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Summary. We have performed DNA-DNA hy-
bridization experiments among several species of
Drosophila using the evolutionarily conserved por-
tion of the genome representing sequences coding
for amino acids of proteins. This was done by using
as tracer, radioactively labeled complementary DNA
that was reverse transcribed from adult mRNA. We
show that this procedure extends phylogenetically
the distance over which the technique can be applied
to fast-evolving groups such as Drosophila. The ma-
jor phylogenetic conclusions are (1) the subgenus
Sophophora is a monophyletic lineage; (2) within
Sophophora the melanogaster subgroup is closer to
the obscura group than either group is to the willis-
toni group; (3) the subgenus Drosophila is complex
with most major lineages originating deep in the
phylogeny; the subgenus may not be monophyletic;
(4) as with most groups classically placed in Dro-
sophila, the Hawaiian Drosophila originate early,
supporting the notion that this lineage is older than
the extant islands; and (5) the virilis/repleta lincage
is monophyletic within Drosophila.

Key words: Drosophila — Sophophora — cDNA-
DNA hybridization — Phylogenetics

Introduction

DNA-DNA hybridization of single-copy DNA
(scDNA) sequences has been used to assess overall
genetic relationships in several vertebrates and in-
vertebrates (e.g., Hunt et al. 1981; Sibley and Ahl-
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quist 1981, 1984, 1987; Caccone and Powell 1987,
1989; Sheldon 1987a; Caccone et al. 1988a; Catze-
flis et al. 1989; Goddard et al. 1990; Kirsch et al.
1990). It has also been useful in revealing rates and
patterns of genome evolution, which are strikingly
different in different groups of organisms (e.g., Brit-
ten 1986; Sheldon 1987b; Catzeflis et al. 1987;
Springer and Kirsch 1989; Caccone and Powell 1990;
Werman et al. 1990). Insect genomes, in particular
Drosophila and cave-crickets, are composed of sec-
tions of scDNA with extreme variation in rates of
evolutionary change, variation more extreme than
the known differences in rates between introns and
exons (Powell and Caccone 1989; Caccone and Pow-
ell 1990). A similar, though less extreme situation
holds for sea urchins (Werman et al. 1990). This
finding contrasts markedly with what has been seen
in other taxa, especially mammals and birds, where
little evidence of such extreme heterogeneity has
been found. Absolute rates of change also vary con-
siderably among taxa (Britten 1986; Catzeflis et al.
1987). Insect DNA seems to evolve 5-10 times fast-
er than many vertebrates. This comparison refers
only to the more conservative part of the insect
single-copy genome. If we consider the total single-
copy genome, the rate difference is even more ex-
treme (Caccone and Powell 1990).

Because of these dramatic differences in pattern
and rate of evolution among vertebrates and inver-
tebrates, the taxonomic level at which DNA-DNA
hybridization provides reliable estimates of se-
quence divergence is very different in different groups
of organisms. In vertebrates, DNA hybridization
studies have been used to infer genetic relationships
between species belonging to different families and
orders. In insects, comparisons between different
genera in the same subfamily of cave-crickets are at
the resolution maximum of the technique (Caccone
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Table 1. Drosophila species studied including strain used, source, and abbreviation
Drosophila species? Strain Source Abbreviation
Subgenus Sophophora
melanogaster group
D. melanogaster Oregon-R D. Poulson MEL
D. simulans Arizona D. Hartl SIM
D. yakuba 02161.0; Ivory Coast, Africa BG® YAK
D. orena D. Hartl ORE
D. takahashii 0311.0; Nepal, Asia BG® TAK
obscura group
D. pseudoobscura DM3; Davis Mountain, Texas J. R. Powell PSE
willistoni group
D. willistoni St. Kitts, 32 J. R. Powell WIL
Subgenus Drosophila
repleta group
D. mercatorum S.aBr13; S. Salvador A. Templeton MER
D. hydei S. Artavanis HYD
virilis group
D. virilis 1051.0; Pasadena, California BG® VIR
immigrans group
D. immigrans 1731.5; Central Honshu, Japan BG® IMM
melanica group
D. melanica 1141.0; Myakke Head, Florida BG® MELA
funebris group
D. funebris 1911.0; Sturgis, Kentucky BG® FUN

2 The species divisions follow Patterson and Stone (1952)
b Bowling Green Drosophila Stock Center

and Powell 1987). In Drosophila, it is difficult to
reliably compare even species belonging to the same
subgenera!

