

w is 2.4 x 108 NTP (250/4.6 x 4.5 x 106). These estimates 

show an unexpected difference in the size of the Drosophila 

genomes but both estimates fall within the range of values 

found using the HAP technique for assaying the reassociated 

DNA of other Drosophila species (Laird, 1971; Dickson et 

al., 1971; Manning et al., 1975). The apparent difference 

in the size of the haploid genome of D. nannoptera and the 

genomes of the other three Drosophila species examined in 

this study is puzzling in view of the fact that the poly-

tene chromosomes of all four species are practically in

distinguishable (Ward and Heed, 1970). These seemingly 

contradictory observations are, I believe, both real. The 

procedure followed for extracting and purifying Drosophila 
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DNA is a reliable technique which yields repeatable results 

(Table 1). However, to be absolutely certain the experi

ments would have to be repeated with new preparations of 

purified DNA from several of the Drosophila species. 

12 5 Reassociation of Iodine Labeled 
D. nannoptera DNA 

Initial attempts to prepare isotopically labeled DNA 

3 
by adding H-thymidine to cultures of Drosophila larvae 

3 resulted in DNA with a specific activity of 4 x 10 cpm/yg, 

a value similar to that observed by others using this in 

vivo method (Laird and McCarthy, 1968; Entingh, 1970). For 

the experiments reported here and where only trace quantities 

of labeled DNA are required, higher specific activities are 

necessary. For this reason, unsheared preparations of D. 

nannoptera DNA with a single-strand fragment length of 550 

12 5 
nucleotides were labeled iri vitro with Iodine to specific 

activities of 4 to 5 x 10^ cpm/yg DNA as described in the 

Methods and Materials section. The thermal stability of 

125 
the I labeled DNA was assessed by binding the DNA to HAP 

in 0.12 M PB at 60°C and raising the temperature of the 

column in 5°C increments. The temperature at which 50% of 

the labeled DNA was released from the HAP is a measure of 

the thermal stability (Tm = 86°C) of the iodinated DNA 

(Figure 7). This temperature is about 6°C below (ATm = 6°C) 

the value calculated (Mandel and Marmur, 1968) for the 0.12 

M PB solvent condition from spectrophotometry measurements 



Figure 7. Thermal elution profile of iodinated D. 
nannoptera DNA. 

Two different preparations of unsheared, iodinated 
D. nannoptera DNA (©) were separately bound to HAP in 0.12 
M PB") 0.06% SDS at 60°C and, at 5°C temperature indrements, 
the column was washed with the same buffer to elute single-
stranded DNA. One sample of sheared iodinated D. nannoptera 
DNA Co) was bound to HAP in 0.14 M PB at 50°C, and at each 
5°C step washed with 0.14 M PB. The thermal stability of 
the iodinated DNA was estimated from the temperature (Tm) at 
which 50% of the bound radioactivity was eluted from HAP. 
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Figure 7, Thermal elution profile of iodinated D. 
nannoptera DNA. ~ 
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of the hyperchromicity (Tm = 75.0, 75.5°C) of unsheared D. 

nannoptera DNA in 0.012 M PB. 

Twice the specific activity (1 x 10 cpm/yg) was 

obtained by in vitro labeling of DNA sheared to a single-

strand size of 180 nucleotides but the DNA molecules in this 

case proved to be thermally less stable (Tm - 78°C) than 

iodinated unsheared DNA (Figure 7). Initial reassociation 

experiments with the iodinated, sheared DNA indicated that 

the labeled DNA reassociated at a slower rate than unlabeled, 

sheared DNA present in the same sample. It was suspected 

that this rate decrease might be due to a reduced length of 

the labeled DNA relative to the unlabeled DNA. Therefore, 

12 5 the I labeled DNAs were size fractionated in isokinetic 

alkaline sucrose gradients prepared by the method of Noll 

(1967). Although there appeared to be no major difference 

12 5 
between the sedimentation rates (Figure 8) of the I 

labeled DNA and the unlabeled, sheared DNA of D. nannoptera, 

only the labeled DNA which cosedimented with the major 

portion of the unlabeled DNA was used for further reassocia

tion studies. 

Mixtures of iodinated and unlabeled, sheared D. 

nannoptera DNA were denatured and the rate of reassociation 

12 5 for the I labeled DNA was measured and was found to be 

slower than the rate for the unlabeled molecules (Figure 9). 

This is quite noticeable in Figure 9 where the SC compo

nents of the labeled vs nonlabeled DNA shows a three-fold 
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Figure 8. Sedimentation profiles of Iodine labeled DNA 

and unlabeled, sheared D. nannoptera DNA in 
alkaline sucrose density gradients. 

