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Summary. Single-copy DNA was isolated from Droso-
phila melanogaster and hybridized with total genomic
DNA of D. melanogaster, D. mauritiana, D. simulans, D,
pseudoobscura, D. willistoni, D, hydei and D, virilis. The
duplexes were thermally eluted from hydroxyapatite
and the data used to assess the relatedness of each
species to D. melanogaster. The general pattern of
relatedness was similar to that predicted by morpholog-
ical methods but with some notable exceptions. The rate
of nucleotide substitution was estimated to be greater
than 0.66% of bases per million years. An unexpected,
rapidly evolving component of D. melanogaster single-
copy DNA was identified. The relatedness of these
species was also studied with respect to the gene coding
for alcohol dehydrogenase (ADH). The ADH gene,
previously cloned from D. melenogaster (Goldberg
1980), was hybridized with Southern blots of genomic
digests of the seven species. The intensity and position
of the hybridizing bands suggest the amount of diver-
gence of the gene. Divergence was quantitated by
reassociation of a fragment of the cloned ADH gene with
total DNA of the seven drosophilids and thermal elution
of the resultant duplexes from hydroxyapatite. The
ADH gene was isolated from genomic clone libraries of
D. melanogaster, D. simulans and D. mauritiana and
further studied by comparison of position of restriction
sites. Species relationships deduced from comparison
of total single-copy DNA and the ADH gene were
consistent, demonstrating that a single gene can reflect
divergence of the entire genome.
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Introduction

The idea that the course of evolution can be traced by
analysis of biological macromolecules depends on the
hypothesis that molecular divergence is linear with time
(Wilson et al. 1977). As this concept has gained accep-
tance, phylogenetic analysis has moved to the molecular
level. Interspecies molecular comparison have evolved
from the study of biochemical properties of proteins
(e g. electrophoretic mobility, antigenicity, etc.) to their
amino acid sequence and finally to the nucleotide se-
quence of DNA. Detailed interspecies comparison of
individual genes has yielded important data regarding the
processes of evolution (e.g. Perler et al. 1980; Efstratia-
dis et al. 1980). However, a disadvantage of fine-cale
analysis is that only a minute fraction of the total
genome can be studied using present methods. An alter-
native is analysis of DNA sequence relationships of 4
large fraction of the genome by hybridization/melting
techniques. These procedures rely on the fact that mis-
matched DNA duplexes have a lowered melting point
of about 1°C for each 1% of base mismatch (Hutton and
Wetmur 1973). Single-copy DNA is prepared, labelled
and hybrdized with excess total DNA of the same
(homologous) or different (heterologous) species (Brit-
ten and Kohne 1967; Kohne et al. 1971). The resul-
tant duplexes are isolated and their thermal stabili-
ty compared. The advantage of this method is that
a huge number of DNA sequences are simultaneously
compared. In the present study, we use interspecies com-
parisons at both the level of total single-copy DNA and
a single cloned gene for an integrated view of evolution
in drosophila.

Seven species of drosophila were chosen because of
their position relative to Drosophila melanogaster in the
evolutionary line of descent as deduced by morpholog-
ical studies. As shown in Fig. 1 (adapted from Throck-
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) the subgenus scaptodrosophila gave rise
Pphora radiation, which includes the melano-
P, as well as the drosophila radiation which
mulj gave rise to the virilis and repleta radiations. D. si-
. r'r‘ls land D. mauritiana were selected as members of
gaster elanogaster group closely related to D. melano-
mated‘ Indeed, D. simulans and D. melanogaster can t?e
natuge I the laboratory and probably form hybrids in
willisg as well (Sperlich 1962). D. pseudoobscura and D.
SOphoOﬁl were c-ho.sen to represent other groups in the
e phora rgdlatxon, while D. virilis and D. hydei

plresem the virilisrepleta radiation.
Singlll addition to determination of the divergence of
ceq ‘SCtOP)" DNAs, evolution of the ADH gene has
evolus; udied. The ADH gene is particularly suitable for
Characton-ary comparison because it has been well
ous AI;;IIZCd and cloned from D. melanogaster. Numer-
both m}ltants exist and the gene has been mappeld
Variamgenencally and cytologically. Electrophoretl.c
distribs of APH protein have been identified, and tl}elr
ore Ution in D. melanogaster populations studied.
ADHOY"I » the amino acid sequence of D. melanogaster
DNA s known (Thatcher 1980) and the complete
jati ¢ tsequence of the gene has been published (Benya-
Eenon: al, 1989, 1981). In the work reported hefe,
YESpectc evolution in drosophila has been examined with
divey to single-copy DNA relationships and sequence
. c1%)ence of the ADH gene. We also describe isolation
DS containing the ADH gene from D. simulans

and . (e
D. Mauritiana and their preliminary characterization
Y Testriction mapping,