In this paper we expand the resolution power of
the DNA~DNA hybridization technique by mea-
suring sequence divergence of coding sequences only.
The rationale behind this approach relies on the safe
assumption that, in general, coding sequences evolve
more slowly than noncoding sequences. By limiting
our study to the subset of sequences coding for pro-
teins, we should be able to assess genetic relation-
ships between more distantly related taxa than by
using overall single-copy sequences. Obviously, we
are studying a much smaller fraction of the genome
than when using standard DNA hybridization tech-
niques. However, this small fraction of the genome
contains millions of nucleotides, which is still much
more than could be easily studied by sequencing.
Thus, the major advantage of using an average di-
vergence over a large number of genes is preserved
such that the problem of confusing gene trees and
species trees is minimized (Pamilo and Nei 1988).

The basic protocol for these experiments has been
to isolate poly(A)* RNAs from adult flies and ra-
dioactively label DNA copied from this RNA. The
resulting cDNAs were used as tracers in DNA-DNA
hybridization experiments against total DNA prep-
arations from its own species and others. Similar

experiments have been performed with sea urchins
(Roberts et al. 1985). Elsewhere we document that
cDNA prepared from adult mRNA and embryo
mRNA vyield the same relative distances among spe-
cies (Caccone et al., unpublished) so that the phy-
logenetic conclusions in the present report are not
dependent upon developmental stage of expression
of the mRNAs used.

We have chosen to use this approach to attempt
to elucidate the genetic relationships of 11 species
of Drosophila belonging to the two subgenera So-
phophora and Drosophila (Table 1). These species
and species groups represent the majority of species
used in experimental work. Thus, in relating phy-
logenies to other work such as morphology, devel-
opment, or behavior, it is the phylogenetic relation-
ships of members of these two subgenera that are
most important.

Materials and Methods

The strains of flies used in this study along with the
abbreviations by which they will be subsequently
referred and their traditional taxonomic classifica-
tion are listed in Table 1. To our knowledge, all are
isofemale lines, begun by single inseminated females
from nature.
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Total DNA was prepared for the 11 species stud-
ied using a method based on phenol/chloroform ex-
tractions and proteinase K digestion (Werman et al.
1990). The DNAs were then sheared by sonication
to an average size of 500~2000 bp. They constitute
the drivers in the DNA~DNA hybridization exper-
iments.

Total RNA was obtained from adult flies of mixed
sex for 6 of the 11 species (MEL, YAK, PSE, WIL,
MELA, VIR) by the method of Chomczynski and
Sacchi (1987). Poly(A)* RNA was prepared by two
passes over oligo-dT columns. Integrity of the
mRNA population was checked for some prepara-
tions by Northern blots hybridized to a cDNA clone
of alcohol dehydrogenase, which yielded a single
band of the appropriate size for intact message. The
mRNA fraction was reverse transcribed (cDNA
Synthesis System from BRL) with the addition of
SH-dTTP and *H-dCTP and using poly-T as a prim-
er. RNA was removed by denaturation with NaOH
and boiling followed by neutralization (Roberts et
al. 1985). The resulting cDNA was recovered and
concentrated by use of Gene Clean (American
Bioanalytical). Complementary DNA preparations
were sized by alkaline gel electrophoresis (Hall et
al. 1980; Hunt et al. 1981; Caccone and Powell,
1991). Their average sizes ranged from 300 to 600
bp. These preparations were the tracers in the DNA~
DNA hybridization experiments.