Samples (5 x 10^ cpm) of iodinated unsheared (Figure 
8A) and iodinated sheared (Figure 8B) DNA were added to 0.30 
O.D. of unlabeled, sheared D. nannoptera DNA used as a size 
reference and layered on 5 ml isokinetic alkaline sucrose 
gradients. The following parameters as defined by Noll 
(1967) were used to construct these gradients: Vm = 6,1 ml, 
Ct = 15.9%, and Cr = 39,0% (w/v) sucrose in 0.1 N NaOH, The 
gradients were centrifuged for 15.5 hours at 50,000 rpm in a 
SW 50.1 rotor at 20°C and 0,3 ml fractions were collected 
with the aid of a Isco Model 640 density gradient frac-
tionator. The optical density at 260 nm was determined for 
each fraction and an aliquot of each fraction was analyzed 
for radioactivity. Gradients containing only iodinated un
sheared DNA (3 x 106 cpm) or iodinated sheared DNA (12 x 10 
cpm) were also centrifuged, fractionated, and the label DNA 
in fractions #4-11 and #6-11 from the respective gradients 
were combined and used for subsequent reassociation experi
ments . 
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Figure 8. Sedimentation profiles of Iodine labeled DNA 

and unlabeled, sheared D, nannoptera DNA in 
alkaline sucrose density gradients. 
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Figure 9. Binding of reassociated 
to hydroxyapatite, 

125 Iodine labeled DNA of Drosophila nannoptera 

A 2000 to 8000 fold excess of sheared, unlabeled D. nannoptera DNA was 
mised with trace quantities of 125 Iodine labeled D. nannoptera DNA, denatured, 
and incubated at 60°C in 0.12 M PB or 0.41 M PB to various Cot values. The free 
125single-strand DNA fragments, and reassociated DNA were fractionated on 
hydroxyapatite as described in the Methods and Materials Section. The fraction of 
non-reassociated ^25j labeled DNA (©) was plotted as a function of the Cot of the 
driver (unlabeled) DNA. A curve ( ) was fitted to the data points by least-
squares fit as described in the text. The root-mean-square of the curve 
describing the DNA reassociation is 0.02. Included in the figure for comparative 
purposes is the Cot curve of unlabeled (• ) D. nannoptera DNA from Figure 5. 

U1 
to 
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difference in Cot113 vs. 308). In addition, there 

is twice the amount of labeled as unlabeled DNA which fails 

to reassociate or bind to HAP by Cot 10,000. These results 

do not seem to be due to a loss during reassociation of the 

125 
I from the iodmated DNA product which has been reported 

by Holmes and Bonner (1974) because after incubations at 

60°C for 90 hours (a time similar to that used to achieve a 

Cot 10,000) in 0.12 or 0.41 M PB, respectively, only 10% and 

125 
20% of the radioactivity was released as free I. 

Recently it has been observed (Folk, 1975) that about four 

weeks after iodinating polyoma virus DNA, a reduction occurs 

in both the size and rate of reassociation of this labeled 

DNA. Other laboratories (Gottesfeld et al., 1974; Sohn et 

al., 1975) have demonstrated that a similar iodination tech

nique can be utilized for some reassociation studies. 

Further studies are needed to determine the cause of the 

rate reduction observed with Drosophila DNA. However, in 

12 5 the present instance, the I labeled DNA was considered a 

satisfactory probe for determining DNA sequence similarity 

between Drosophila species. 

Measurement of the Extent of Single-Copy 
DNA Sequence Homology Between 

Species of Drosophila 

The single-copy (SC) kinetic component was isolated 

125 from I labeled D. nannoptera DNA as described m the 

Methods and Materials section and was used as a probe for 
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measuring the extent of SC sequence similarity between the 

DNA of different Drosophila species. A test was performed 

to assess whether this isolated fraction of DNA was indeed 

composed of DNA sequences present only once per haploid 

genome. This test consisted of a study of the reassociation 

kinetics of the labeled DNA when reassociated in the 

presence of an excess of sheared, unlabeled homologous DNA. 

The results, illustrated in Figure 10, show that the 

isolated fraction is composed of a single kinetic component 

with a c°tjy2 = 238, that expected for the SC component 

(see Figure 9). Note that only 60% of the labeled SC D. 

nannoptera DNA was reassociated by Cot 10,000. This is a 

125 characteristic of the I labeled DNA and it differs from 

the unlabeled DNA present in the same incubation mixture 

which reassociated to 90%. A similar difference in the 

extent of reassociation at Cot 10,000 between the un-

fractionated labeled and unlabeled DNA can be seen in 

Figure 9. Others have also found that isolated unlabeled 

(Davidson et al., 1971) and ^^x labeled (Holmes and 

Bonner, 1974; Gottesfeld et al., 1974) SC components re-

associate to only 50% to 80% completion. The reason for 

this phenomenon is unknown in the present case. 

12 5 
The I labeled SC DNA described above and in 

Figure 10 was added in tracer quantities to unlabeled, total 

DNA from various Drosophila species and the reassociated 

products were each thermally eluted from a HAP column. To 
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Figure 10. Binding of Iodine labeled nonrepetitive DNA of D. nannoptera to 

hydroxyapatite. 

. . 125 
Nonrepetitive I labeled D. nannoptera DNA was fractionated from the 

repetitive DNA on hydroxyapatite after incubating 125j labeled total DNA to a 
Cot 10. Samples of the isolated nonrepetitive DNA were reassociated in the 
presence of a 1000 to 3000 fold excess of sheared, unlabeled, total D. nannoptera 
and the least-squares analysis was used to fit the second-order curve to the data 
(RMS = 0,01), The Cot scale on the abscissa refers to the concentration of the 
unlabeled DNA, 

U1 
U1 
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assess self-reassociation, the labeled DNA was reacted in 

the absence of unlabeled DNA (Cot - 1) or in the presence 

of calf thymus DNA (Cot = 600). In both reactions the 

extent of reassociation was 7% with a Tm of approximately 

55-60°C (Tables 2 and 3, Figures 11 and 12). This reaction 

has been ignored in the subsequent considerations. 