Materjalg and Methods
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ocedures. The seven drosophilids were obtained from
Americag Drosophila Stock Center in Bowling Green,
1 the species were maintained on standard D. melano-

gas‘ter medium at 259C except D. pseudoobscura which was
Maintaineq gt 21°¢,

Isolar[on of

Xpers DNA. DNA for the interspecies thermal melting
.perlmen

s ts and for genomic blotting was isolated from adult
Tozen at -709C, Five grams of flies werc ground first in a
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mortar, then in a Potter-Elvejen motor driven homogenizer in
0.05M Tris pH 7.6, 0.025M KCl, 0.05M Mg acetate, 0.35M
sucrose. The homogenate was centrifuged at 4000 rpm in a Sor-
vall §834 rotor for 15 min at 4°C. The pellet was suspended in
0.15M NaCl, 0.1M EDTA pH 8.0, then adjusted to 2% SDS
and heated to 60°C for 10 min. The mixture was adjusted to 1M
NaHClOy, titrated to pH 8.0 and extracted once with redistilled
phenol and three times with 24:1 chloroform/isoamyl alcohol.
DNA was precipitated with ethanol, pelleted, and suspended in
0.1 X SSC. The mixture was incubated with 100 pg/ml preboiled
RNAse A (Sigma) and 1500 units RNase Tl (Sigma) for 2 h at
379C. 1000 units of «c-amylase were added and incubation
continued another hour, The DNA was again extracted with
phenol and chloroform/isoamyl alcohol, precipitated and resus-
pended in 10 mM Tris pH 8.0, 1 mM EDTA. Yields were about
1 mg of DNA per 5 g flies.

Shearing and Sizing of Driver DNAs. DNAs uscd as driver in the
thermal melting experiments were isolated as described above,
and sheared by sonication in a Branson 185 cell disrupter. 200
ug of DNA were sonicated in 2 ml of 10 mM Tris pH 8.0, 1 mM
EDTA for 40s on setting 3.2. The single-strand size of the
shearcd DNAs was estimated from their electrophoretic mobility
relative to standards on alkaline-agarose gels (Hall et al. 1980).
The gels were 1% agarose, 30 mM NaOH, 2 mM EDTA. Stan-
dards were @X17RF DNA digested with Hae III and A DNA
digested with Hind III. The gels were stained in 1 ug/ml! ethidium
bromide and photographed with a yellow filter. As expected, the
sheared DNAs had a broad length distribution. The mode of the
length distribution was estimated to be approximately 1200
nucleotides for each driver DNA used.

Preparation of D. melanogaster Single-Copy Tracer. One hundred
micrograms of total D. melanogaster (Oregon R) DNA were
sonicated as described above then precipitated, resuspended
in 1 ml of 0.12 M phosphate buffer pH 7.6 (PB), 1 mM EDTA,
0.05% SDS. The DNA was boiled 90 seconds in a sealed capil-
lary tube then reassociated at 60°C to equivalent Cot 12 mol
11 A water-jacketed glass column was packed with 0.4 g of
hydroxyapatite (BioRad DNA grade HAP lot 19693) and the
DNA applied at 50°C, 0.12M PB. DNA which was not bound by
HAP (81% of input) was dialyzed to 1 mM EDTA, precipitated,
resuspended in 0.1 mM EDTA then adjusted to 0.41 M PB in
0.2 ml. This was boiled 90 s, then reassociated at 60°C to equi-
valent Cot 1300 mo! 1-1 5, The reassociated DNA was dialyzed
then labelled by the “gap-translation™ method described by Ga-
lau et al. (1974) using 3H.GTP (NEN) and E. coli polymerase I
(BRL) but no deoxyribonuclease. The specific activity of the
tracer was 5 X 103 cpm/ug. The tracer was precipitated, resus-
pended, adjusted to 0.12 M PB boiled, reassociated at 60°C
to equivalent Cot 33 mol 1-1s and fractionated on HAP as above.
Removal of double-stranded material at this step eliminated
artifactual foldback DNA generated during the gap-translation
procedure and any remaining repetitive DNA, Material unbound
by HAP was passed over a Sephadex G-100 column then bound
to HAP in 0.012 M PB in order to remove unincorporated nu-
cleotides and short fragments of DNA.

The singlestrand length of the single-copy tracer was deter-
mined by centrifugation through an isokinetic alkaline sucrose
gradient (Noll 1967). Viix = 9.84 ml, Cog = 43% sucfrose
(W/V), Cpaq = 16% sucrose (W/V) in 0.1M NaOH. Gradients
were centrifuged at 33,000 rpm for 30 h at 20°C in a Beckman
SW41 rotor. The modal length of the tracer was determined in
relation to internal standards previously sized in the electron
microscope (Studier 1965). Sucrose gradients were fractionated
and the absorbancc at 260 nm measured. Each fraction was
neutralized and counted in Aquasol 2 (NEN) in a liquid scintilla-
tion counter. Comparison of the migration of the 3Habelied
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tracer to that of the optical standards indicated a modal length
of 510 nucleotides.

Hybridization and Thermal Melting of Single-Copy DNA. Twen-
ty-five micrograms of each sheared driver DNA were precipitated
and resuspended in a final volume of 30 ul of 0.41M PB, | mM
EDTA, 0.05% SDS. The drivers were sealed in. capillary tubes
with 104 cpm of D. melanogaster single-copy tracer, boiled
60 s then reassociated to equivalent Cot > 2500 mol 171 s at
55°C. The ratio of driver DNA to tracer DNA was 1000.
Samples were diluted to 1 ml of 0.12M PB, then applied to
0.4g HAP columns (three columns were run in series). Unbound
material was washed away, then bound duplexes were eluted
with 0.12 M PB by increasing temperature in 4°C increments as
described by Moore et al. (1978). Eluate was collected directly
into scintillation vials and counted.