We used the so-called TEACL method of DNA-
DNA hybridization (Britten et al. 1978; Caccone
and Powell 1989, 1991). The general protocol we
used is very similar to our standard DNA-DNA
hybridization method for single-copy DNA, which
has been detailed elsewhere and will not be repeated
here (Powell et al. 1986; Caccone and Powell 1987,
1990; Caccone et al. 1987; Powell and Caccone
1990). However, two significant differences should
be noted. First, hybridization mixtures were incu-
bated to an equivalent Cot >24,000 mol s/I, where-
as in the standard DNA hybridization protocol,
reassociations are stopped at a Cot >6000 mol s/1.
Second, in standard DNA hybridization experi-
ments with single-copy DNA, we mix tracer and
driver in a controlled ratio (1:1000) to prevent the
formation of tracer :tracer duplexes, which would
bias results. However, this is not necessary when
using cDNA tracers as they are single-stranded and
do not have complements in the tracer preparation.
This relaxation of the “ratio rule” allowed us to have
more flexibility in the experimental design. How-
ever, it produces a major technical artifact: the per-
cent reassociations both for homo- and heterodu-
plex comparisons are low due probably to large
heterogeneity of copy number of the cDNA sequenc-
es because of differential mRNA concentrations in
the initial preparations.

The statistical procedures used to summarize the
data are detailed in Caccone et al. (1987) and Powell
and Caccone (1990). J. Felsenstein’s PHYLIP pro-
gram FITCH version 3.2 (Felsenstein 1990) and J.
Ferguson’s neighbor-joining computer packages were
used to construct trees based on Fitch and Margo-
liash (1967) and Saitou and Nei (1987) algorithms.
To search for possible better trees we used the G
and J options in the PHYLIP package. The G option
allows for global pairwise branch swapping of taxa.
The J option changes the species input order. To
account for the missing entries we used the S option,
which allowed us to specify the degree of replication
of each distance. For missing entries we used a value
of 999 with a degree of replication of 0.

Stability of tree branches was tested by jackknife
and bootstrapping procedures. For the jackknife each
species was removed in turn from the complete data
set to determine whether or not other topologies
could be found (Lanyon 1985). Each 10 taxa data
set was then analyzed using FITCH. A bootstrap
analysis was employed according to Marshall (1991).
The data sets for the bootstrap were generated by
defining a normal distribution using the AT, means
and standard errors. A pseudoreplicate data set was
constructed by sampling just once for each cell in
the data matrix. Sampling was done only once be-
cause the standard error already takes into account
the number of replicates performed. This process
was repeated until 100 pseudoreplicate data sets were
produced. Each pseudoreplicate was then analyzed
with the FITCH program and the resulting tree re-
corded (Marshall 1991).

Results

The results from all the experiments are summa-
rized in Table 2. Complementary DNA tracers were
obtained for 6 of the 11 species (MEL, YAK, WIL,
PSE, VIR, MELA). Each comparison was replicated
3-6 times for a total of 271 median melting tem-
perature determinations, t,,’s. The standard errors
of measurement of t, ranged from 0.01 to 0.47 with
an average of 0.13. For two of the six tracers we
used three (MEL1, 2, and 3) and two (YAKI, 2)
independently derived c¢cDNA preparations. Al-
though the At_’s obtained using different tracer for
the same species varied considerably (up to 1.9°C),
the AT, ’s were very similar (within the two SEs).
We use t,, to indicate the measured median melting
temperature and T,, when it has been corrected for
duplex length (Hall et al. 1980); all further discus-
sion will refer to AT_,’s. Hybrid duplexes varied in
length from 47 to 302 bp.

Percent reassociation (%R) and normalized per-
cent reassociation (NPR) are reported in the last two



columns of Table 2. These NPR estimates are not
comparable to NPR when using the standard total
scDNA procedures. Here, we have combined pop-
ulations of sequences representing mRNA in the
frequency of their expression at the time of isolation
from the organism, or at least in their proportions
resulting from reverse transcriptase reactions. This
is then mixed with scDNA of the whole genome.
We did not know the precise amount of tracer cDNA
used in each reassociation; rather we used a constant
number of cpms (300,000-400,000), which we es-
timated represented much less than 0.1 ug of DNA.
Each tracer was mixed with a constant amount of
driver total scDNA, usually 10 ug. Thus, the rela-
tively low reassociation of tracer, even in reactions
to scDNA from the same genome from which it was
prepared, is due to the heterogeneity in copy number
of cDNA sequences. Highly expressed genes, pre-
sumably highly represented in cDNA products,
would not have the large molar excess of driver
sequences that rare cDNA sequences would have.
This also adds to the inaccuracy of measurement of
NPR, and we do not use this parameter in the in-
terpretation of the results presented here. However,
because the ratio of cpm tracer to ug driver was the
same in the homoduplex reaction and all hetero-
duplex reactions with the same tracer preparation,
some information is present in the normalized val-
ues as we show elsewhere (Caccone et al., unpub-
lished).

