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Summary. Comparative, quantitative Southern
analysis of genomic DNA, using single-copy se-
quence probes, potentially is valuable for phyloge-
netic analysis. We have examined 27 Drosophila
species, belonging to two subgenera, seven species
groups, and ten subgroups, using a variety of cloned
and characterized probes: twelve cloned sequences
from D. melanogaster, two from D. pseudoobscura,
and two from D. grimshawi. The data are generally
congruent with accepted phylogenetic relationships
in Drosophila, and confirm or clarify some previ-
ously uncertain relationships. The potential and
limitations of the method are discussed.
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Introduction

Biological macromolecules provide a rich source of
information on evolution, and are increasingly used
to address important issues of phylogeny, popula-
tion genetics and evolutionary theory. Various in-
dices of molecular divergence have been used to
infer phylogenetic relationships among different
species, usually based on the hypothesis that mo-
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lecular divergence is approximately linear with time
(Wilson et al. 1977; but see Britten 1986). These
indices include antigenic properties (Collier and
MaclIntyre 1977; Beverley and Wilson 1984) or elec-
trophoretic mobilities of proteins (Lakovaara et al-
1976; Gonzalez et al. 1982; Loukas et al. 1984),
melting properties of genomic DNA hybrids re-
tained on hydroxyapatite (Angerer et al. 1976; Zwie-
bel et al. 1982; Sibley and Ahlquist 1984), amino
acid sequences in proteins (Thompson 1980), and
nucleotide sequences of cloned genes (Bodmer and
Ashburner 1984).

Melting properties of total DNA hybrids average
out the divergence of many classes of sequences,
which are known to evolve at different rates; se-
quence analyses are very labor-intensive and nec-
essarily focus on a very limited number of genes.
Between these two extremes, one can envisage two
approaches for phylogenetic analysis based on DNA
divergence of multiple genetic loci: comparative
analysis of detailed restriction maps, and compar-
ative, quantitative Southern analysis of genomic
DNA, using single-copy sequence probes. The for-
mer approach has proved very useful for the analysis
of intraspecies variation. In this report we explore¢
the potential of the latter approach.

We have used 27 species of the genus Drosophila
including representatives of two major subgenera
and seven species groups. For the 10 species of the
melanogaster group, considerable phylogenetic in-
formation already exists (Lemeunier and Ashburner
1976; Eisses et al. 1979; Gonzalez et al. 1982; Oh-



Nishi et al. 1983; Bodmer and Ashburner 1984).

hL}S, analysis of that species group permitted us to
Validate the method, as well as to verify some as-
Pects of the phylogeny for which the supporting evi-
dence was limited. The method was then applied 1o
4 study of phylogeny in the obscura species group
(e - Lakovaara et al. 1976; Loukas et al. 1984

teinemann et al. 1984; reviewed in Lakovaara and
Saura 1982). Finally, we explored broad aspects of
“f0Sophila phylogeny, by considering representa-
Hves of seven species groups.

Materials and Methods

Drosophitq Species. Twenty seven species of the genus Drosophila
Were used in this study. Their taxonomic positions and abbre-
Viations used hereafter are as follows:
- Subgenus Sophophora:
- melanogaster group
11 melanogaster subgroup
1.11 melanogaster complex
1.11a D. melanogaster {ime)
1.11b D. mauritiana (ma)
1.11c D. simulans (si)
112 yakuba complex
1.12a D. erecta (er)
1.2 montium subgroup
1.2a D. aguraria (au)
1.2b  D. triguraria (ir)
1.2¢ D. tsacasi (ts)
1.2d D. punjabiensis (pu)
1.2e D. serrata (se)
L3 takahashii subgroup
1.3a  D. takahashii (1a)
2. obscura group
21 obscura subgroup

2.1a D. subobscura (su)
2.1b  D. madeirensis (md)
2.1c D. guanche (gu)
2.1d D. obscura (ob)
2.1e D. tristis (i1)

2.1f D. ambigua (am)
2.1g  D. subsilvestris (58)

2.1h D. bifasciata (of)
2.2 pseudoobscura subgroup
2.2a D. pseudoobscura (ps)
B 2.2b D. persimilis (pe)
- Subgenus Drosophila
3. immigrans group
3.1 immigrans subgroup
3.1a D. immigrans im)
3.1b D. formosana (fo)
« repleta group
4,1 hydei subgroup
4.1a D. hydei (hy)
- Virilis group
Sa D. virilis (vi)
+ robusta group
6a D. robusta (ro)
6b D. lacertosa (1a)
7. Hawaiian picture-winged group
7.1 grimshawi subgroup
7.1a D. grimshawi (gr)
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The origin of the stocks was as follows:

L. Drosophila Resource Center, Bowling Green: ma, si, an, tr,
ts, pu, se, ta, im, fo, hy, vi, ro, la

2. Dept. of Genetics, Agricultural College of Athens: su, ob, am

3. A. Prevosti, Dept. of Genetics, Barcelona: md, gu

4. H. Burla, Zoologisches Institut u Museum der Univ., Ziirich:
tt, ss, bf

5. Museum of Comparative Zoology, Harvard: pe, gr

6. Biological Laboratories, Harvard: me, er, ps

All species were maintained at 23-25°C on standard D. mel-
anogaster medium except for the obscura group species which
were maintained at 20°C and D. grimshawi which was main-
tained at 18°C.

