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Molecular Evolution of P Transposable Elements in the Genus Drosophila.
III. The melanogaster Species Group

Jonathan B. Clark, Pyong C. Kim, and Margaret G. Kidwell
Department of Ecology and Evolutionary Biology, University of Arizona

Phylogenetic relationships were determined for 76 partial P-element sequences from 14 species of the melanogaster
species group within the Drosophila subgenus Sophophora. These results are examined in the context of the phy-
logeny of the species from which the sequences were isolated. Sequences from the P-element family fall into
distinct subfamilies, or clades, which are often characteristic for particular species subgroups. When examined
locally among closely related species, the evolution of P elements is characterized by vertical transmission, whereby
the P-element phylogeny traces the species phylogeny. On a broader scale, however, the P-element phylogeny is
not congruent with the species phylogeny. One feature of P-element evolution in the melanogaster group is the
presence of more than one P-element subfamily, differing by as much as 36%, in the genomes of some species.
Thus, P elements from several individual species are not monophyletic, and a likely explanation for the incongruence
between P-element and species phylogenies is provided by the comparison of paralogous sequences. In certain
instances, horizontal transfer seems to be a valid alternative explanation for lack of congruence between species
and P-element phylogenies. The canonical P-element subfamily, which represents the active, autonomous transpos-
able element, is restricted to D. melanogaster. Thus, its origin clearly lies outside of the melanogaster species group,
consistent with the earlier conclusion of recent horizontal transfer.

Introduction

P elements comprise a family of mobile genetic
sequences that were first described in Drosophila mel-
anogaster, where their mobility is responsible for the
phenomenon of hybrid dysgenesis (Kidwell, Kidwell,
and Sved 1977). Since their molecular characterization
(Bingham, Kidwell, and Rubin 1982; Rubin, Kidwell,
and Bingham 1982), P elements have become invaluable
as vectors for germ line transformation in D. melano-
gaster (Spradling and Rubin 1982). The manifestation
of hybrid dysgenesis and the efficiency of transforma-
tion are both a result of the high frequency of transpo-
sition exhibited by P elements in susceptible genetic
backgrounds. A detailed review of the genetics and mo-
lecular biology of P elements in Drosophila can be
found in Engels (1996).

The identification of P elements in D. melanogaster
notwithstanding, P elements have not been detected in
all species of the genus (Daniels et al. 1990). They are
fairly common in the subgenus Sophophora, which in-
cludes the melanogaster, obscura, saltans, and willistoni
species groups. However, P elements are conspicuously
absent in the melanogaster subgroup to which D. mel-
anogaster belongs (Brookfield, Montgomery, and Lang-
ley 1984). Furthermore, not all strains of D. melano-
gaster possess detectable P elements (Anxolabéhère,
Kidwell, and Periquet 1988). The temporal and geo-
graphic patterns of this absence led to the recent inva-
sion hypothesis, which maintains that P elements have
only recently been introduced into the D. melanogaster
genome (Kidwell 1983). This was confirmed by subse-
quent studies which identified the source of the canon-
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ical P element as horizontal transfer from D. willistoni
(Clark, Maddison, and Kidwell 1994; Daniels et al.
1990).

In an attempt to understand the evolution of P el-
ements in more detail and to assess the extent of hori-
zontal transfer, we initiated a comprehensive phyloge-
netic survey of P elements in the subgenus Sophophora.
Results from the saltans, willistoni (Clark et al. 1995),
and obscura (unpublished data) species groups suggest
that the evolution of P is dominated by vertical transfer,
with occasional instances of horizontal transfer. How-
ever, even when obvious cases of horizontal transfer are
excluded, there is not strict congruence between P-ele-
ment and species phylogenies. This report addresses P-
element evolution in the melanogaster species group, an
Old World lineage of Sophophora and the largest and
most diverse within the subgenus. A total of 76 partial
P-element sequences were obtained from 14 species in
this group, including additional sequences from D. mel-
anogaster. On a broad scale, P-element and species phy-
logenies within the melanogaster species group are not
congruent. Furthermore, P elements from as many as
three different subfamilies, differing by up to 36%, are
found in the genomes of some species. Multiple subfam-
ilies are also seen in the other species groups (Clark et
al. 1995; unpublished data), indicating that this is a com-
mon feature of P-element evolution in Sophophora.