The results of the reassociation reactions at 50°C 

are summarized in Table 2 and for comparative purposes, 

parallel reassociations carried out at 60°C in 0.12 M PB 

are summarized in Table 3. The extent of SC reassociation 

with homologous (D. nannoptera) DNA varied from 30 to 40%, 

depending on the Cot and temperature of the incubation. The 

30 to 40% reassociation values represent a 50% and 70% 

completion, respectively, of the theoretical reaction 

illustrated in Figure 10. This proportion is less than 

ideal but comparable to levels used by others to detect SC 

sequence homology between different organisms (Rice and 

Esposito, 1973; Shields and Straus, 1975). 

The extent of single-copy DNA reassociation was 

greater when the reaction was driven with an excess of un

labeled homologous DNA as compared with heterologous DNA. 

For example, the Cot 900 reactions at 50°C resulted in 35% 

reassociation in the presence of homologous DNA and 26-27% 

reassociation in the presence of heterologous D. pachea 

DNA (Table 2). As can be seen from Table 3, in incubations 

at 60°C to Cots of 700, the homologous DNA reassociated to 
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Table 2. Per cent reassociation at 50°C in 0.14 M PB 
between -^^Iodine labeled D. nannoptera single-
copy DNA and unlabeled DNA from various sources 
and the thermal stability (Tm) of the homologous' 
and heterologous duplex DNAs. 

Source of 
Unlabeled DNA Cotb 

o. o 
Reassociation0 Tm (°C)d 

D. nannoptera 500 28 71. 5 
900 35 71.0 

D. acanthoptera 500 24 66.0 D. acanthoptera 
500 21 e 

D. pachea 900 27 67.5 
900 26 e 

Species w 700 26 67 . 5 
700 26 e 

D. melanogaster 800 15 61.0 

D. mojavensis 600 13 e 

Calf thymus 600 8 61.0 

Label only lf 7 54.0 

a. The unlabeled DNA was present in a 1000-2000 fold excess 
over the labeled DNA. 

b. The Cot refers to the unlabeled DNA. 

c. Determined as the fraction of labeled DNA binding to HAP 
at 50°C, 0.14 M PB and eluted at 98°Cf 0.14 M PB or the 
cumulative cpm eluted during the thermal stability 
measurement (see Figure 11). 

d. Sheared calf thymus DNA was included in the samples when 
the thermal stability (Tm) was determined for use as an 
internal standard for the purpose of comparing different 
Tm profiles. The Tm of the unlabeled DNA was 83.0 + 
0.3°C. 

e. Not determined. 

f. The Cot refers to the unlabeled DNA; reassociation 
conditions were identical to that for calf thymus DNA 
except no unlabeled DNA was present. 
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Table 3. Per cent reassociation at 60°C in 0.12 M PB 
between -^^Iodine labeled D . nannoptera single-
copy DNA and unlabeled DNA from various sources.a 

Source of Q. *o 
Unlabeled DNA Cot Reassociation 

D. nannoptera 400 30 
7 00 43 

D. acanthoptera 700 27 D. acanthoptera 
700 28 

D. pachea 700 29 
700 30 

Species w 600 29 
600 30 

D. melanogaster 700 11 

D. mojavensis 500 13 
13 

Calf thymus 500 7 

a. The unlabeled DNA was present in a 1000-2000 fold 
excess over the labeled DNA, 

b. The Cot refers to the unlabeled DNA, 

c, Determined as the fraction of labeled DNA binding to 
HAP at 50°C, 0,14 M PB and eluted with 0,5 M PBf 6Q°C, 



Figure 11. Thermal elution profile of double-stranded DNA 
molecules formed between -^^Iodine labeled 
D. nannoptera single-copy DNA and unlabeled 
DNA of various Drosophila species. 

Approximately 15,000 cpm of iodinated single-copy 
D. nannoptera DNA (2 x 10 cpm/pg) was incubated at 1.5 
)jg/ml in 0.14 M PB at 50°C for 20 to 35 hours with high 
concentrations (2-4 mg/ml) of unlabeled total Drosophila 
DNA (see Table 2 for Cot values). After reassociation, 
this DNA (100 pg) was mixed with 300 yg of sheared calf 
thymus DNA, brought to 0.03 M PB - 0.165 M NaCl - 0,06% SDS, 
loaded onto a column containing 2 cm-^ HAP, equilibriated at 
50°C and washed with 10 ml of this buffer. The column was 
washed with 7 ml of 0.14 M PB - 0.06% SDS at each tempera
ture and one-ml fractions were collected and assayed for OD 
and radioactivity. The calf thymus DNA was added as an 
internal standard for the purpose of comparing different 
thermal stability profiles. The elution procedure gave 
reproducible results; the Tm (+ S.E.) of the unlabeled DNA 
was 83.0 + 0.3°C. (©) D. nannoptera; (®) D. pachea; (o) 
Drosophila species w; and (•) D. melanogaster. 
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Figure 12. Thermal elution profile of double-stranded DNA 
molecules formed between -^^Iodine labeled D. 
nannoptera single-copy DNA and unlabeled DNA of 
various sources. 