In addition, we used a stock of the mediterranean fruit fly,
Ceratitis capitata, obtained from the NRC Democritus and main-
tained in Athens, Greece on a standard medfly diet.

DNA Preparation. Total nucleic acid was isolated from frozen
male adult flies by the following procedure: After homogenization
in 0.2 M sucrose, 50 mM EDTA, 10 mM Tris (pH 9.5) and 0.5%
SDS and incubation at 68°C for 10 min, the homogenate was
brought to a final concentration of 1.5 M potassium acetate and
was incubated on ice for 30 min. Insolubles were removed by
centrifugation at 15.000 rpm for 10 min in an Eppendorf micro-
centrifuge. DNA was precipitated with ethanol, pelicted and re-
suspended in TE solution {10 mM Tris pH 7.4 and | mM EDTA).
The mixture was extracted three times with 24:24:1 phenol/chlo-
roform/ispamyl alcohol, brought to a final concentration of 1.5
M ammonium acetate, precipitated with ethanol, pelleted and
resuspended in TE solution. After one additional precipitation
with ammonium acetate and ethanol, the pellet was washed in
70% ethanol and finally resuspended in TE solution. The solution
was stored at —20°C. The concentration of DNA in that solution
was calculated by utilizing the diphenylamine reaction as mod-
ified by Abraham et al. (1972). Samples were assayed in duplicate
for each concentration tested. The optical densities were con-
verted to DNA concentrations by using a standard curve made
from known guantities of dNTPs.

Probe Preparation. Twelve cloned probes derived from D.
melanogaster, two from D. pseudoobscura, and two from D. grim-
shawi were used in this study. Table 1 lists the nature and origin
of each probe, diagrams the location of gene(s) therein, indicates
the restriction enzyme chosen to digest genomic DNA, and the
expected size of the genomic fragment corresponding to the probe
in the species of origin.

Each probe was excised from the corresponding plasmid and
recovered by electrophoresis in 0.9% low-melting agarose. The
mixture of DNA-agarose was extracted at 65°C in a 1:1 suspen-
sion of phenol and 0.1 M Tris (pH 8.0), 0.5 M NaCl, 1 mM
EDTA. After centrifugation the mixture was extracted twice again
with phenol and once with 24:24:1 phenol/chloroform/isoamyl
alcohol. After concentration with sec-butanol, the DNA was pre-
cipitated with sodium acetate and ethanol and resuspended in
TE. For nick-translation, 0.2 ug of DNA and a]l four a-P-dNTPs
were used in a standard reaction (Maniatis et al. 1982).

Southern Blotting. Genomic DNA samples (1 ug, unless oth-
erwise noted) were digested with the appropriate enzyme (Table
1), electrophoresed in 0.8% agarose and transferred to a nylon
membrane (GeneScreen, NENuclear). Depurination was in 0.25
M HC], denaturation in 0.5 M NaOH, 1 M NaCl (2 x 15 min)
and neutralization in 0.5 M Tris (pH 7.4), 1.5 M NaCl {2 x 30
min), Prehybridization (15 min) and hybridization (36-48 h) was
as recommended by Church and Gilbert (1984), at 65°C except
for the indicated experiments which used 60°C. Filters were washed
at 60°C as recommended by Church and Gilbert (1984), with 40
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MM sodium phosphate (pH 7.2), 1 mM EDTA, in the presence
Of 5% SDS (10 min, 30 min) and then in the presence of 1% SDS

4 * 15 min). Autoradiograms were exposed at —70°C with in-
tensifier screens.

Quantitation of Band Intensities. Although the probe was in
©Xcess, the bands were not saturated under the conditions used,
af}d their intensities could be used as a relative index of sequence

Ivergence. No attempt was made to establish an absolute scale
of Intensities vs. percent sequence divergence. It should be noted,
hOWeVer, that probes hsp-82 and hsp-82ps have both been se-
Quenced as have the corresponding genes in D. pseudoobscura
and D. virjljs, permitting evaluation of the relationship between

Ybridization intensity and degree of sequence divergence.

Because of the widely different band intensities, multiple ex-
Df)sures of variable duration were obtained from each autora-
dmg_l'am, so that all intensities could be obtained from non-sat-
Urating exposures. Correction was made for the non-linearity
‘Mtroduced by the intensifying screens, by using a standard curve

at was established by scanning bands corresponding to known
3Mounts of DNA. All autoradiograms were scanned with a Hel-
ena- Laboratories Quickscan RD densitometer under identical
Settings and the intensities were calculated by manual integration
9T'the peaks. When multiple bands were present in the same
:ample, the intensity of each band was determined separately and

n the intensities were summed. Intensities were always ex-
Pressed relative 1o the self-hybridization standard, obtained by
incl“ding in each blot an identical amount of genomic DNA from

© Species of origin of the probe. Reproducibility was excellent.