Genomic Southern Blotting. The gene coding for D. melano-
gaster (Canton S) ADH was isolated, subcloned into the plasmid
pBR322, named pSAC and graciously provided by Dr. David
Goldberg. As shown in Fig. 5, the subclone consists of the
smallest genomic Eco RI fragment which contains the entire
structural gene as well as about 1 Kb of flanking DNA in both
directions. pSAC DNA was prepared by the method of Clewell
and Helinski (1970) and 32P-abelled by nick-translation (Rigby
et al. 1977) to specific activity 1-2 X 108 cpm/ug using all
four a-32PdNTP (NEN). DNA of the seven drosaphilids, pre-
pared as above, was digested twice with a 3fold excess of Eco
RI and 2 ug were electrophoresed in 0.7% agarose gels for
15 h at 70 mA. DNA was transferred to nitrocellulose filters (BA
85 Schleicher and Schuell) using the Southern procedurc (South-
ern 1975) except that denaturation was in 0.1M NaCl, 0.5 NaOH
and neutralization was in 0.1M NaCl, 0.5M Tris. Hybridization
was performed in 50% formamide (Fisher), 5 X SSC, 0.1% SDS,
10% dextran sulfate at 349C, The filters were washed in 2 X
SSC, 0.1% SDS, 0.1% Na pyrophosphate at 50°C. Autoradio-
grams were exposed at -70°C using Kodak XAR-5 X-ray film
and Kodak C-2 film cassettes with Dupont Lightening Plus
intensifiying screens.

Labelling and Strand-Separation of a Fragment of pSAC. A 610
nucleotide fragment of pSAC was prepared by digestion with
Bam HI and Hind III as shown in Fig. 5. Digestion products
were end-labelled with °“P using modification of the procedure
of Drouin and Symons (1979). Ten micrograms of pSAC were
digested, precipitated and resuspended in a final reaction volume
of 35 ul. Labelling was at 14°C for 1 h in 50 mM NaCl, 50mM
Tris pH 7.4, 8mM MgCl, in the fresence of 50 microcuries
(1.85 x 106 becquerels) of each a-32P-ANTP (NEN; 3000 mCi/
mMol) and 2.5 units of the large fragment of E. coli DNA
polymerase | (NEN) (Klenow and Hansen 1974). Labelled DNA
was precipitated, then suspended in 25 ul of 30% (volfvol) di-
methylsulfoxide, 1 mM EDTA, 0.05% (wt/vol) xylene cyanol,
0.05% (wt/vol) bromphenol biue. Isolation of the 610 nucieotide
fragment and separation of the DNA strands was performed as
described by Maxam and Gilbert (1977) except that electro-
phoresis was in 4% (wt/vol) acrylamide crosslinked with 0.08%
(wt/vol) methylene bis-acrylamide at 350 volts for 20 h. The gel
was stained with ethidium bromide in the presence of SmM
ammonium acetate and the separated strands of the 610 nucle-
otide fragment werc sliced out. DNA was eluted from the gel
slices by diffusion into 10mM Tris, ImM EDTA at 37°C over-
night. The specific activity of thc labelled, strand-separated
tracer was estimated to be 3 x 109 cpm/ug. For the hybridiza-
tions discussed below, the slower migrating band was used. This
was the nonsense strand labelled at the Bam site. The extent

of opposite strand contamination was measured as 7% by self-
hybridization and binding to hydroxyapatite. The small amount
of tracer-tracer duplex was normalized from the thermal elu-
tion curves of Fig. 4.

Hybridization and Thermal Elution of a Fragment of pSAC.
Genomic DNA of seven drosophilids was prepared and sheared
to a length of about 1000 nucleotides as described above-
Aliquots of 150 ug were precipitated and suspended in a flnal
volume of 100 ul of 0.41M PB, 0.05% SDS, 1mM EDTA and 10t

cpm of the 610 nucleotide ADH probe whose preparation was
described above. Each sample was sealed in a glass capillary tube,
boiled for 90 s then incubated at 60°C for 36 h to an equivalent
Cot of = 2500. Samples were diluted to 0.12 M PB, bound to
HAP and thermaily eluted in 4°C increments from 60°C to
989C as described above.

Isolation of ADH-Containing N Clones. Genomic DNA of D.
simulans and D. mauritiana was cloned in A Charon 4A (Blattner
et al. 1977) using methods described by Maniatis et al. (1978)
and kindly provided by Dr. M. Messelson. pSAC was labelled
with 2p by nick-ranslation and used to screen A libraries by
modification of the method of Benton and Davis (1977) as
described by Anderson et al. (1981). 60,000 recombinants of
D. simulans were screened and four ADH-containing A clones
were isolated. Five ADH A clones were isolated from 100,000
recombinants of D. mauritiana. Hybridization was done in § X
S8C, 1% Sarkosyl at 58°C and washes were done in 3 x SSC,
0.5% Sarkosyl and 3 x SSC alone at 57-58°C.

Results
Evolutionary Divergence of Single-Copy DNA

Measurement of thermal stability of heterologous DNA
duplexes provides an estimate of average sequence dif-
ference in DNA of related species. The conditions of
reassociation dictate which sequences are, or are not,
too divergent to form stable duplex structures. Using
low stringency conditions (55°C, 041M phosphate
buffer) which maximize hybridization of divergent
sequences, a series of reassociations were performed
between single-copy, 3H DNA from D. melanogaster and
excess, unlabelled DNA of seven drosophilids. Figure 2
presents representative elution profiles obtained when
the hybridization products were bound to hydroxy-
apatite, then eluted by incremental increase in temper-
ature. Data from the measurements of Fig. 2, as well as
others, are summarized in Table 1.