Approximately 15,000 cpm of iodinated single-copy D. 
nannoptera DNA (2 x 10 cpm/yg) was incubated at 1.5 yg/ml 
m 0.14 M PB at 50°C for 20 to 35 hours with high concentra
tions (2-4 mg/ml) of unlabeled total Drosophila DNA (see 
Table 2 for Cot values). After reassociation, this DNA 
(100 yg) was mixed with 300 yg of sheared calf thymus DNA, 
brought to 0.03 M PB - 0.165 M NaCl - 0.06% SDS, loaded onto 
a column containing 2 cm^ HAP, equiiibriated at 50°C and 
washed with 10 ml of this buffer. The column was washed 
with 7 ml of 0,14 M PB - 0.06% SDS at each temperature and 
one-ml fractions were collected and assayed for OD and 
radioactivity. The calf thymus DNA was added as an internal 
standard for the purpose of comparing different thermal 
stability profiles. The elution procedure gave reproducible 
results; the Tm (+ S.E.) of the unlabeled DNA was 83.0 + 
0.3°C. (©) D. nannoptera; (a) calf thymus; and (A) D, 
acanthoptera. 
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Figure 12. Thermal elution profile of double-stranded DNA 
molecules formed between 125Iodine labeled D. 
nannoptera single-copy DNA and unlabeled DNA of 
various sources. 
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43% while the heterologous DNAs to only 27% (D. 

acanthoptera) and 30% (D. pachea). Therefore the heter

ologous DNAs from all Drosophila species tested can be 

distinguished from D. nannoptera DNA by this hybridization 

test. 

The heterologous Drosophila DNAs, except for D. 

melanogaster and D. mojavensis, all appear to drive the 

reassociation of the labeled D. nannoptera SC DNA to the 

same extent, whether the reaction is carried out at 50°C 

or 60°C (Tables 2 and 3). The extent of reassociation for 

the labeled DNA in the driven reactions appears slightly 

greater at the higher reassociation temperature and was 

probably caused by an increased reassociation rate at this 

more optimal temperature criterion (Wetmur and Davidson, 

1968). The same increase in reassociation at 60°C is not 

noticed when the driver DNA is from D. melanogaster or D. 

mojavensis. In fact, slightly more heterologous hybrids are 

formed at 50°C than at 60°C, a result which is expected for 

two DNAs with a moderate amount of sequence divergence 

(Bonner et al., 1973). In general, it can be concluded 

that the DNAs of D. pachea, D. acanthoptera, and species w 

each share some sequence homology with D. nannoptera single-

copy DNA based on the measurements at this level of dis

crimination imposed by the conditions of temperature, salt, 

and equivalent Cot. However, the quantitative differences 

observed between heterologous and homologous reassociation 
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can be probably accounted for by differences in genome size 

between Drosophila species. 

The SC sequence homology is 25 to 40% between the 

DNAs of species of Drosophila belonging to different sub

genera (nannoptera vs melanogaster) when measured at 

equivalent Cot values (Tables 2 and 3). The heterologous 

driver DNA from D. mojavensis, a species of Drosophila in 

the same subgenus but from a different species group as D. 

nannoptera, hybridizes to a slightly greater extent with D. 

nannoptera SC DNA, indicating some homology between the two 

DNAs. These two heterologous DNAs are more than twice as 

effective as calf thymus DNA in driving the reassociation 

of the labeled D. nannoptera DNA. Therefore the DNA 

hybridization technique is not only capable of distin

guishing between more closely related Drosophila species, 

it is also capbble of discriminating between different 

distantly related species. Differences in genome size 

between these species would not be large enough to account 

for the low levels of reassociation observed between the 

heterologous DNAs. 

The reassociation between heterologous DNAs and 

subsequent assay by HAP binding measures the proportion of 

the DNA fragments with sequences sufficiently similar to 

reassociate but HAP binding alone does not discriminate 

between DNA duplexes that contain different proportions of 

base sequence mismatch. Measurements of thermal stability 
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are necessary to evaluate the fidelity of base pairing in 

the duplex DNA molecules. Laird et al. (1969) and others 

have calculated that 1.5% mispaired bases decrease the 

thermal stability about 1°C. Utilizing this relationship, 

it is generally possible to estimate from the difference in 

the Tm (i.e., ATm) between the reassociated homologous and 

heterologous DNAs, the extent of nucleotide changes which 

have occurred since the species shared a common ancestor. 

This measurement is another and more powerful measure of 

sequence homology and divergence between DNAs. 

Figures 11 and 12 present the thermal elution 

12 5 profile from HAP of the I labeled D. nannoptera single-

copy DNA reassociated with unlabeled DNA of other Drosophila 

species. It is evident from Figures 11 and 12 that the 

heterologous DNAs have lower thermal stabilities than does 

the homologous DNA product. The Tm for D. nannoptera was 

determined twice and found to be 71°C (Table 2). Except 

for D. melanogaster, the heterologous DNAs have similar 

thermal stabilities and each is 3-5°C below the homologous 

value. This result indicates that little base sequence 

divergence has occurred between the single-copy DNA 

sequences of D. nannoptera and the other three Drosophila 

species which were capable of forming hybrid duplexes at 

50°C in 0.14 M PB. Therefore it can be estimated that 

there is a 5-8% base mismatch in the single-copy DNA of D. 
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nannoptera which forms double-stranded molecules with the 

DNA of D. pachea, D. acanthoptera, and species w. 