SIng eight different probes, 27 samples were analyzed in du-
Plicate, three in triplicate, and one in quadruplicate, with an
Overall mean deviation of 0.022 in relative intensity; in 10% of
F € cases the deviation was 0.00, in 13% it was 0.01, in 42% 0.02,
0 19% 0.03, and in 16% 0.04. In general we consider differences
0 0.03 or less as insignificant.

Results and Discussion
The Actin Genes in the Genus Drosophila

We have previously used DNA derived from the
C actin locus of D. melanogaster, as probe for in
Situ hybridizations with polytene chromosomes of
Seven diverse Drosophila species (Loukas and Ka-
fatos 1986a,b). Thus we determined that each of
ﬂ}eSe species has six actin loci, which are widely
ISpersed, in a reasonably conservative pattern that
Teveals the homologies of chromosomal elements.
lgure 1 shows the Southern patterns observed by
hYbI‘idizing genomic DNA from 27 Drosophila
Species and from the medfly, Ceratitis capitata (2
kg), with an 1800 bp DNA probe derived from the
scribed region of the same 5C actin gene of D.
Melanogaster (Table 1). Multiple strong or very
Strong bands, typically 6 = 1, are characteristic of
?H Drosophila species. Six strong bands are observed
14 species, five bands in 7, and seven bands in 4
SPecies. These results are consistent with six strongly
Conserved actin genes throughout the genus, with
due allowance for the possibility of chance coinci-
dence of bands, of band splitting due to the presence
°f a restriction site within the region homologous
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to the probe, or of DNA polymorphism within the
stock. Only two species have more numerous strong
bands (one each eight and ten bands), which might
also be explained by internal restriction sites or by
DNA polymorphism. Polymorphism is a likely ex-
planation for the minor bands in approximately half
of the species, including D. melanogaster.

For present purposes, two additional important
observations can be derived from Fig. 1. First, the
aggregate intensity of the bands is comparable (with-
in a factor of two) in all Drosophila species, both
distant and closely related. In fact, with the excep-
tion of the four very closely related species of the
melanogaster subgroup (melanogaster, mauritiana,
simulans and erecta), all 23 other Drosophila species
show aggregate actin band intensities ranging be-
tween 0.45 and 0.70, relative to the D. melanogaster
standard (Tables 2, 3, and 4). Presuming six highly
conserved genes in all cases, that observation and
the fact that we used equal amounts of DNA in all
samples imply that the genome size is relatively
constant throughout the genus. That will be impor-
tant later, when individual band intensities are used
as a measure of sequence divergence in different
species. Surprisingly, only three weak bands are ob-
served with genomic DNA of the medfly, suggesting
either that the actin genes of this species are exten-
sively diverged, or that its genome size is consid-
erably larger than in Drosophila. Second, only a few
actin bands of conserved size are observed, and only
in very closely related Drosophila species (mela-
nogaster and mauritiana, mauritiana and simulans,
auraria and triguraria). Apparently, sequence evo-
lution within the genus is so extensive, that coin-
cidence of any bands encompassing more than cod-
ing region DNA might be expected, if at all, only in
the case of sibling species.

Sequence Divergence and Phylogeny in the
melanogaster Group

When eleven unique probes, derived from D. mel-
anogaster, were hybridized with genomic DNA from
10 species of the melanogaster species group, rather
coherent results were obtained which were consis-
tent with the presumed phylogeny. The Southern
patterns are presented in Figs. 2 and 3, and relative
intensities of the bands are tabulated in Table 2.
As an example, let us consider the simple pattern
obtained with act-1600, an actin probe 1.6 kb in
length, largely encompassing the 3’ untranslated and
3’ flanking region of the 5C actin gene of D. mela-
nogaster. In this case a single band is observed in
each species, except for D, simulans which shows
an additional minor band (presumably as a result
of polymorphism, or of a new EcoRI site near the
end of the probe-homologous region). In this pattern
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the band intensities are high for members of the
melanogaster subgroup (D. melanogaster, D. mau-
ritiana, D. simulans, and D. erecta), moderate for
the representative of the takahashii subgroup (D.
takahashii), and uniformly low for the five repre-
sentatives of the montium subgroup (D. auraria, D.
triauraria, D. serrata, D. tsacasi, and D. punjabien-
sis). With the exceptions noted below, similar re-
sults, with respect to intensities, were obtained for
all other probes tested.

Figure 4a schematizes the average distance of all
species from D. melanogaster, measured in terms
of the relative “deficit” of crosshybridization (one
minus the average normalized intensity of crosshy-
bridizing bands; % in Table 2). Figure 4b presents a
phylogenetic tree, which is consistent with our data
as well as with previously available evidence.