The T 1/2 of the D. melanogaster/D. melanogaster
duplex was 84.1°C (Fig. 2, Table 1). This is close to
the theoretical value of 84.6°C, calculated using the
equations of McConaughy et al. (1969) and Schildkraut
and Lifson (1965), assuming 45% G-C content of D.
melanogaster DNA (Laird and McCarthy 1968). The
closeness of the measured value to the theoretical T,
1/2 demonstrates that the single-copy tracer was not
extensively nicked or contaminated with repeat DNA,
since length reduction or repeat contamination would
have lowered the T 1/2 significantly. The hydroxy-
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Table 1, Divergence of single-copy DNAs measured by thermal elution from hydroxyapatite

Species Number of Average Average Corrected
determinations Tm 1/2C0? AT 1 12 C)b % reaction® % reaction
ﬁ' melanogaster 4 84.1 - 80.1 100
D, ams 4 82.2 1.9 517 62.8
D, o rttiang 3 81.8 2.3 53.0 66.4
D, poeudoobscura 3 65.2 18.9 20.8 25.7
D. w);zd;l ‘ 1 58.0 26.1 10.9 13.4
Dovirine 3 57.6 26.5 13.4 16.5
e 3 57.9 262 15.1 18.6
2 3;2:’1 Tm 1/2 \;alues in multiple determinations were avetaged. The variance in multiple determina-
mors \gas <1'C for the closely related species (D. melanogaster, D. simulans and D. mauritiana). In
b TheeA ;Stant Species, variation was < 2.5°C
o m_1/2 is the difference between the average T 1/2 observed for D. melanogaster/D. mela-
c 8aster duplexes and the average T 1/2 observed in heterologous measurements
© percent reaction observed in mrtrllltiple determinations was averaged; variation was < 5% of the
total reactivity

apatilte method has some disadvantages relative to other
Melting techniques, notably the TEAC!I method dis-
cussed by (Britten et al. 1978). T 1/2 values measured
ag HAP elution are only reproducible to an accuracy of
out + Joc, However, in cases where both methods
ave beep employed the results have been similar (e.g.
all et o). 1980).
st he résults presented in Table 1 are generally con-
®0t with the phylogeny shown in Fig. 1. The diver-
Bence between the sibling species D. melanogaster and
1 gsé'gula”s or D. mauritiana is much less (AT 1/2 of
SI;ECi and 2.3°C respecitvely) than any of the other
gastefs Compared. The divergence between D. melano-
8 9()Cand D. pseudoobscura leads to a AT_ 1/2 of
spﬁ;ci . A000r<fling to the data listed in Table 1, these
Closaes’ both in the sophophora radiation, are n_prg
or Dy relat.ed than is D. melanogaster with D, vm.lzs
etwe hydei. The data in Table 1 do not distinguish
Willisjen~ the divergence of D. melanogaster and D.
o ont, D. hydei or D. virilis, all of whose genomes
¢ little homology with D. melanogaster.
divel: addition to providing quantitation of sequence
o sigence’ the data of Table 1 also show what fraction
ang Egle'copy DNA is capable of forming homologous
pro et.erok’gous duplexes. This parameter is generally
b Portional to the phylogenetic relationships indicated
meamby Fig. 1 and by the melting data. However,
comy roment of the fraction of D. melanogaster single-
py. DNA ¢apable of hybridization with total DNA of
re'suﬁmuolans or D. mauritiana yielded an unexpected
hybrig; nly about 65% of the D. melanogaster tracer
in dicatlzed Wwith either of the other genomes. This result
quen%zs that ~ 35% of D, melanogaster single-copy se-
ana or sare tot‘aﬂy absent in D. simulans and D. mauriti-
true altho Modified that they fail to hybridize. This is
orm § ough 1) the AT 1/2 of the duplexes which do
18 very low, 2) D. melanogaster and D. simulans are

he percent reaction was corrected for the reactivity of tracer which was 80.1%

extremely similar morphologically and can cross-mate
and 3) the polytene chromosome banding patterns of
these species are similar (Patterson and Stone 1952).