The thermal stability of the hybrid duplex between 

SC D. nannoptera and D. melanogaster DNA is 61°C, about 

10°C below the homologous value (Figure 11). The difference 

in Tm predicts a divergence of 15% between the two DNAs 

assayed and indicates that D. melanogaster is more distantly 

related to D. nannoptera than are the other three examined 

species. Fifteen per cent ay represent a minimum value 

because a much smaller proport on of D. melanogaster DNA 

reassociated with the labeled DNA. In general, the results 

show that small to moderate amounts of base substitutions 

have accumulated in the SC DNAs of the Drosophila species 

since their descent from a common ancestor. The nature of 

the differences in single-copy DNA between D. nannoptera and 

D. pachea, species w, and D. acanthoptera do not permit any 

systematic relationship or classification scheme to be 

formulated for these organisms. 



DISCUSSION 

The genetic material of several species of 

Drosophila was examined by various molecular techniques to 

determine whether comparisons between species made at the 

level of the DNA molecule would be useful for distinguishing 

different degrees of relatedness among Drosophila species. 

The technique of direct comparison of DNA sequence homology 

appears to be the most reliable method, among those employed 

in this study, for determining species relationships among 

Drosophila. However, certain results from the DNA re-

association analysis must be considered before the DNA 

sequence homologies between Drosophila can be evaluated. 

The genome size of an organism can be calculated, 

relative to a reference DNA, by analysis of DNA reassocia-

tion kinetics (Britten, 1971). Examination of the re-

association data for D. nannoptera, D. pachea, D. acanthop-

tera, and species w demonstrate that there is little scatter 

in the data points for each Cot curve (Figures 5 and 6). 

The results of several independent determinations and 

replicate Cot points are included in each figure. The low 

RMS value obtained for each Cot curve indicates that there 

is very little deviation between the data points and the 

theoretical curve. The rate of reassociation for each of 

the kinetic components was determined by least-squares 

65 
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analysis of the reassociation data and it was found that 

more confidence could be placed in the SC reassociation rate 

than in the other two rates. The °f the SC compo

nent, calculated from the reassociation rate constant, is 

equal to 113 for D. nannoptera and 250 for the other three 

Drosophila species. From the Cot1/2 values, the genome 

O 
size of D. nannoptera is estimated to be 1.1 x 10 NTP/ 

haploid genome and the genome size of D. pachea, D. 

O 
acanthoptera, and species w to each be 2.4 x 10 NTP/ 

haploid genome. 

The questions that immediately arise from this 

observation are: What is the nature of the difference in 

genome size between the members of a group of presumably 

closely related Drosophila species and how was this dif

ference derived? The difference in genome size has been 

found to be due chiefly to the larger amounts of SC DNA 

sequences in D. pachea, D. acanthoptera, and species w as 

compared to D. nannoptera (see below). The three Drosophila 

species with the larger genomes have, therefore, SC 

sequences not contained within the genome of D. nannoptera 

plus, some SC sequences which are homologous to those 

found in D. nannoptera. 

Estimates of DNA sequence homology between 

Drosophila species were made by measuring the per cent of 

single-copy DNA reassociated between species and the thermal 

stability (Tm) of the resulting heterologous hybrid 
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molecules. The differences observed in per cent reassocia-

tion between homologous and heterologous DNA reactions have 

little or no value as an indicator of sequence homology 

because of the unequal genome sizes in the species being 

compared (see Results section). A more reliable measure 

is the extent of sequence divergence between the hybrid zed 

molecules as calculated from Tm measurements. These 

estimates predict a 6% divergence in base sequence between 

single-copy DNA of D. nannoptera and D. pachea or species w, 

and a slightly higher level of divergence, 8%, between D. 

nannoptera and D. acanthoptera (Table 2). Not all the DNA 

in the heterologous comparisons reacted so the estimated 

divergence must necessarily represent a minimum value. In 

any case, the extent of sequence divergence as measured by 

Tm is quite similar to that observed between two members of 

the same species group, D. melanogaster and D. simulans, in 

the subgenus Sophophora (Laird and Dickson, unpublished 

results, cited in Laird, 1973). The lineage which gave rise 

to these Sophophoran species split from the main Drosophila 

stem about 30 million years ago (Throckmorton, 1962). 

Therefore the amount of SC sequence divergence observed 

within D. nannoptera, D. pachea, D. acanthoptera, and 

species w is surprisingly small but equivalent to that 

observed between two primitive members of the genus 

Drosphila. 
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Cross-hybridization of single-copy DNA between 

Drosophila species belonging to different subgenera reveal 

that considerable amounts of sequence divergence exists 

between individuals from separate subgenera. A 17% to 24% 

divergence exists between the unique DNA of D. melanogaster 

and the DNA from various representatives of the subgenera 

Drosophila and Dorsilopha (Laird, 1973). Estimates of the 

sequence divergence in single-copy DNA between D. nannoptera 

and D. melanogaster fall within this range of values (Table 

2). The thermal stability measurements indicate that the 

genus Drosophila contains species whose single-copy DNA 

sequences are as different from each other as those of 

members of different families or genera in various orders 

of mammals (Laird et al., 1969; Shields and Straus, 1975; 

Rice and Esposito, 1973). The extent of divergence in 

genetic material between Drosophila species detected in 

these studies only confirms the observations made by many 

others in describing the large populational, ecological, 

behavioral, geographical, morphological, and chromosomal 

diversity found within the genus Drosophila. 