The species of the melanogaster subgroup are
thought to have diverged relatively recently, and

Fig. 1. Genomic blots using an actin probe from D. melano-
gaster (act-1800; see Table 1). Species from which the genomic
DNA was derived are abbreviated as in Materials and Methods-
Panel A contains mostly species of the melanogaster group, Panel
B mostly species of the obscura group, and Panel C species of
seven different groups, including the melanogaster group Mel),
the obscura group (Obs), the immigrans group (Imm), the robusté
group (Rob), and the hydei, virilis and Hawaiian picture-winged
groups (hy, vi, gr, respectively). All panels include a D. mela-
nogaster standard (me). Panel C also includes medfly DNA (Cer-
atitis capitata, ce). Markers (M) were fragments of A DNA di-
gested with Hind III (23.0, 9.8, 6.6, 4.5, 2.5, and 2.2 kb from
top to bottom)

thus their high band intensities were expected. Mo1-
phologically, these species are very similar, theif
male genitalia providing the only dependable dis-
tinguishing feature (ecologically, however, they ar¢
quite dissimilar: D. melanogaster and D. simulans
are cosmopolitan while the Afro-tropical species can
be very restricted in distribution as in the case of
D. erecta which feeds almost exclusively on the fall-
en fruits of the palm Pandanus candelabrum [La-
chaise and Tsacas 1974]). A gratifying agreement
was observed in ranking according to DNA hybrid-
ization distance and according to presumed phyletic
distance: the closest species to D. melanogaster 15
apparently D. mauritiana, closely followed by D.
simulans, and then more distantly by D. erecta. Le-
meunier and Ashburner (1976), using polytené
chromosome banding patterns, have classified the
first three species in the melanogaster complex, and
the last in the yakuba complex. The results are also



Table 2, Relative hybridizations in the melanogaster group*®
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D. melanogaster probes

D. pseuboobscura

cho- probes
Spac: act-  act- cho- cho- sl15, cho- hsp- xdh-  hsp-
Decies 1800 1600 cutic yp-1 yp-3 adh xdh sl6 s19 sl8 s36 82 %t ps 82ps x
Melanogasier subgroup
me 100 1.00 1.00 100 1.00 100 1.00 100 100 100 1.00 100 100 0.12 010 0.1
ma 092 0.55 045 075 0.74 094 089 077 058 [048] 0.63 0.67 0.12 0.09 0.11
si 091 051 031 069 069 073 084 089 075 055 [046]|[053] 063 0.12 007 0.10
er 089 035 0.17 054 055 046 042 084 055 026 059 0.54 048 0.11 009 0.10
"Montium subgroup
au 064 005 0.03 0.14 022 0.07 009 034 0.07 - 0.12 0.20 0.13 0.10 0.07 0.09
r 0.61 006 004 0.17 020 0.07 009 036 0.06 — 0.16 0.24 0.14 0.11 0.08 0.10
ts 068 006 004 015 024 008 008 031 007 — 011 028 014 011 011 0.11
bu 0.70 006 004 0.15 020 0.07 010 038 0.08 — 0.15 0.25 0.15 0.10 0.08 0.09
se 060 006 003 016 024 0.06 010 040 007 — 015 028 0.15 0.12 009 0.11
lakahashi sup,
group
ta 061 0.19 0.14 022 022 0.5 0.14 |0.23] 0.29 — 0.24 |0.17} 0.20 | 0.05 “ 0.04 | 0.05
Obscyrg group
ps 060 002 000 016 0.14 006 006 — 004 — — 0.6 0.08 100 1.00 1.00

* .
All valyes expressed relative to the species of origin of the probe. Deviant values are bo?(ed (see text). Subgroups are separated by
Spaces. The obscura group is indicated by Obs. Dash indicates hybridization not determined.

€an of all values except for act-1800.

Table 3. Relative hybridization in the obscura group*

D. melanogaster probes

D. pseudoobscura probes

Species act-1800  yp-1 adh xdh cho-s16 hsp-82 X xdh-ps hsp-82ps X
Melanogaster group
me 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.14 0.08 0.11
Obscura subgroup
Su 0.61 0.14 0.03 0.06 0.17 0.19 0.12 0.12 0.20 0.16
md 0.45 0.12 0.02 0.07 0.15 0.11 0.09 0.12 0.12 0.12
8u 0.55 0.13 0.03 0.08 0.16 0.14 0.11 0.14 0.14 0.14
ob 0.51 - 0.02 0.08 0.16 0.10 0.09 0.15 0.14 0.15
u 0.54 - 0.02 0.08 0.15 0.15 0.10 0.15 0.17 0.16
am 0.49 - 0.02 0.08 0.14 0.10 0.09 0.11 0.14 0.13
S8 0.50 - 0.03 0.06 0.15 0.12 0.09 0.11 0.16 0.14
b 0.57 - 0.04 0.09 0.15 0.16 0.1 0.1 0.19 0.15
Pseudo, subgroup
Ps 0.64 — 0.06 0.08 0.15 0.16 0.11 1.00 1.00 1.00
be 0.63 - 0.07 0.12 0.15 0.10 0.11 1.00 0.66 0.83

*
For details, see Table 1 and the text

Consistent with the electrophoretic analysis of 18
and 55 enzyme systems, respectively, by Eisses et
3. (1979) and Gonzalez et al. (1982), and with the
1gh resolution two-dimensional protein electro-
Phoretic analysis of Ohnishi et al. (1983). The results
are also consistent with data on mitochondrial, ri-
Osomal, and satellite DNAs (Barnes et al. 1978;
Seko et al. 1979; Fauron and Wolstenholme 1980;
Oen et al. 1982; Strachen et al. 1982). Finally, the
Tesults are consistent with the divergence of the Adh
8ene, a5 assayed by sequence analysis (Bodmer and
Shburner 1984). The only hybridization intensity

values that are out of line, beyond the margin of
error, are those of yp-3 in D. mauritiana, hsp-82 in
D. simulans, and cho-s36 in D. mauritiana and D.
simulans; duplicate experiments confirmed these
deviations. For hsp-82 and cho-s36, the deviations
(lower than expected intensities) can be explained
by the high molecular weight of the bands (see be-
low).