Evolutionary Divergence of the ADH Gene Studied by
Genomic Blotting

The gene coding for ADH was studied in the same seven
drosophilids. A plasmid containing the D. melanogaster
ADH gene (pSAC, see Fig. 5) was labelled and used to
probe Southern transfers of total genomic DNA,; Fig. 3
shows the results. The intensity and position of the
bands gives qualitative indication of how closely the
ADH gene is related in each species to that of D. mela-
nogaster. Analysis of several exposures of the blot shown
in Fig. 3, as well as a number of other blots done under
varying conditions lead to the synthesis of data shown
in Table 2. No single set of conditions is appropriate to
show clearly all the bands because the range of diver-
gence in the seven species is too great. Each of the
species appears to contain the ADH gene and the genes
are similar enough to those of D. melanogaster to hybri-
dize under the conditions used. The relationships of D.
melanogaster to the other species as deduced from the
ADH band intensities listed in Table 2 are consistent
with the relationships indicated by comparison of total
single-copy DNA shown in Table 1. Thus divergence of
DNA coding for a single gene appears to reflect the
vastly larger data base represented by total single-copy
DNA. In the case of D. melanogaster, D. simulans and
D. mauritiana not only are the bands of high intensity,
the similarity in band size indicates conservation of
restriction sites. Hybridization of another single-copy
probe with genomic DNA of the same species yielded an
identical ordering of species relatedness (L. Zwiebel
unpublished observation).
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Fig. 2A and B. Thermal elution from hydroxyapatite of du-
plexes formed between H3-labelled D. melanogaster singlecopy
DNA and excess total DNA of seven drosophilids. Reassocia-
tions were in 0.41M PB, 0.05% SDS, 1 mM EDTA at 55°C to
equivalent Cot > 2500 mol I'ls. After hybridization, samples
were diluted to 0.12M PB and applied to a series of 0.4g hy-
droxyapatite columns at 46°C. Temperature was increased in ap-
proximately 4°C increments and the DNA fragments rendered
single-stranded at each increment were eluted with 0.12M PB.
Driver DNA’s were: A (a) D. melanogaster, (o) D. mauritiana,
(w) D. simulans; B (v) D. pseudoobscura, (o) D. hydei, (¥) D.
willistoni, (0) D, virilis

Table 2. Order of band intensity in blots of Eco R1 digested g¢-
nomic DNA probed with pSAC

Species Band length Ordered band
(Kb)2 Intensity?

D. melanogaster 4.7° 1

D. simulans 47 24

D. mauritiana 4.1 24

D. pseudoobscura 21,102,5.2 4

D. hydei 6.8 5

D. willistoni 29,22 6

D. virilis e 1

a Determined relative to the electrophoretic mobility of Hind

I1I digested A DNA

The intensity of the faint bands in Fig. 3 was photographical
ly enhanced to show their positions more clearly. The order
of band intensity was qualitatively determined from many
blots carried out under a wide variety of hybridization condi
tions. No one set of hybridization conditions was appropriate
for all of the species since the range of sequence divergence
was great

The faint band at 6.8 Kb seen in Fig. 3 was the product of in-
complete digestion of D. melanogaster genomic DNA. The
Eco RI site 5’ to the ADH gene was incompletely digested
leading to a larger fragment as shown in the restriction map
of Fig. 5§

The intensity of the ADH band in D.mauritiana and D. simu-
lans genomic DNA was not reproducibly different

The signal was so weak that band position could not be re-
producibly determined

Fig. 3 A and B, Blot hybridization of a cloned ADH gene with genomic DNA of seven drosophilids. 2 ug of each genomic DNA were
digested with Eco RI and electrophoresed through a 0.7% agarose gel. The DNA was transferred to a nitrocellulose filter, hybridized
with the probe (3 P-labelled pSAC) DNA and autoradiographed, as described in the Methods section. The DNAs were A- 1) Hind 111
digested A DNA, 2) D. melanogaster, 3) D. simulans, 4) D. mauritiana, 5) pSAC, 6) isolated ADH-containing A clone of D. simulans,
7) isolated ADH-containing A clone of D. mauritiana; B 1) Hind III digested A DNA, 2) D. melanogaster, 3) D. simulans, 4) D. pseu-

doobscura, 5) D. hydei, 6) D. willistoni, 7) D. virilis



moislz;e of tha Iaﬂez;: cEf“the‘ blot shown in Fig. 3 contain
lane ﬂ?:nfo‘ne I‘l}'\bnﬁlzmg band. In the 2. melanogaster
fiig‘séti(m f?ﬂt bafui at é.%%-Kb results from incomplete
Fig.5).1 (i ﬂf‘? Eco R1 site S’.te the ADH gene (see
digegti(;;n n erestmgl},? the same site has been resistant to
tucleotiq - genomic c{(}nes as well. It seems that the
T Sits; .e S‘fffiu'mnce v.yhmh makes up t,’ms particuiar Eco
it 5 1{33{32%1%1111111‘13 diate sequence environment, renders
R] sm;g Ha € substrate for the c%nzyrfm t}?zm othcr{a‘icﬂ:o
com 1‘ . QWever, more exhaustive digestion results m‘
"Plete cleavage. The extra bands seen in digests of
r"e;j;f‘?i‘;‘)f’b&::ui’a and D, hydei are probably not the
ifferont partml digestion sirzcg hybridization ‘with a
Aty r tsmgIe*mpY }33‘056 resulted in only one E)gnd
Severq] : l§h0‘ﬁfl?). Aside from -incomplete d}gestzxvem
alle] Exp anations are possible. These include mulhpig
es 11‘1 the population, hybridization -of the ADH

f g;ti’;i?% a relate;c‘i sequence in ‘the genorne, Or mgkﬁiple
or ’C't;e the ADH gene itself. There is genetic evidence
bresence of more than one ADH gene in some

SPecies of drosophi i : i
onh ol o .
Cation), phila (D. Sullivan personal communi