In the lower left part of Table 3, AT,, values for
the data listed in Table 2, together with their stan-
dard errors, are reported. Reciprocal tests (each spe-
cies used in turn as tracer and driver) were carried
out for 10 out of the 36 pairwise comparisons. Rec-
iprocity holds quite well in this data set. The mean
difference between reciprocal AT, ’s is 0.23. Because
the standard errors associated with AT, are usually
0.1-0.2, most reciprocal AT, ’s are within 2 SEs.
The overall AT,’s in cases of reciprocals are cal-
culated as weighted averages as described in Cac-
cone et al. (1987). These AT,,’s were calculated on
6-12 replicate values. The matrix is not complete
in the sense that not all pairwise comparisons were
studied. However, all species were compared with
at least one of the species belonging to the different
species group. The percent base-pair mismatch
shown in the upper right of Table 3 is based on the
conversion that 1°C AT corresponds to 1.7% bp
mismatch (Caccone et al. 1988b). This estimate was
then corrected for multiple substitutions by the for-
mula of Jukes and Cantor (1969). Corrected %bp
mismatches range from 3.9% for the MEL-YAK
comparison to up to 35-37% for comparison be-
tween the Hawaiian species (SIL) and MEL, PSE,
MELA, or VIR. Because the experimental condi-
tions allow sequences to form stable duplexes only
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if they have at least 70% bp matching, the mea-
surement of a AT,, of 17°C (implying 29% bp mis-
match without Jukes and Cantor correction, 37%
with correction) indictes that we are at the limit of
resolution for these techniques.

However, we must add two caveats in interpret-
ing the AT,,’s to base-pair change. First, the con-
version of 1 AT, to 1.7% mismatch is controversial.
This estimate was made by use of the TEACL tech-
nique for sequences that differed only in base sub-
stitutions and virtually no deletions (Caccone et al.
1988b). Other estimates of this conversion range to
as low as 0.7% change per 1°C AT,,. Recent mea-
surements using hydroxylapatite and sequences dif-
fering in insertion/deletions as well as base substi-
tutions (counting an insertion/deletion the same as
a substitution) have indicated that a conversion of
1°C AT, corresponds to a 1.2% base change (Spring-
er et al., personal communication). Secondly, one
may question whether the Jukes and Cantor cor-
rection is appropriate for coding sequences that have
such selective constraints especially for replacement
sites. However, at the distances considered (average
substitutions per site much less than one), the Jukes
and Cantor correction is about as accurate as the
more complex corrections, taking into consideration
complications of the code and transition/transver-
sion biases (e.g., Li et al. 1985). However accurate
or not the conversion, all subsequent phylogenetic
analysis was done directly on AT,,’s so that such
questions are moot with respect to the phylogenies
presented.

Figure 1 is a dendrogram based on the AT,, ma-
trix in Table 3 using the neighbor-joining method
(Saitou and Nei 1987). The algorithm will generate
a tree that appears rooted using the most distant
species as an outgroup, in this case the Hawaiian
Drosophila are represented by SIL. The classically
defined subgenera Sophophora and Drosophila do
not appear as monophyletic taxa. However, the
branch tips line up fairly evenly, implying relatively
constant rates of accumulation of differences along
lineages. Figure 2 is the neighbor-joining tree with
the root forced between the subgenera. Now the tips
do not line up, with the SIL being particularly out
of line, implying a faster rate of accumulation of
change along this branch.