The repetitive DNA of D. nannoptera, D. pachea, D. 

acanthoptera, and species w makes up about 25% of the genome 

of each species. Because the repetitive DNA makes up such 

a small portion of the genome, it could account for no more 

than half the increase in DNA content between the genome 
O 

of D. nannoptera (1.1 x 10 NTP) and the other three 
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g 
Drosophila species (2.4 x 10 NTP). Therefore, part of the 

difference in amounts of DNA between the Drosophila must be 

due to a gain or loss in single-copy or unique DNA sequences. 

This difference becomes more meaningful when the complexity 

for the SC sequences is calculated. Complexity in this case 

means the total length of the individual SC DNA sequences, 

commonly expressed in terms of NTP. The SC complexity 

estimate, relative to E. coli, is calculated from the pre

dicted Cot^^ °f the SC component when reassociated in the 

absence of the repetitive sequences. The SC complexity for 

g 
D. nannoptera is 0.65 x 10 NTP and for the other three 

o 
species it is 1.77 x 10 NTP. The nearly three-fold dif

ference between species in the number of NTP contained in 

the SC sequences was not detected by standard microscopic 

comparisons of the polytene chromosomes of the four species 

(Ward and Heed, 1970). 

Although unnoticed by cytogenetic analysis, the two 

different levels of SC and possibly MR sequences must both 

be localized in the individual bands of the polytene 

chromosomes for the following reasons: (1) 95% of the poly

tene chromosome DNA in D. hydei is SC sequences (Dickson 

et al., 1971), (2) the chromomeric bands of D. melanogaster 

contain on the average about 26,000 NTP of DNA or enough DNA 

to code for 26 different polypeptides of average size 

(Laird, 1973), (3) 30% or more of the MR sequences (average 

size = 5600 NTP) in D. melanogaster are interspersed with 



70 

SC sequences (average size = 13,000 NTP) (Manning et al-, 

1975), (4) in_ situ hybridization with individual SC or MR 

DNA sequences of D. melanogaster have localized these 

sequences to specific polytene bands or chromomeric regions 

(Wensink et al., 1974), and (5) Judd, Shen, and Kaufman 

(1972) have demonstrated a 1:1 relationship between chromo-

mere bands and genes. In conclusion, the differences in DNA 

content between D. nannoptera and D. pachea, D. acanthoptera, 

and species w is due partly to different amounts of repeti

tive DNA and partly to different amounts of nonrepetitive 

DNA. It is therefore possible to conclude from these 

studies in Drosophila that the polytene chromosome bands 

contain more information encoded in its DNA base sequences 

than is necessary to perform the normal cellular, develop

mental, and physiological functions of the organism. The 

function of the "extra" DNA is presently unknown, although 

it is presumably not translated if, in fact, it is tran

scribed. Perhaps then the difference in genome size between 

Drosophila species examined in this dissertation can be 

largely accounted for by differences in this class of 

"extra" DNA. 

The second question that arises from the observed 

differences in genome size between Drosophila is: How did 

this difference originate? Several possible causes of 

change in DNA amount are listed as follows: (1) polyploidy; 

(2) aneuploidy; (3) differential polynemy; (4) segmental 
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duplications, additions, or deletions; and (5) cryptic 

duplications, additions, or deletions. The first four 

possible sources of variation in DNA content can be 

eliminated for the Drosophila species in question on the 

basis of cytogenetic and DNA reassociation kinetic analysis. 

The last possibility is more difficult to demonstrate and 

could account for the DNA difference observed between the 

four Drosophila species. 

The mitotic metaphase karyotypes of D. pachea, D. 

nannoptera, D. acanthoptera, and species w each display a 

haploid chromosome number of 5 (Ward and Heed, 1970) and 

therefore polyploidy or aneuploidy could not have been the 

source of the difference in DNA content between the 

Drosophila species. Ward and Heed (1970) also demonstrated 

that the mitotic metaphase karyotypes of the four species 

could only differ in amounts of heterochromatin and not 

euchromatin because the polytene chromosomes of each 

Drosophila species examined were identical in number and 

banding patterns except for several intra- and interspecific 

inversion differences. This observation complements the 

karyotype analysis and permits a dismissal of any complex 

scheme of polyploidization or aneuploidization and the 

subsequent selective reduction in chromosome number to five 

by chromosomal diminution and/or fusion. Furthermore, no 

major deletions nor additions of chromosomal segments were 
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detected by these investigators between the polytene chromo

somes of the different Drosophila species. 

Polynemy or a lateral increase in chromosome 

strandedness has been hypothesized to account for large 

differences in nuclear DNA content which do not show 

corresponding differences in chromosome number. According 

to this theory, the large genomes evolve from the smaller 

ones by lateral duplication of the entire or majority of the 

genome to produce multistranded chromosomes. The relative 

concentration of each DNA sequence remains the same after 

polynemy has occurred and therefore no change will occur in 

the rate of reassociation of the different DNA sequence 

components. Polynemy will not account for the difference 

in DNA content between the Drosophila species because of 

the large differences observed in the reassociation rates 

of the HR, MR, and SC components (Figures 5 and 6). 