»olazwnary Divergence of the ADH Gene Studied

-
L“”g Thermg] Elutiow

I orge, to -quantitite interspecies divergence of the
endy fi?e, a 610 nucleotide fragment m‘; pSAC was
eXcess ? ed, ‘Stifand-sepa;'ated, and’ hybridized with
ﬁp}e;(gén"’i’mZ(:{)N.A of the seven species. The ;‘@S\xltm‘t
eluteq ;Wer@ ﬁt}@d to hydroxyapatite and thermally
con tdm Slshown In Fig. 5, the 610 nucleotide fragment
n‘!ﬁi@dtfd 25 nucleotides of 5 flanking sequence, 420
the ADH% of protein coding DNA and the 5" intron of
though 4 gene which is 65 nucleotides in length. Al-
ankin e 610 nucleotide -probe contains some DNA
. tergn ﬁ}e ADH gene as well as one of the introns,
Ydrox "Perature at which DNA -duplex clutes from
Sequengzpat}te is dependent upon the m@’s.‘t homologous
Sufe sor eIelT!@pts. Thus this probe is suitable to mea-
. duence divergence of the ADH structural gene.
h% Ig.i: shows the thermal elution profiles; the data are
uced g Table 3, ’I:‘he order -of species relatediess-de-
nﬂd%ﬁ?m quantitation - of divergence of the 610
Tom ] " fr&g‘mb‘r‘lt is consistent “with that generated
\ lotting (Table 2) and the single-copy melis (Table
ménf;}?misons' of Tables 1 and 3 show that .ﬁliS frag-
total gy X;'XOHS highly conserved during e‘voh:rtmn than
Berice ge‘“’w DNA. Thus comparison of iy diver-
€ tores i‘f}er able to resolve patterns of relatedness in
ang distant species. While D. Wil!iswrzz‘.‘ D, hydei
ms‘fer.i,l:": ;{‘6 appeared equally distant from D. melano-
respect 1q ¢ h&bi&/l,‘.the Orfier of their relatedness (with
Sac € ADH gene) is resolved in Table 3.
ide - :n‘crol, the separated strands of the 610 nucle-
“ement were mixed, reassociated and thermally
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Fig. 4. Thermat elution from hydroxyapatite of duplesies formed
between a 610 nucleotide fragment of pSAC and genomic DNA
of seven drosophilids. The 610 nuclentide fragment (sce Fig. 5)
was end-labelied and strand-scparated as described in the Meth-
ods section. 150 pg of driver and 5000 cpm of tracer were incu-
bated in each reaction in 0.41 PB, 0.05% SDS, 1 mM EDTA at
65°C to Cot » 2000. Therinal elution was as in Fig. 4 exeept
that the spmple was applied to the column at 607 C. Driver DN As
were (@) tracer-tracer self reaction, (&) D, melanogaster, (o) 1,
simulans, (&) I, mauritieng ) D. pseudoobscura <8y D, hydei,
)y D, willistoni, (v} D. virilis

eluted from hydroxyapatite. The T~ 1/2 of the self-
reassociated tracer was 92.8°C. When individual strands
of the tracer were reassociated with D, melanogaster
DNA, the T_ 1/2 of the resultant duplex was 90.8°C.
The cloned ADH gene was derived from Canton S 1. me-
lanogaster while the driver DNA was Oregon R strain.
Thus the 2°C reduction in T - 1/2 of the driven duplex
relative to the ¢lone self-reassociation probably reflects
divergence in the ADH gene between these two strains of
D. -melanogaster. ‘The sibling -species of D. melano-
gaster show a further reduction in T i 172 of /mx(ly‘
0:8°C.-D. simulans and D. mauritiena are indistinguish-
able. The D. pseudoobscura ADH fragment is-the next
most related to D. melanogaster having a AT -1 /2 of
11.9°C. This is consistent with the single<copy melting
data of Fig. 2 and the genomic blots shown in Fig. 3.
Again comparisons at ‘the DNA level show 'that D.
willistoni is more distantly related to D. melanogaster
than B, pseudoobscura or sven D. hydel D, virilis is
orice more shown to be-the most distantly related to D.
meianogaster of the severn.

Comparison of the ADH Gene ‘in D. melanogaster, D,
simulans and £, mauritiana by Restriction Mapping

In order to initiate’ a-more detailed analysis of the ADH
gene in closely ‘and distantly related drosophilids, pSAC
was used .to screen genomic A clone libraries. The first
result of these screens has besn isolation of the ADH
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Table 3. Evolutionary divergence of a fragment of pSAC measured by thermal elution from hydroxyapatite