Figure 3 shows a dendrogram obtained by run-
ning the Fitch program of Felsentein’s PHYLIP
package, which uses the Fitch and Margoliash (1967)
method for fitting trees to distance matrices. This
algorithm does not assume a constant rate of change
along lineages. The tree presented was obtained after
a global search, which examined 261 trees: the av-
erage percent standard deviation (APSD) was 2.091
and the sum of squares was 0.154. This tree had the
smallest APSD out of 25 different trees obtained by
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Table 2. Detailed data for the cDNA-DNA hybridization

Tracer
Tracer Driver n t SE length (bp) Teor T, %R NPR
MEL1 MEL 4 55.25 0.05 156 3.21 58.46 14.4 100.0
YAK 5 53.83 0.11 209 2.39 56.22 17.5 121.7
TAK 5 49.63 0.07 132 3.79 53.42 10.8 75.3
PSE 4 47.84 0.08 115 4.35 52.19 23.7 164.7
MELA 4 43.22 0.21 103 4.85 48.07 10.4 72.0
MEL2 MEL 4 57.18 0.09 127 3.93 61.11 9.6 100.0
MAU 3 56.30 0.12 137 3.64 59.94 11.9 124.9
SEC 3 55.61 0.17 133 3.77 59.38 5.8 60.7
ERE 3 54.52 0.16 124 4.04 58.56 11.9 124.0
TES 3 54.24 0.09 127 3.95 60.19 8.8 91.5
SIL 4 39.46 0.38 108 4.65 44.11 10.6 111.3
MEL3 MEL 5 55.85 0.02 3035 1.64 57.49 10.6 100.0
SIM 5 54.11 0.11 235 2.13 56.24 16.5 156.0
ORE 4 51.15 0.09 165 3.03 54.18 15.5 146.2
TAK 4 49.84 0.15 215 2.33 52.17 7.5 70.8
PSE 5 48.22 0.04 165 3.03 51.25 12.3 116.0
WIL 4 45.34 0.03 140 3.57 48.91 5.0 47.2
FUN 4 39.22 0.08 135 3.70 42,92 8.8 83.0
HYD 4 44.58 0.19 302 1.66 46.24 4.0 37.7
IMM 6 43.07 0.03 280 1.79 44.86 12.8 120.8
YAK1 YAK 4 57.24 0.08 161 3.11 60.35 16.3 100.0
TAK 3 49.85 0.19 112 4.45 54.30 20.2 123.8
ERE 3 53.94 0.07 106 4.72 58.65 12.8 78.6
TES 3 55.34 0.05 107 4.66 60.00 11.8 72.4
YAK?2 YAK 5 56.64 0.06 69 7.28 63.92 344 100.0
MEL 5 51.01 0.15 47 10.65 61.66 14.5 422
SIM 4 53.22 0.06 65 7.71 60.93 9.1 26.5
WIL 4 48.36 0.12 69 7.24 55.60 42.1 122.4
MELA 4 45.78 0.10 63 7.98 53.76 26.3 76.5
MERC 4 42,73 0.22 60 8.37 51.10 17.4 50.6
VIR 3 44.80 0.26 73 6.85 51.65 9.3 27.0
WIL WIL 5 56.36 0.06 254 1.97 58.33 11.3 100.0
PSE 3 47.70 0.06 173 2.89 50.59 8.2 72.7
MEL 4 46.45 0.13 146 343 49.88 19.8 174.9
YAK 4 46.68 0.08 166 3.00 49.68 11.3 99.7
MERC 3 43.66 0.18 182 2.75 46.41 6.3 55.9
HYD 3 43.75 0.40 187 2.67 46.42 2.1 18.4
IMM 3 43.73 0.27 177 2.82 46.55 11.0 96.6
MELA 4 43.38 0.13 162 3.09 46.47 13.4 117.8
FUN 4 41.18 0.30 178 2.81 43.99 43 37.7
VIR 3 43.81 0.01 236 2,13 45.94 6.3 55.9
PSE PSE 4 57.54 0.05 135 3.69 61.23 15.0 100.0
WIL 3 47.95 0.28 99 5.05 53.00 13.7 92.0
VIR 3 45.02 0.05 99 5.03 50.05 10.7 71.4
MERC 3 44.36 0.22 96 5.19 49.55 10.5 69.9
SIL 3 39.54 0.47 96 5.23 44,77 7.6 51.0
MEL 3 49.10 0.19 91 5.52 54.62 8.0 53.1
IMM 4 44,74 0.07 111 4.51 49.25 7.6 50.3
VIR VIR 4 55.93 0.06 128 3.90 59.83 24.0 100.0
HYD 3 46.30 0.09 100 5.01 51.81 23.1 96.3
MERC 3 46.51 0.13 94 5.33 51.84 27.8 116.1
MEL 3 41.57 0.10 91 5.47 47.04 27.0 112.9
PSE 4 43.42 0.11 104 4.79 48.21 8.8 36.9
WIL 3 42.40 0.19 99 5.05 47.45 7.1 29.7
FUN 4 38.72 0.39 91 5.52 44.24 9.6 40.0
MELA 4 43.51 0.14 86 5.79 49.30 22.0 92.0
IMM 4 42.52 0.05 92 5.46 47.98 10.5 44.0
SIL 3 36.52 0.16 85 5.90 42,42 6.1 25.6
HYD HYD 4 56.74 0.15 138 3.61 60.35 19.8 100.0
VIR 4 47.05 0.18 99 5.03 52.08 11.9 60.4
MERC 4 49.97 0.07 86 5.82 55.79 29.2 147.8
YAK 4 43.31 0.15 102 4.93 48.24 14.1 71.5
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Table 2. Continued