Cytogenetic analysis of the type described earlier 

can detect major differences in chromosome constitution 

between species. Sources of DNA variation between species 

seen as staining intensity differences in homologous bands 

would probably not be detected by normal cytogenetic 

methods. For example, two subspecies of Chironomus thumni 

have been found to differ in nuclear DNA content by 27% yet 

only a detailed scanning with a microdensitometer of the 

polytene chromosomes of the subspecies hybrid revealed that 

the differences resided in specific individual chromosome 
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bands (Keyl, 1965). The difference in DNA content between 

bands ranged from a factor of 2 to 4, 8, 12, and 16, and was 

localized mainly in bands in the midregion of the chromo

somes, particularly in the vicinity of the centromeres. 

Keyl concluded that there had been different degrees of 

lengthwise rather than strandwise duplication of DNA 

sequences contained in the original bands and that these 

differences all contribute to make up the extra 27% DNA. 

Differences in DNA content such as that described 

above for Chironomus may be detectable by the analysis of 

DNA reassociation kinetics. If the extra DNA is a differ

ential duplication of pre-existing DNA sequences then the 

number of copies of these sequences will increase relative 

to the others and the rate of reassociation of this compo

nent or components will be faster. The concentration of 

the nonrepetitive sequences will decrease due to their 

dilution among a larger amount of repetitive DNA and there

fore the rate of reassociation of the nonrepetitive DNA 

sequences will be slower. Likewise, an increase in DNA 

content due to the addition of new sequences, whether 

repeated or nonrepeated, will generally cause the Cot curve 

to be more complex in shape and the components to reasso-

ciate at a slower rate. These results are generally 

observed when organisms which are not closely related are 

examined, for example, the comparisons made by Santiago and 

Rake (1973) between the different families of the order 



Rodentia or the different genera of amphibians examined by 

Straus (1971). 

Straus found large differences between amphibians in 

the proportion of their DNA which is made up of repetitive 

sequences and in the sequence repetition frequency of the 

various repetitive components. In general, there was a 

trend in these differences such that those amphibians with 

larger genomes (8 x 10^ NTP) also seemed to have a higher 

proportion of repetitive DNA and higher sequence frequency 

g 
repetitions than amphibians with smaller genomes (7 x 10 

NTP). The complexity of the single-copy (SC) DNA sequences 

did not follow this trend but did vary among the amphibians. 

Comparisons of the reassociation kinetics of DNA from more 

closely related species generally show very little differ

ences within each group (Sohn et al., 1975; Stein and 

Thompson, 197 5; Vaughn, 197 5) except for the Drosophila 

species which have been compared in this dissertation and 

those examined by Laird and McCarthy (1968). 

Several physical and chemical characteristics of 

the DNA from the Drosophila species were examined during the 

course of preparing the DNA for sequence homology studies. 

One of these, buoyant density analysis, revealed that some 

Drosophila species shared similar and possibly identical 

DNA components, whereas other DNA components could be used 

to differentiate between the species. DNA centrifuged in a 

CsCl density gradient bands at a position in the gradient 
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corresponding to the buoyant density of the DNA molecules. 

The buoyant density of DNA is directly proportional to its 

guanine plus cytosine (G + C) content and thus DNA molecules 

can be separated in CsCl based on differences in base 

composition. The major portion of the DNA of D. nannoptera, 

D. pachea, D. acanthoptera, and species w forms a band, 

called the main band, at 1.704 to 1.706 g/cc in CsCl density 

gradients (Table 1) and this density corresponds to a 45% to 

47% G + C content. In addition, the DNA of each Drosophila 

species has one to three other components, called 

satellites, which differ from the main band in base compo

sition. The satellites all appear to be nuclear in origin 

and not mitochondrial DNA which has a buoyant density of 

1.681 g/cc in D. melanogaster (Bultmann and Laird, 1973; 

Polan et al., 1973). The satellites have been designated 

for convenience I, II, and III, and have a G + C content 

equal to 38%, 35%, and 30%, respectively. Each Drosophila 

species examined except possibly D. pachea has a satellite 

(II) with a bouyant density corresponding to 1.694 g/cc. 

Nucleotide sequence identity cannot be assumed from 

identical buoyant densities; sequence studies are necessary 

to establish that fact. However, Gall and Atherton (1974) 

have found three major satellites among four members of the 

virilis species group of Drosophila, one satellite of which 

is common to all membefs. Their sequencing studies show 

that this satellite is identical in base sequence in the two 
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species examined and consists of a seven nucleotide sequence, 

7 repeated about 10 times per haploid genome. The other two 

satellites are also repeating heptanucleotide sequences but 

each differs in sequence from the first by a single and 

separate nucleotide substitution. Gall and Atherton (1974) 

postulated that the sequence common to the four species was 

present in the ancestral form which gave rise to these 

Drosophila and the other satellites were then derived from 

this sequence. A scheme such as that could have been the 

mechanism for the origin of the three satellites found among 

the four species of Drosophila examined in this dissertation. 

The distribution of the satellites among the species studied 

here is more complex in comparison to the virilis group and 

therefore may represent a multiple origin for satellite I, 

for example, or, alternatively, assume that this satellite 

was lost by one lineage group. 