Species Tm 1/2 ("C)a Interspeciesb Polymorphic AT __ 1/2 of Single-copy
aT, 120 aT_1/2¢0°  DNA ()
Tracer self-reassociation®  92.8° - - _
D. melanogaster 90.8° — 2.0° -
D. simulans 90.0° 0.8° - 1.9°
D. mauritiana 90.0° 0.8° - 2.3°
D. pseudoobscura 79.0° 11.8° - 18.9°
D. hydei 74.0° 16.8° - 26.1°
D. willistoni 69.7° 21.1° - 26.5°
D. virilis 68.7° 22.1° - 26.2°
a The average T, 1/2 value in double determinations; variation was < 1°C
b The interspecies AT, 1/2 is the difference between the average T,,, 1/2 observed for D. melanogaster/D.
melanogaster duplex and the average Th 1/2 observed in heterologous measurements
¢ The polymorphic AT, 1/2 is the difference between the average T, 1/2 of the self-reassociated tracer
and the average Tm 1/2 observed when the tracer was reassociated with D. melanogaster DNA. The
clone was derived from Canton S while the driver was Oregon R strain DNA
d From Table 1
e The two separated strands of the D. melanogaster 610 nucleotide fragment were reassociated with each
other and the duplex thermally eluted from hydroxyapatite
Fig. 5. Restriction maps of ADH-containing
N ate st b clones. @ The 610 nucleotide fragment used in
a ST b Rele ——7%gs 010 nucleotide fragment Fig. 4 and Table 3, b pSAC, an ADH-containing
o \‘5‘1 r" e subclone from an isolated ADH-containing A
b pSAC clone from D. melanogaster (Goldberg 1980), ¢
e e s ee eh shh b es e an isolated ADH-containing A clone from D.
c ”', L i T ', L =T L | D. melanogaster melanogaster (Goldberg 1980), d an isolated
hb h %‘eh ﬁhh b h 3 9 b ADH-containing A clone from D. simulans, e an
4 O simulans 'l =T L I T I[ J\ isolated ADH-containing A clone from D. mauri-
ep seps epa g cushhph pe n noh tiana, f The location and direction of transcrip-
e O. mauritiona tion of the ADH gene. The symbols represent
hbh h bk bhb h (—) drosophila DNA, (~) vector DNA, (E) Eco
i o R1; (H) Hind III; (B) Bam HI: (S) Sal I; (P) Pst I;
NHp COOH (A) Ava I; (K)Kpn L. Pst I, Kpn 1, and Ava 1 sites
o were not avai{able for D. melanogaster and Kpn |
6 UL L o 1? LN M B and Ava I sites were not determined for .

gene from D. simulans and D. mauritiana. In these spe-
cies, as well as in D. melanogaster, the ADH gene resides
in 2 47 Kb Eco R1 fragment; this is shown in Fig. 3.
Restriction maps of each clone were established by
standard techniques and are shown in Fig. 5. The restric-
tion map of the D. melanogaster ADH containing A\
clone has been published previously (Goldberg 1980).
The direction of transcription of the gene has been
established by sequencing (Benyajati et al. 1981). The D.
simulans and D. mauritiana maps show a number of sites
in common with each other and with D. melanogaster.
Comparison of these sites allows orientation of the gene
whose 5’ end resides very close to a Hind III site com-
mon to all three species. In addition to the common
Hind III site, D. melanogaster, D. simulans and D.
mauritiana also share two Eco R1 sites, a Sal [ site and
two additional Hind III sites flanking the ADH gene.
There is also one conserved Bam site within the gene. Pst
I sites have not been mapped in D. melanogaster but
there is one site shared between D. simulans and D.

simulans

mauritianz as well as one which is not shared. There is
a high degree of restriction site sharing within and
directly flanking the ADH gene in the three sibling
species. Although the number of sites compared does
not allow quantitation of sequence divergence, this
provides independent evidence of the similarity of these
genomes, and suggests that this gene and its immediate
sequence environment may represent a region of con-
served DNA sequence.

Discussion

Use of Interspecies Comparison at the DNA Level t0
Assess Species Relatedness

Four different techniques have been used to assess the
relatedness of seven drosophilids at the DNA level, These
were thermal elution of interspecies single-copy DNA
hybrids, genomic blotting using the cloned ADH gen¢



% 2 probe, thermal elution of interspecies hybrids of

DH’. and in a limited set of measurements, restriction
Mapping of isolated ADH-containing genomic clones.
gegiogenetic‘conclusions based on divergence of a single
meamfre subject to uncertainty. However, based on the
the l'fments reported here, a consistent ordering of
e riatf?dness of these species to D. melanogaster
by ¢ }? tained and can be compared to that predicted
thatl; ph_yl.OSEIl‘y in Fig. 1. An unexpected finding was
leadin - Willistoni, thought to have diverged from the line
PSeudg t; D. melanogaster at about the same time as D,
Severa?oyscum (Th.rockmorton 1975), was found by
relateg nes of evidence to be much more distantly
have to D. melanogaster. Beverley and Wilson (1982)
immurecenﬁl}' come to a similar conclusion based on

< 0'&01081031. evidence. With respect to ADH, Table
hyder S D. willistoni to be more distant even than D.
are twand this is supported by the blot of Fig. 3. There
that tho possible interpretations of this result. One is
ment ? phylc?gn'any is simply incormrect regarding place-
rom t‘}’l D. willistoni. A second is that after divergence
toni 1 ¢ line leading to D. melanogaster, the D. willis-
line | me- diverged at a much more rapid rate than the

. d*‘fadmg to D. pseudoobscura. While less striking than
. llvefgence of D. willistoni, the phylogeny shown in
8- 1 did not predict that D. hydei would appear to be

m
v;ﬂrfs closely related to D. melanogaster than would D.
is.