Tracer
Tracer Driver n tm SE length (bp) T T. %R NPR
FUN 4 41.05 0.02 106 4.72 45.77 14.5 73.5
MELA MELA 3 54.83 0.01 163 3.08 57.91 18.9 100.0
VIR 4 42.66 0.02 100 5.02 47.68 5.7 30.4
SIL 4 35.36 0.33 90 5.55 40.91 17.5 92.6
MEL 4 42.71 0.03 103 4.86 47.57 20.9 110.8
PSE 4 40.45 0.09 96 5.20 45.65 19.0 100.9
FUN 4 39.00 0.12 93 5.38 44.38 11.0 58.2
IMM 4 41.03 0.06 102 491 45.95 18.7 98.9

Each pairwise species comparison is shown with the tracer first (first column) followed by the driver (second column). For each tracer
the homo duplex is shown first, the heteroduplex comparisons follow. Abbreviations of the species are as in Table 1; other abbreviations:
n = number of replicate t,, determinations; t,, = mean uncorrected median melting temperature; SE = standard error of t,, (and T,,);
T... = temperature correction; T,, = corrected median melting temperature; %R = percentage reassociation; NPR = normalized
percentage reassociation

Table 3. AT, matrix for cDNA data

MEL YAK PSE WIL MELA IMM VIR HYD MERC FUN SIL

MEL - 3.93 11.60 16.18 20.03 25.29 25.68 22.08 - 30.06 36.50

YAK 2.25% - — 16.11 19.63 - 24.44 24.07 25.75 - —_
0.10

PSE 6.32% - — 14.47 - 23.76 22.17 — 23.07 - 35.02
0.08

WIL 8.56* 8.53%* 7.74% - 23.48 23.30 24.73 23.60 23.62 29.48 -
0.06 0.08 0.06

MELA 10.34* 10.16 — 11.86 - 23.72 19.79 — - 27.47 36.50
0.03 0.11 0.15

IMM 12.63 — 11.98 11.78 11.96 - 23.46 - - — —
0.06 0.09 0.24 0.06

VIR 12.79 12.27 11.29* 12.39*% 10.23* 11.85 — 15.13 14.99 32.70 37.64
0.11 0.26 0.70 0.10 0.02 0.08

HYD 11.25 12.11 — 11.91 - - 8.06* - 8.18 30.09 -
0.11 0.21 0.40 0.10

MERC - 12.82 11.68 11.92 — - 7.99 4.56 - - -

0.23 0.23 0.19 0.14 0.17

FUN 14.57 - — 14.34 13.53 - 15.59 14.58 — — —
0.10 0.31 0.01 0.39 0.15

SIL 17.00 - 16.46 — 17.00 — 17.41 — - -— —
0.39 0.47 0.33 0.17

Lower left display’s AT,,’s with 1 SE below. Asterisks indicate reciprocal tests were performed. Upper right indicates estimated base-
pair mismatch calculated as explained in text

running the FITCH program on the same data ma-
trix but with different species input orders. How-
ever, almost equally good trees (APSD = 2.092-
2.095) were also produced in which either the po-
sition of MELA and IMM or the position of FUN
and SIL was switched around.