The five species of the montium subgroup studied
showed quite uniform hybridization values with D.
melanogaster probes, averaging 0.13 to 0.15 for 10
different probes, and 0.60 to 0.70 for act-1800 (Ta-
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Table 4. Relative hybridizations in diverse Drosophila species*

D. melanogaster probes D. pseud. D. grimshawi probe
act- cho- hsp- probe cho- cho-

Species 1800 yp-1 yp-3 s36 82 X hsp-82ps s18gr s15+gr X
me 1.00 1.00 1.00 1.00 1.00 1.00 0.08 0.01 0.12 0.07
tr 0.59 0.19 0.21 0.17 0.22 0.20 0.09 0.03 0.11 0.07
ps 0.63 0.18 0.16 0.16 0.16 0.16 1.00 0.02 0.10 0.06
gu 0.56 0.17 0.14 0.13 0.14 0.15 0.13 0.02 0.10 0.06
la 0.46 0.05 0.04 0.06 0.07 0.05 0.03 0.05 0.12 0.08
ro 0.48 0.04 0.06 0.07 0.07 0.06 0.03 0.06 0.30 0.18
gr 0.47 0.04 0.05 0.07 0.10 0.07 0.04 1.00 1.00 1.00
im 0.57 0.09 0.07 0.15 0.16 0.12 0.06 0.08 0.20 0.14
fo 0.54 0.09 0.06 0.14 0.16 0.11 0.06 0.07 0.21 0.14
hy 0.45 0.11 0.06 0.11 0.14 0.11 0.04 0.13 0.24 0.18
vi 0.46 0.03 0.06 0.11 0.12 0.08 0.03 0.09 0.13 0.11

* For details, see Table 1 and the text. Heavy bars indicate species groups.
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Fig. 2. Sequence divergence in the melanogaster group. Conventions as in Fig. 1. See also Table 1 and Materials and Methods. The
probes were derived from D. melanogaster: act-1600 (Panel A), cutic (Panel B), adh (Panel C) and cho-s19 (Panel D). Note the
consistently high intensities corresponding to the melanogaster subgroup (with the melanogaster complex, me, ma, si slightly exceeding
the yakuba complex, er). Note also the moderately high intensities in the takahashii subgroup (ta) and the low intensities in the
montium group (au, tr, se, ts, pu). The intensities in the obscura group (ps) are even lower

ble 2). Interestingly, D. takahashii displayed a some-
what higher debree of hybridization (averaging 0.20
for 10 probes), in agreement with evidence from
banding patterns that the takahashii group is closer

to D. melanogaster than is the montium group (M-
Ashburner, pers. commun.). The D. takahashii val-
ues were significantly higher than the entire rang¢
of the montium group values for seven probes, lower
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Fig.3, Sequence divergence in the melanogaster group. Conventions as in Fig. 1. The probes were derived from D. melanogaster:
Yp-1 (Pgpe; A), hsp-82 (Panel B), cho-s36 (Panel C), cho-s16 (Panel D), xdh (Panel E), yp-3 (Panel F). Results comparable to Fig.
< As a test of our procedures, 2 ug or 3 ug (rather than the usual 1 ug) of D. serrata DNA was used in panels F and C, respectively;
!tensities reported in Table 2 have been corrected accordingly

for two probes, and equal to the average for one montium subgroup. Conversely, when D. pseu-
brobe, doobscura probes (xdh-ps and hsp-82ps) were used,

A representative of the obscura group, D. pseu- all species of the melanogaster group (except D. ta-
doObsmra, hybridized with the D. melanogaster kahashii) hybridized equally weakly (Table 2). Both
Probes slightly less intensely than the species of the  of these results were expected, and confirm the dis-



182

obscura
group

Fig. 4. (a). Sequence divergence, relative to D. melanogaster,
in the melanogaster group (subgroup and complex melanogaster,
me, ma, si; subgroup melanogaster, complex yakuba, er; subgroup
takahashii, ta; montium subgroup), and in the obscura group (ps).
Relative divergences from D. melanogaster are represented by
concentric circles, with the radius (arrow) accompanied by the
average relative intensity of hybridization with 11 probes (see
Table 2). (b). Phylogenetic relationships, beased on the data sum-
marized in (a), and on previous evidence (see text). The close
relationship of au and tr is suggested by the frequent coincidence
of hybridizing bands. Branch lengths in the dendrogram are only
approximate

mema si er ta au tr {ts,pyse)

tinctness of the melanogaster group of species rel-
ative to the obscura group. The abnormally low val-
ues for D. takahashii using D. pseudoobscura probes
might suggest a somewhat higher genome size, or
faster rate of sequence divergence (cf. Britten 1986)
in that species; either interpretation, in conjunction
with the results using D. melanogaster probes, rein-
forces the evidence that D. takahashii is closer to
D. melanogaster than is the montium group.