R X
41€ of Single-Copy DNA Divergence

gff?uﬁe of the lack of fossil evidence, it is extremely
‘lt to estimate divergence times for drosophilids.

e best available estimate of divergence time between
yéar’:‘e{?‘mgaster and D, virilis is about forty million
ring tcf thOCkmorton, personal communication). Refer-
ata of Table 1, and assuming 1°C change in T |

corresponds to 1% sequence mismatch (Britten et al.
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1974) we can calculate a change of 26.2/40 = 0.66% of
bases per million years for the 18.6% of single-copy
DNA which is still similar enough to form interspecific
duplex. Since 81.4% of the D. virilis genome is too di-
vergent to hybridize with D. melanogaster at all, the esti-
mate of 0.66% per million years is clearly a lower limit.
Calculation of this average rate does not necessarily im-
ply a constant rate over time. The minimum rate of di-
vergence of 0.66% per million years for single-copy DNA
in drosophila is similar to the rate calculated for sea ur-
chin DNA of 0.5% per million years (Hall et al. 1980). In
Hawaiian drosophila, a rate of 0.4% per million years has
been reported (Hunt et al. 1981). A slower rate, 0.1%
per million years, has been reported for primate DNA’s
(Britten and Davidson 1976).

The Nature of Single-Copy DNA Divergence

There are some clear differences between the nature of
single-copy DNA divergence observed here and that re-
ported in other interspecies comparisons. For example,
Angerer et al. (1976) compared two distantly related
species of sea urchin ie. 8. purpuratus and L. pictus.
Only about 12% of the single-copy DNA was cross-
hybridizable. However, the T_ 1/2 of that 12% was rela-
tively high, demonstrating the existence of a conserved
class of single-copy DNA. In contrast, the distantly re-
lated drosophilids compared here do not contain an ana-
logous conserved component in their genomes. An in-
teresting observation of this study is that the genome of
D. melanogaster appears to contain a large, rapidly evolv-
ing, single-copy component. This follows from the
finding that about 35% of D. melanogaster single-copy
fails to hybridize with D. simulans or D. mauritiana total
DNA (Table 1). A similar observation has recently been
reported in comparisons of closely related species of
Hawaiian drosophila (Hunt et al. 1981). That these ob-
servations in drosophila are unusual can be seen from

Tab) )
e 4. Meltmg temperature and percent duplex formation in selected interspecies comparisons

Species compared

Single-copy  %Reaction Source
: aT H2CC)
M gl::[;umms/& franciscanus 14° 90% Hall et al. (1980)
¢/Rat 18° B0-85% Kohne et al. (1972)
Man . Rosbash et al. (1975)
Cow//CPépuchm 10.5° 90-95% Kohne et al. (1972)
Indpi 14° 80% Kohne et al. (1972)
eco ;‘;u"ﬂ S. purpuratus/
Individual S, purpuratus 4° 95% Britten et al. (1978)
D, pics; D heteroneura
cornis| o 2.1° 62% Hunt et al. (1981)
D. silvestris
D, gy D. simulans
anogaster| or 2.1° 65% Average of data from

D. mauritigna

Table 1 of this paper
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data listed in Table 4. The first four comparisons show
instances where evolutionary sequence divergence has
lowered the melting point of interspecific duplexes by a
large amount i.e. 10--18°C. However, most of the single-
copy DNA of these genomes remains cross-hybridizable
(80-95%). In fact, for a large number of published com-
parisons (of which those in Table 4 are only a fraction)
it is generally true that the extent of inter-species hybri-
dization remains relatively high even when sequence di-
vergence reaches a level of 10—15%. In very distantly re-
lated species, of course, cross-hybridization is low. In
very closely related organisms, such as the comparison
of two individual S. purpuratus cited in Table 4, cross-
hybridization is essentially complete and AT~ 1/2 is
low.

The last two citations of Table 4 show comparisons
of drosophilids known by several criteria to be closely
related. As expected, the AT, 1/2 is small. Surprisingly
however, a significant fraction of the single-copy DNA
fails to cross-hybridize at all. It appears that drosophilids
are undergoing two completely different evolutionary
processes. One is the normal accumulation of mutations
common to DNA of all species. A second is a rapid pro-
cess which results in lack of hybridization between a
large fraction of the genome of closely related species.
This second process is not seen in the other species listed
in Table 4 and may be unique to drosophila. The recent
discovery of mobile elements in drosophila genomes
(e.g. Strobel et al. 1979) suggests that processes of in-
sertion and deletion of such elements might explain the
results obtained here. Such mobile elements have not
been previously reported in single-copy DNA.

D. melanogaster and D. simulans have similar poly-
tene chromosome banding patterns and interspecific
hybrids exhibit almost normal chromosomal pairing
(Patterson and Stone 1952). Thus it is unlikely that
rapidly evolving DNA is all located in one or a few re-
gions of the genome. If it were, these regions would be
evident as areas where homologous chromosomes could
not pair in interspecific hybrids. Therefore it seems like-
ly that rapidly evolving DNA is interspersed throughout
the genome with DNA undergoing the more usual pro-
cesses of evolution. On the other hand, rapidly evolving
DNA probably is not interspersed with a very short pe-
riodicity. The tracer used in the measurements listed in
Table 1 had a length of about 500 nucleotides. If inter-
spersion periodicity were much shorter than 500 nucle-
otides, most tracer molecules would contain both rapid-
ly evolving and “normal’” DNA. These molecules would
form duplexes in the interspecific hybridization experi-
ments and a larger cross-hybridization would have been
observed. Thus the rapidly evolving DNA is neither lo-
calized in one or a few positions, nor interspersed at
short periodicity. It must, therefore, be interspersed in
many genomic locations but with an average spacing
considerably greater than 500 nucleotides. Further

characterization of rapidly evolving DNA must await
cloning and detailed study of individual sequences.
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