It is now well established, on the basis of iri situ 

nucleic acid hybridization experiments, that the centro-

meric heterochromatin in a variety of organisms is rich in 

satellite DNA (Pardue and Gall, 1970; Jones, 1970). This 

fact is particularly obvious in D. virilis, a species that 

displays prominent heterochromatic segments next to the 

centromeres in mitotic chromosomes, and that has approxi

mately half its genome devoted to three large satellite DNAs 

(Gall et al., 1971). D. melanogaster has smaller hetero

chromatic segments in the mitotic chromosomes than D. 
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virilis, and the total amount of DNA present in satellites 

is about 20% (Peacock et al., 1974). These investigators 

have found the satellites of D. melanogaster to be composed 

of simple nucleotide sequences, as short as five bases in 

5 6 
one case, repeated 10 to 10 times. Hybridization of the 

satellite sequences to cytological preparations show that 

the satellites are localized in heterochromatic segments of 

various chromosomes (Gall et al., 1971; Peacock et al., 

1974). It therefore seems that a reasonably good correla

tion exists between the amount of satellite DNA in a given 

species and the amount of centromeric heterochromatin in 

the mitotic chromosomes. 

The four species examined in this dissertation all 

have identical mitotic metaphase karyotypes except for 

differences in position and amounts of heterochromatic 

segments (Ward and Heed, 1970). These differences are 

correlated with the varying amounts of satellite DNA found 

among the species (Table 1). D. pachea and D. acanthoptera 

each have added heterochromatin to the small euchromatic 

dot to make it a large J-shaped chromosome. Each species 

has one satellite which makes up about 15% of the total DNA 

(Table 1). D. nannoptera has added heterochromatin to both 

arms of the dot to make it a large V-shaped chromosome, 

plus added heterochromatin to one euchromatic rod chromosome 

to make it a V-shaped chromosome. D. nannoptera has almost 

twice as much satellite DNA as the previous mentioned 
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species of this group. The relationship between hetero

chromatin and satellite DNA is not as clear for species w. 

This species has three satellites representing 40% of its 

DNA and most of its heterochromatin is confined to regions 

around the centromeres of all the mitotic chromosomes. The 

dot and the rod chromosomes both appear to have some 

associated heterochromatin but not enough to alter their 

original morphology to a J- or V-shape. These observations 

and correlations could be tested by iri situ hybridization 

of individual satellite sequences to mitotic chromosome 

preparations of the four species. 

The reassociation kinetics of Drosophila satellite 

DNA has been studied by several different investigators. 

The satellites of D. virilis have been reported (Gall et 

al., 1971; Blumenfeld et al., 1973) to have a Cot^^ °f 

0.03 or less, whereas the satellites of D. melanogaster 

apparently reassociate more rapidly with a Cot^y2 = 0.001 

(Peacock et al., 1974). The kinetics of reassociation of 

Drosophila satellite DNA is very similar to the class of 

DNA contained in the genome of each Drosophila species 

examined in this dissertation and called the highly repeti

tive (HR) component (Figures 5 and 6). This class of DNA 

reassociates with a Cot^^ = 0.0003 to 0.006 but the amounts 

of HR in the DNA of each Drosophila species is less than the 

amount expected based on the proportion of DNA which forms 

satellite bands in CsCl gradients (Table 1). However, when 
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the middle repetitive (MR) component of DNA (Cot^^ = to 

0.65) is included in this estimate of repetitive sequences, 

the values obtained from reassociation and buoyant density 

analysis correspond more closely. Both D. pachea and D. 

acanthoptera have 23% repetitive DNA based on reassociation 

kinetics and about 17-20% based on satellite DNAs. D. 

nannoptera has 27% repetitive DNA by reassociation analysis 

and 24% based on the satellite proportion of an extracted 

DNA preparation. Repetitive DNA makes up 23% of the genome 

of species w based on reassociation kinetic experiments and 

28% based on the satellite values. The type(s) of repeated 

nucleotide sequence(s) making up the satellites of these 

species of Drosophila would therefore have to be more 

complex in nucleotide sequence than the repeating penta-

nucleotide or heptanucleotide sequences found in other 

Drosophila satellite DNAs. 



SUMMARY 

The species in the genus Drosophila which have been 

examined (D. nannoptera, D. pachea, D. acanthoptera, 

and species w) have DNA with approximately the same 

base content. The DNAs band in CsCl at 1.7 04 to 

1.706 g/cc and each species has one to three light 

satellite bands. 

DNA reassociation kinetic analysis reveals that 

Drosophila have two repetitive DNA components and 

60% to 70% single-copy DNA. 

The genome size of D. nannoptera was determined from 

Q 
DNA reassociation analysis to be 1.1 x 10 NTP. 

The genome size of D. pachea, D. acanthoptera, and 

species w was determined by DNA reassociation 

analysis to be 2.4 x 10^ NTP. 

Interspecific comparisons of single-copy DNA 

sequence divergence within the genus Drosophila 

showed that levels of divergence equal to 5-8% occur 

between more closely related species (D. nannoptera, 

D* Pachea, species w, and D. acanthoptera) whereas 

between species belonging to different subgenera 

(D. nannoptera, subgenus Drosophila, and D. melano-

gaster, subgenus Sophophora) the divergence level 

is 17%. 

80 



It is concluded that DNA-DNA hybridization experi 

ments can be applied meaningfully to determine 

species relationships within the genus Drosophila 
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