Materials and Methods
DNA Amplification and Sequencing

Most of the flies used in this analysis were obtained
from the National Drosophila Species Resource Center
(Bowling Green State University, Bowling Green,
Ohio). Drosophila rufa and D. lacteicornis were ob-
tained from Dr. M. Watada, Ehime University, Japan.
Drosophila melanogaster Harwich is a standard labo-
ratory P strain. The identities of the species used in this
study are given in table 1. The following P-element se-
quences were obtained from the literature: D. melano-
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Table 1
List of Drosophila Species Surveyed and Their Geographical Distributions and Sources

SUBGROUP SPECIES DISTRIBUTIONa SOURCE

P ELEMENTb

Southern PCR

ananassae . . . . . . . . D. ananassae
D. bipectinata

Circumtropical
East Palearctic; oriental; Aus-

tralasian; Afrotropical

BG 14024-0371.0
BG 14024-0381.0

2
F

2
1

D. malerkotliana Oriental; Afrotropical; Neotropi-
cal

BG 14024-0391.0 F 1

elegans . . . . . . . . . .
eugracilis . . . . . . . .
ficusphila. . . . . . . . .
melanogaster . . . . .

D. elegans
D. eugracilis
D. ficusphila
D. mauritiana
D. melanogaster
D. simulans
D. yakuba

Oriental; Australasian
Oriental; Australasian
Oriental; east Palearctic
Afrotropical
Cosmopolitan
Cosmopolitan
Afrotropical

BG 14027-0461.0
BG 14026-0451.0
BG 14025-0441.0
BG 14021-0241.0
Harwich
BG 14021-0251.c

BG 14021-0261.0

2
2
1
2
1
2
2

2
2
1
2
1
2
2

montium . . . . . . . . . D. auraria
D. biauraria
D. lacteicornis
D. nikananu

East Palearctic; oriental
East Palearctic
Oriental (Okinawa)
Afrotropical

BG 14028-0471.0
BG 14028-0501.0
M. Watada
BG 14028-0601.0

1
1
1
1

1
1
1
1

D. quadraria
D. rufa
D. triauraria
D. tsacasi

Oriental (Taiwan)
Oriental; east Palearctic
East Palearctic; oriental
Afrotropical

BG 14028-0651.0
M. Watada
BG 14028-0691.0
BG 14028-0701.0

1
1
1
1

1
1
1
1

suzukii . . . . . . . . . . . D. lucipennis
D. mimetica
D. pulchrella

Oriental
Oriental
East Palearctic; oriental

BG 14023-0331.0
BG 14023-0341.0
BG 14023-0351.0

1
1
1

1
1
2

takahashii . . . . . . . . D. lutescens
D. prostipennis
D. takahashii

East Palearctic
Oriental
East Palearctic; oriental; Aus-

tralasian

BG 14022-0271.0
BG 14022-0291.0
BG 14022-0311.0

F
F
2

2
2
2

a Information on distribution obtained from Lemeunier et al. (1986).
b Presence (1) or absence (2) of P-element sequences as determined by Southern blotting (Daniels et al. 1990) or PCR (this study). F 5 faint signal. Sequences

were obtained from those species designated PCR (1).
c Multiple strains surveyed.

FIG. 1.—Schematic representation of the P element showing the locations of primers used for phylogenetic analysis. The canonical P
element from D. melanogaster is 2907 bp in length and is flanked by perfect 31-bp inverted repeats (arrowheads). Exons 0–3 (open boxes)
encode the transposase necessary for P-element mobility. The relative locations of primers 2015 and 2017, used to amplify the DNA fragment
used for phylogenetic analysis, are indicated above exon 2.

gaster p25.1 (O’Hare and Rubin 1983), D. guanche G1
(Miller et al. 1992), D. nebulosa N10 (Lansman et al.
1985), D. subobscura A1 and G1 (Paricio et al. 1991),
D. willistoni 13 (Daniels et al. 1990), Scaptomyza pal-
lida 2 and 18 (Simonelig and Anxolabéhère 1991), and
Lucilia cuprina P1 (Perkins and Howells 1992).

Total genomic DNA was isolated from about 100
individuals of each species using standard methods de-
scribed elsewhere (Daniels and Strausbaugh 1986). Two
degenerate oligonucleotide primers were designed to
conserved regions within exon 2 of the P element (see
fig. 1). Primers 2015 (59-TGGTTTASCCATCCWRCR-
GAYG-39) and 2017 (59-CCWTCMAGGGAWGCATT-
RTTSAC-39) amplify a phylogenetically informative re-
gion of about 530 bp between D. melanogaster P-ele-

ment positions 1305 and 1780 (O’Hare and Rubin
1983). This region was chosen because phylogenetic re-
sults from a small number of complete P-element se-
quences (Clark, Maddison, and Kidwell 1994) are iden-
tical to those using this region.