The trees presented, based on different algo-
rithms and assumptions, produce similarities and
differences. In all cases, the melanogaster subgroup
(MEL and YAK), PSE, and WIL cluster into a
monophyletic lineage. VIR along with the two re-
pleta group species, HYD and MERC, always cluster

together. All other species join the trees relatively
deeply and in different configurations depending
upon the method used. To summarize our confi-
dence in phylogenetic relationships deduced, we box
the area in Fig. 3 that we do not consider defined.

An interesting aspect of these trees is the rela-
tively long branches associated with the Hawaiian
species, SIL. This could be an indication of an ac-
celerated evolutionary rate, which would be ex-
pected on the basis of population genetic theory in
species with small average population sizes (DeSalle
and Templeton 1988). However, such an explana-
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wiL
4.81
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0.65
0.98 4.14
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1.40
2.26 HYD
1.60
230 Fig. 1. Dendrogram constructed
MERC using the neighbor-joining method
5.78 (Saitou and Nei 1987) on the adult
) MM cDNA AT,.’s shown in Table 3.
Numbers on branches are patristic
8.78 distances. Species abbreviations are
SIL as in Table 1.
w0
2.26
1.22
0.74 YAK
0.84 2.93 PSE
4.19 WIL
481
MELA
0.65
r— 414
1.40 VIR
2.26
1.61 HYD
0.84
2.30 MERC
5.78
MM
L 7.06 . L
FUN Fig. 2. Neighbor-joining tree based on the same
0.98 data as the tree in Fig. 1 but constructed by forcing
09 the root between the two traditionally recognized
i SIL subgenera Drosophila and Sophophora

tion is difficult to adopt for funebris (FUN), which
also has a relatively long branch; there is no evidence
that this species (unlike Hawaiian species) has un-
usually small population sizes for a Drosophila.
Whatever the exact position of the Hawaiian branch,
our results are supportive of the notion that this
lineage is quite old, certainly older than the extant
islands (Beverley and Wilson 1985).

Figure 4 shows the results of the jackknife con-
sensus tree (left side) and bootstrap consensus tree
(right side) for the cDNA AT,, data matrix. Jack-
knifing has reduced to polytomies several of the
branch-points of Fig. 3, leaving resolution limited
to the species within the Sophophora subgenus and
the virilis-repleta species group. The right side of
Fig. 4 shows the bootstrap analysis. Nodal values
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49 Fig. 4. Jackknife consensus tree (left) for the
MELA .
AT, matrix in Table 3. Bootstrap consensus tree
MM 64 (right) based on 100 FITCH trees generated from
pseudoreplicate matrices. Nodal values indicate
67 the frequency out of 100 trials with which the in-
FUN dicated clade appeared in the pseudoreplicate
trees. Nodes without numbers occurred with a
SIL frequency of 1.0.
indicate the proportion of times out of 100 pseudo- Discussion

replicate analyses that each clade appeared. The
bootstrap places low confidence on the same branch-
es, which were collapsed by jackknifing. In all cases
the nodes involved are the ones with small inter-
nodal branches and those that were already iden-
tified as suspect based on the dependence on algo-
rithm or APSDs (boxed area Fig. 3).

This study has two purposes. The first is to dem-
onstrate the feasibility of performing DNA-DNA
hybridization studies on the conserved subset of the
genome represented by coding DNA. The usual
manner of performing DNA-DNA hybridization,
using total scDNA as tracer, has not proven reliable
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at the higher distances in Drosophila primarily due
to the fact that the percent of the genome that hy-
bridizes becomes very low even at moderate dis-
tances, e.g., between the melanogaster, willistoni,
and obscura groups all within the Sophophora; be-
tween Sophophora and Drosophila subgenera the
problem is even more serious. Using total scDNA
as tracer, Schulze and Lee (1986) found that between
MEL and the repleta group only about 11% of the
total scDNA hybridized and the AT,,’s ranged from
8 to 13. With ¢cDNA, we find 53% hybridization
between MEL and the repleta group with AT ,,)’s be-
tween 11.3 and 12.8. Thus, the measurements of
the AT, are more accurate and repeatable when a
greater percentage of tracer hybridizes, perhaps due
to the inaccuracies involved in removing nonreas-
sociated sequences. This does not necessarily mean
that the rate of evolution of cDNA is less than that
of hybridizing scDNA; in fact it is about the same
for these Drosophila. Presumably at the moderate
and higher distances, much of the hybridizing
scDNA is coding DNA so that one would expect
the hybridizing scDNA and cDNA to evolve at about
the same rate. Elsewhere we go into more detail
about the implications of these and other studies
for understanding patterns of genome evolution
(Caccone et al., unpublished); our concern in this
paper is primarily phylogenetic.