In qualitative terms, similar fragment lengths were
observed with several probes (act-1600, yp-1, adh,
cho-s19, cho-s16, and cho-s15, s18) for D. mela-
nogaster, D. mauritiana and/or D. simulans. This

reinforces the already summarized evidence that
these three species are very closely related. Among
the species of the montium subgroup, only D. au-
raria and D. triauraria frequently displayed restric-
tion fragments of the same length (probes cutic, adh,
hsp-82, cho-s16). This agrees with the known phy-
logenetic proximity of these two species (Ohnishi €t
al. 1983), which could not be inferred from hybrid-
ization intensities, since the use of exclusively D-
melanogaster probes resulted in comparisons of each
species to D. melanogaster, rather than to each oth-
er.

Sequence Divergence and Phylogeny in the obscura
Group

Similar experiments were performed on 10 species
of the obscura group, using five probes derived from
D. melanogaster and two from D. pseudoobscura (2
member of the obscura group). Results are presented
in Fig. 5, and intensity values are tabulated in Ta-
ble 3.

In general, when the probes were from D. mel-
anogaster, the obscura group species showed uni-
formly weak bands (averages for four probes relative
to D. melanogaster ranging from 0.09-0.12 in 10
species). In conjunction with the findings discussed
in the previous section, these results confirm that
the obscura group is a distinct taxon, all species of
which are equally distant from D. melanogaster.
The small variations in intensities with each prob¢
presumably resulted from random differences in s€-
quence divergence and not from differences in phy-
letic age or genome size, since they were not con-
sistent for different probes.

When probes derived from D. pseudoobscura were
used, the only other species that showed intense
bands was D. persimilis, the well-known sibling
species of D. pseudoobscura (both North American,
in the subgroup pseudoobscura, Lakovaara and Saurd
1982). The remaining eight, palearctic species, which
are classified in the obscura subgroup (Lakovaarad
and Saura 1982), showed uniformly weak bands,
comparable or only slightly stronger than those of
D. melanogaster. The latter observation indicates
that the phyletic separation of the obscura and psey-
doobscura subgroups is not much more recent than
the separation of the melanogaster and obscuré
groups. A similar conclusion applies to the sepa-
ration of the melanogaster and montium subgroup$s
(see Table 2 and Fig. 4b; Eisses et al. 1979).

It should be noted that the patterns obtained with
D. melanogaster and D. pseudoobscura probes from
the equivalent gene were not always qualitatively
identical, presumably because the probes were over-
lapping rather than strictly comparable (see Tabl¢
1). In the case of hsp-82, an additional possibility
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Fig. 5, Sequence divergence in the obscura group. Conventions as in Fig. 1. Four probes were derived from D. melanogaster and
8ave comparable low intensities with all species of the obscura group. These probes were: hsp-82 (Panel A4), cho-s16 (Panel B), adh
(Panel ) and xdh (Panel E). Two probes were derived from D. pseudoobscura: hsp-82ps (Panel C) and xdh-ps (Panel F). Note the
close relationship of ps and pe (most evident by similar intensities in Panels C and F), and the close relationship of su, md, gu

(suggested by band coincidences in Panels B, E and F)

for the observation of weak extra bands is random
Convergence to sequences of other members of the
heat-shock gene family.

Some coincidence of restriction fragments was
°_bserved between D. pseudoobscura and D. persimi-
Us, ag expected from their status as sibling species
(hSD~82ps; cho-s16). In addition, the three known

sibling species, D. subobscura, D. madeirensis, and
D. guanche, and especially the first two, frequently
displayed coincidence of restriction fragments (xdh,
cho-s16, yp-1; for yp-1 data not presented, with a
fragment of 2.4 kb showing sequence conservation).
In addition, coincidences of restriction fragments
were observed between D. obscura and D. ambigua
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i

ps pe bf ss am ob tt su md qu

Fig. 6. Phylogenetic relationships in the obscura group. The
close relationships within the pseudoobscura subgroup (ps, pe)
and in the su, md, gu triad of the subobscura group are supported
by Fig. 5 as well as previous evidence (see text). The relationships
within the rest of the obscrua group (bf, ss, am, ob, tt) are only
based on evidence summarized by Lakovaara and Saura (1982).
Branch lengths are approximate

(cho-s16); D. bifasciata and D. ambigua (xdh), and
surprisingly D. bifasciata and D. pseudoobscura (hsp-
82).

These findings are in accordance with the phy-
logenies proposed for the obscura group by Lako-
vaara et al. (1976) and Loukas et al. (1984) (see also
review by Lakovaara and Saura 1982). In agreement
with electrophoretic data (Loukas et al. 1984) and
with cytological data and results of interspecies
crosses (Krimbas and Loukas 1984), our limited
data confirm that the triad subobscura—-madeirensis—
guanche is closely related, and probably that D. sub-
obscura is more closely related to D. madeirensis
than to D. guanche. Thus, the phylogeny dia-
grammed in Fig. 6 is consistent with all data to date.