Amplification reactions were usually carried out in
25-ml volumes, with 20 ng template DNA and 0.125 U
of Taq polymerase (Cetus, Emeryville, Calif.; GIBCO-
BRL, Gaithersburg, Md.). The reaction conditions were
template denaturation for 1 min at 948C, primer anneal-
ing for 1 min at 508C, and primer extension for 1 min
at 728C (with 2 s added for each cycle) for a total of 30
cycles. PCR products were purified using Microcon-100
filtration units (Amicon, Beverley, Mass.) and were then
ligated into the vector pCR-script (Stratagene, La Jolla,
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Calif.) or pCR 2.1 (Invitrogen, Carlsbad, Calif.). Follow-
ing transformation into Escherichia coli, plasmid DNA
from individual clones was isolated and sequenced using
Sequenase 2.0 (United States Biochemical, Cleveland,
Ohio). For each species, between 4 and 10 individual
clones were chosen at random as representative of the
P elements amplified in a particular reaction. The se-
quence of 20% of each clone (corresponding to the mid-
dle of the PCR fragment) was obtained from both
strands. One fourth of the clones were sequenced twice
in their entirety, and all sequences were checked by
comparing multiple clones from each species. Where
discrepancies existed between clones from the same spe-
cies, the differences were verified by consulting the orig-
inal autoradiograms. The sequences are available from
GenBank, accession numbers AF047088–AF047163.

Phylogenetic Analysis

Nucleotide sequences of the 530-bp region flanked
by primers 2015 and 2017 were aligned by hand after
consideration of the codon assignments. The alignment
was relatively straightforward, with only occasional
gaps needed in certain sequences to preserve the reading
frame. The database consists of 76 sequences isolated
from 14 species plus the 10 reference sequences. To co-
incide with other studies (Clark et al. 1995), the analysis
was confined to 449 total characters, 331 of which were
parsimony informative. Parsimony analysis of the
aligned data matrix was performed using the heuristic
option of PAUP 3.1.1 (Swofford 1993) with the random
stepwise addition of sequences (10 replicates) and TBR
branch swapping. Ten separate searches were per-
formed, each terminating after the accumulation of
1,000 equally parsimonious trees. In all searches, the
most-parsimonious tree was one of 1,253 steps; one of
the most-parsimonious trees was arbitrarily chosen for
presentation. Because divergence among some sequenc-
es exceeds 40%, the analysis was also performed on a
data set in which third codon positions were eliminated.
This had no effect on the major branching patterns or
on the placement of the root of the tree. The sequences
were also analyzed using neighbor-joining with the Ki-
mura two-parameter correction (Saitou and Nei 1987).
The resulting distance tree was identical to those ob-
tained from parsimony analysis. Bootstrapping was per-
formed using both parsimony (100 replicates) and
neighbor-joining (500 replicates).

Results
Distribution of P Elements in the melanogaster
Species Group

Eight of 11 subgroups, corresponding to the species
most readily available within the melanogaster species
group, were examined with PCR primers specific for the
P-element sequence. As depicted in figure 1, these prim-
ers flank a 530-bp region within exon 2 of the P-element
transposase gene. The species examined and their
sources are listed in table 1. These species were chosen
because, in an initial Southern blot screen, a canonical
P-element probe from D. melanogaster hybridized to

their genomic DNA (Daniels et al. 1990). That study
examined a total of 50 species in the melanogaster spe-
cies group, over half of which were from the largest
subgroup, montium. In addition, a number of species
that showed no hybridization were reexamined using
PCR to verify that they did indeed lack detectable P-
element sequences.

In general, the results from Southern blot and PCR
analyses are in good agreement. With the exception of
D. pulchrella of the suzukii species group, P-element
sequences were obtained for all species showing hybrid-
ization in the earlier study (denoted by ‘‘1’’ in table 1).
Sequences were not obtained from any species that ear-
lier showed no hybridization (denoted by ‘‘2’’ in table
1). Varying results were obtained for four species ex-
hibiting a faint hybridization signal in the Southern
screen (denoted by ‘‘F’’ in table 1). P-element sequences
were not obtained from D. lutescens or D. prostipennis
of the takahashii subgroup (a third species sampled from
this subgroup, D. takahashii, showed no hybridization).
However, sequences were obtained from D. bipectinata
and D. malerkotliana of the ananassae subgroup.

Consistent with the findings of Brookfield, Mont-
gomery, and Langley (1984) and Daniels et al. (1990)
with the exception of D. melanogaster, detectable P el-
ements were absent in all flies examined from the mel-
anogaster subgroup. Detectable P elements were also ab-
sent in elegans and eugracilis, two small subgroups rep-
resented by a total of four species Lemeunier et al. 1986).
In a third small subgroup, ficusphila, P-element sequenc-
es were obtained from the lone species sampled. P-ele-
ment sequences were amplified from all eight species ex-
amined in the montium subgroup, by far the largest sub-
group in this species group. In all, P-element sequences
were detected by PCR in 14 of 24 species examined from
the melanogaster species group (see table 1).