An obvious complication of this technique is that
we have not used single-copy cDNA. Instead, the
tracer population is heterogeneous in copy number
because total mRNA populations were used to gen-
erate the cDNA. This results in, among other things,
difficulty in interpreting percent reassociations. Us-
ing sea urchins, Roberts et al. (1985) devised a meth-
od for making such cDNA populations more nearly
homogeneous in copy number by reassociation to
total scDNA such that the tracer population would
represent approximately the frequency of the ex-
pressed genes in the genome. We attempted to use
their method on our Drosophila material without
success; the losses of DNA at each step were so great
that the final preparations did not contain enough
radioactivity to perform experiments. However, in
Roberts et al.’s experiments, the total cDNA prep-
arations gave nearly identical results to those for
cDNA made more homogeneous in copy number.
Given the internal consistency of our results, their
agreement with other data (see below), and the Rob-
erts et al. results, using total cDNA as in this study
yields reliable results for the purposes of phyloge-
netic analysis. Thus, this method would seem to
extend the phylogenetic range over which DNA hy-
bridization can reliably measure divergence of pop-
ulations of sequences, a method particularly useful
for fast-evolving groups such as Drosophila.

The second major concern is what the results
indicate about Drosophila relationships. Despite the
great attention bestowed upon Drosophila by ex-
perimental biologists, the understanding of their
phylogenetic relationships is relatively poor. Rela-
tionships based primarily on morphological, and to
a lesser extent chromosomal, data have been ana-
lyzed by Sturtevant (1942), Patterson and Stone
(1952), Throckmorton (1975), Wheeler (1981), and
Grimaldi (1987, 1990). Allozymic studies in general
have not proven to be of particular utility with Dro-
sophila as the rate of evolution is too rapid; Nei’s
Ds of one or more are quickly reached even between
quite closely related species. The major molecular
methods proven reliable at the higher systematic
levels have been microcomplement fixation and two-
dimensional electrophoresis of general proteins
(Beverley and Wilson 1982, 1984, 1985; McIntyre
and Collier 1986; Spicer 1988; Collier 1990). The
DNA sequence of one protein-coding gene, alcohol
dehydrogenase, is known from enough Drosophila
species of diverse taxonomic affinities to become
useful for understanding phylogenies (Sullivan et al.
1990). Ribosomal RNA-coding regions of both the
mitochondrial DNA (DeSalle, unpublished) and the
nuclear genome (Solignac, personal communica-
tion) are now also known for many diverse species
of Drosophila.

The phylogenetic interpretation of the results of
the present study are portrayed in Figs. 1-3. To-
gether with the work just cited, some consistencies
in the phylogenetic relationships of Drosophila
groups are becoming clear. The following conclu-
sions are generally supported by all the work, both
morphological and molecular, or are at least con-
sistent with all data sets. Some differences, generally
minor and only for one data set, do exist, so the
following represents a consensus.

1) The subgenus Sophophora, at least as represent-
ed by the melanogaster subgroup, the obscura
group, and the willistoni group, is a monophyletic
taxon.

2) Within Sophophora, the melanogaster subgroup
and the obscura groups are more closely related
to each other than either is to the willistoni group.

3) The virilis/repleta group is monophyletic.

4) Therest of the species studied here are not clearly
defined in their phylogenetic affinities, but all
have relatively deep branches, implying old di-
vergences. These include melanica, immigrans,
funebris, and the Hawaiians. Classically, all these
species and their group members have been
placed in the single subgenus Drosophila. This
subgenus is not as clearly defined genetically as



is Sophophora and may not be a monophyletic
taxon.

These conclusions are pictorially displayed in Fig.
3 where the boxed area should be considered un-
defined, and the branching patterns not shaded are
well-supported by a variety of data, including that
presented in this paper.
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