Sequence Divergence and Phylogeny of
Distantly Related Species Groups

Similar experiments were performed on a selection
of 11 species, representing seven species groups: the
already considered melanogaster and obscura groups
of the subgenus Sophophora (two species each), and
five species groups of the subgenus Drosophila,
namely the robusta and immigrans groups (two
species each) and the hydei, virilis, and Hawaiian
picture-winged groups (one species each). The probes
used were derived from D. melanogaster, D. pseu-

doobscura, or the picture-winged fly D. grimshawi.
To facilitate detection of distantly related sequences,
hybridization was performed at 60°C rather than the
65°C used in the previous experiments. Results ar¢
presented in Fig. 7, and band intensities are tabu-
lated in Table 4.

Within the accuracy of these experiments, the
main conclusion supports the classification of the
species groups into two distinct subgenera. Besides
the species of origin, the most intense bands with
either D. melanogaster or D. pseudoobscura probes
were observed almost invariably in the melanogas-
ter and obscura groups of the subgenus Sophophora,
while the bands of the other species (subgenus Dro-
sophila) were slightly but distinctly weaker. Con-
versely, with the D. grimshawi probes, the bands of
the melanogaster and obscura groups were slightly
less intense than those of species classified in the
subgenus Drosophila. In this context, it should be
noted that the chromosomal locations of actin genes
in D. grimshawi, measured in relative distances from
the proximal end of each chromosomal element, are
very similar to those in D. melanogaster and D-
madeirensis, but are rather different in D. virilis, D
robusta, or D. hydei (Loukas and Kafatos 1986D).
Nevertheless, the hybridization results classify D.
grimshawi with the latter three species in agreement
with the taxonomic evidence. The degree of chro-
mosomal rearrangement may not be related to se-
quence divergence or phyletic distance among dro-
sophilids.

The data are not adequate to distinguish among
the species groups of the subgenus Drosophila, in
terms of evolutionary distance. Carson and Stalker
(1969) have proposed that the ancestor of the
Hawaiian Drosophila might have been a member
of the robusta group, although an origin from the
immigrans group has also been considered (Throck-
morton 1975). Although D. grimshawi more closely
resembles the robusta group in terms of hybridizing
with D. melanogaster and D. pseudoobscura probes
less intensely than do the members of the immigrans
group, the robusta and immigrans groups appearl
equidistant from D. grimshawi. Coincidence of re-
striction fragments also offers no evidence on this
matter although it agrees with taxonomic assign-
ments to species groups. The only coincidences ob-
served are for cho-s16, s19 and yp-3 bands of D.
immigrans and D. formosana (both of the immi-

—

Fig. 7. Sequence divergence among seven species groups of Drosophila. Conventions as in Fig. 1. Two probes were derived from
D. grimshawi (subgenus Drosophila): cho-s15+gr (Panel A) and cho-s18gr (Panel B). Note that high intensities are only seen in D-
grimshawi, and moderately high intensities only in the other four species groups of the subgenus Drosophila (Rob, Imm, hy, vi);
intensities are almost invariably lowest in the subgenus Sophophora (Mel, Obs). The other four probes were derived from the subgenus
Sophophora. One, hsp-82ps (Panel D), was from D. pseudoobscura, and three were from D. melanogaster: cho-s36 (Panel C), yp-3
(Panel E) and yp-1 (Panel F). Except for Panel C, where some differences were marginal, the probes derived from the subgenus
Sophophora clearly hybridized with the species of that subgenus more intensely than with the species of the subgenus Drosophila
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Y18, 7. Continued. In Panel C, 2 ug (rather than the usual 1 ug) of D. grimshawi DNA was used; the intensity reported in Table 4

as been corrected accordingly
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grans group), and for the hsp-82 band of D. lacertosa
and D. robusta (both of the robusta group). Further
work 1s necessary for exploring the phylogeny of the
subgenus Drosophila.

Recapitulation and Conclusions: The Potential of
the Method and Its Limitations

Considered as a whole, the data presented validate
Southern hybridization as a useful tool for phylo-
genetic analysis. With few exceptions, our data for
individual probes were congruent with the com-
monly accepted phylogenies of Drosophila species
belonging to various species complexes, subgroups,
groups, and subgenera. When all the probes were
considered, the agreement was excellent.

Under the conditions used, discrimination was
particularly good for closely related species. Thus,
sibling species were easily discerned (and tentatively
ordered in order of similarity); the melanogaster and
yakuba species complexes were clearly separated and
subgroups were defined unambiguously. The meth-
od showed that, in terms of affinity to D. melano-
gaster, D. takahashii is closer than .the montium
subgroup, in accordance with unpublished evidence
of M. Ashburner (pers. commun.). Distantly related
subgroups within either the melanogaster or the ob-
scura group appeared almost as disparate as these
two groups.

For higher taxa, the data were sufficient to classify
the species groups into two subgenera, as commonly
accepted. With only two probes from the subgenus
Drosophila, it was not possible to determine the
relative affinities of the groups comprising that sub-
genus.

One limitation of the present data was the small
number of species from which the probes were de-
rived. In the nature of things, this type of experiment
evaluates the distance of various species from the
species of origin of the probe, but not from each
other (Fig. 4a). Establishment of a dendrogram re-
quires either independent taxonomic evidence or
the use of probes from several species so that the
affinity of any two species can be directly evaluated.

A less important limitation was the lack of direct
estimates for genome size; the data suggest that it
does not vary widely within the genus but actual
measurements would be needed for greater accu-
racy. A third limitation was that the stringency of
hybridization was not varied widely. Undoubtedly,
parallel experiments at progressively more permis-
sive criteria would have permitted better evaluation
of the affinities among the more distantly related
taxa.

It is instructive to consider the relationship be-
tween relative hybridization intensities and degree
of sequence identity for the Asp82 gene, which has

been sequenced in four species (Blackman and Me-
selson 1986), and for which probes were derived
from two species (Table 5). Clearly, the conditions
used were stringent: 89.1-90.3% sequence identity
corresponded to 0.07-0.16 hybridization, relative
to the homospecific standard. Closer examination
of Table 5 in conjunction with Figs. 3, 5, and 7,
reveals a fourth limitation of the data: when the
hybridizing band was of very high molecular weight
(as for hsp-82 in D. simulans and D. virilis), the
relative intensity was somewhat lower than expected
on the basis of sequence conservation. The effect is
due to partial degradation of bands that approach
the average size of the genomic DNA being ana-
lyzed. This limitation can be counteracted by the
choice of enzymes for restriction of genomic DNA,
by the use of multiple probes that hybridize to bands
of widely different size, or by the use of very high
molecular weight genomic DNA. The limitation
would be circumvented altogether by the use of dot-
blots or slot-blots, rather than Southern blots. That
would eliminate the information on band coinci-
dence between closely related species, but would
also result in considerable savings in effort, and
would eliminate the annoyance of polymorphisms.
On the other hand, under permissive conditions
spurious crosshybridization to distantly similar se-
quences might create problems which could be
avoided by examination of Southern blots.

Table 5 also shows that at the sequence level this
part of the Asp82 gene is unexpectedly similar be-
tween D. virilis and D. melanogaster (more than
between D. pseudoobscura and either D. melano-
gaster or D. virilis). Such random deviations are to
be expected, and presumably account for some ir-
regularities in Tables 1-4. To counteract them, it is
necessary to base the analysis on multiple probes.

A recommended strategy for further develop-
ment of this method would be as follows:

1. Clone selected unique sequences from several
key species (covering the range of expected phylo-
genetic affinities). The sequences need not be exten-
sively characterized, although it would be preferable
that some of the probes from different species be
the same, and that they include some known genes,
diverging at different rates. We recommend that at
least three different sequences be used from each
key species.

2. Determine genome sizes, if there is likelihood
of major variations.

3. Prepare many replicate slot-blots, using com-
mercially available equipment. They are produced
more easily than Southern blots, and are easy 10
scan.

4. Hybridize the blots with the various probes
under various conditions of stringency (recom-
mended: 5-40° below Tm, depending on the phy-
logenetic distance of the species). Scan the blots.



Table 5, Percent sequence identities in hsp-82 compared to
Telative hybridization intensities*

probe D. melano- D. pseudo-
Genomic gaster obscura
DNA 796 bp 1035 bp
kb (0.08)
D. melanogaster 7.5 | 100% (1.0) 89.5% (0.10)
(0.08)
D. simylans 19 | 98.5%(0.53)  89.8%(0.07)
(0.16)
D. pseudoobscura 3.0 | 89.1%(0.16)  100% (1.0)
(0.16)
D. viritis 18 | 90.3%0.12)  87.4%(0.03)

* Percent identities for the region hybridizing with the probe were
calculated from Blackman and Meselson (1986). Relative l'.ly-
bridization intensities are from Tables 2—4. See text for details.

5. After the results are analyzed, cross-check un-
Certainties by performing selected Southern blots.
We view this approach as complementary rather
than necessarily preferable to existing methods. It
is best suited to evaluating relative affinities to key
Species, rather than working out ab initio the full
topology, or accurately estimating phylogenetic dis-
tances, Thus, the method should be particularly use-
ful for situations in which one wants to fit uncertain
taxa into an otherwise well-established phylogenetic
framework (cf. the conclusions concerning the ta-
ahashii group). The method is clearly more time-
Consuming and less quantitative than melting anal-
¥sis of total DNA hybrids (Sibley and Ahlquist 1984,
Britten 1986). However, a significant advantage is
the fact that multiple discrete probes are used, and
that one may choose as probes known genes, rather
Yhan the ill-defined extragenic sequences that inev-
itably dominate hybridizations of total DNA. Fi-
hally, since the probes are cloned, one always has
the option of resorting to the ultimate arbiter of
Uncertaintjes: determination of nucleotide se-
Quences.
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