One possible explanation for the failure to amplify
P-element sequences in some species is sequence de-
generation, including deletions at priming sites. Table 2
shows that 31 of 76 (41%) of the sequences in this study
have deletions or insertions. For two species, D. bipec-
tinata and D. malerkotliana, both of the ananassae sub-
group, all sequences analyzed have deletions. In D. mal-
erkotliana, there are three different deletion patterns; in
addition, three sequences from D. malerkotliana share
identical 83-bp insertions in this region. Deletions can
be used as markers for particular sequences isolated
from a genome. Two sequences which share a deletion
and are also identical in sequence almost certainly rep-
resent the same genomic P element amplified with PCR
and then cloned more than once and sequenced.

Although the information on the distribution of in-
dels among these P-element sequences is useful, the
length of the PCR product surveyed represents only about
15% of the complete P-element sequence. There may be
additional indels in portions of the sequence that were
not sampled here. It seems reasonable to assume that se-
quences with indels that are not multiples of three do not
correspond to functional transposable elements. However,
in some species, P-element sequences with large dele-
tions are transcribed, although they are not capable of
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Table 2
Insertions and Deletions Among P-Element Sequences
from the melanogaster Species Group

Subgroup Element (indel) Clade

ananassae . . D. bipectinata 5 (212)
D. bipectinata 7 (212)
D. bipectinata 9 (212)
D. bipectinata 10 (28)
D. bipectinata 13 (212)
D. malerkotliana 1 (25) (254)
D. malerkotliana 1N (239)
D. malerkotliana 4 (25) (254)
D. malerkotliana 4N (183) (235) (23) (23)
D. malerkotliana 5N (183) (235) (23) (23)
D. malerkotliana 6 (25) (254)
D. malerkotliana 7 (25) (254)
D. malerkotliana 8 (25) (254)
D. malerkotliana 10 (25) (254)
D. malerkotliana 11N (183) (235) (23) (23)

E
E
E
E
E
Q
Q
Q
G
G
Q
Q
Q
Q
G

montium. . . . D. auraria 1 (296)
D. auraria 2 (296)
D. auraria 4 (296)
D. auraria 6 (296)

O
O
O
O

D. biauraria 4 (23) (23)
D. biauraria 9 (23) (23)
D. biauraria 15 (23) (23)

O
O
O

D. quadraria 5 (2219) L
D. lacteicornis 11 (236)
D. lacteicornis 15 (213)

L
P

D. rufa 1 (236)
D. rufa 6 (23) (23) (220) (220)
D. rufa 9 (236)
D. rufa 10 (23) (23) (220) (220)
D. rufa 16 (23) (23) (220) (220)
D. rufa 17 (23) (23) (220) (220)

L
P
L
P
P
P

NOTE.—Size and nature of insertion (1) or deletion (2) are given in paren-
theses. Noncontiguous indels are denoted with separate parentheses. Letters cor-
respond to clades designated in figure 2.

transposition (Paricio et al. 1991; Nouaud and Anxola-
béhère 1997). It should be stressed that the results of the
phylogenetic analysis are presented here without regard
to potential functionality of the sequences.

P-Element Phylogeny

Phylogenetic relationships among the 76 P-element
sequences from the melanogaster species group were
examined using parsimony analysis. Included in the
analysis were 10 P-element sequences obtained from the
literature, which provide a frame of reference for com-
parison to other studies of P-element phylogeny (Clark
et al. 1995). A tree representative of 1,000 most-parsi-
monious reconstructions is shown in figure 2, with ma-
jor clades designated A–Q and the reference sequences
boxed. Clade B includes three reference sequences, two
from S. pallida and one from D. bifasciata of the ob-
scura species group. These are discussed in more detail
elsewhere (Clark, Maddison, and Kidwell 1994). Clade
H comprises reference sequences representative of the
obscura species group, which, together with the mela-
nogaster species group, represents the Old World lin-
eage of Sophophora.

With the exception of the P elements from D. mel-
anogaster (clade A), sequences from the melanogaster
species group are monophyletic (clade C). However, P

elements fall into major subfamilies, discussed in order
starting at the top of the tree. Clade M includes two
distinct lineages. The maximum sequence divergence
between these two lineages (clades N and Q) is 31%,
indicating that they are in fact quite distinct in spite of
their adjacent positions in clade M. Clade N comprises
sequences from four species of the auraria complex of
the montium subgroup. Here, there is clear distinction
between sequences from two closely related species, D.
auraria and D. biauraria (clade O), and those from D.
lacteicornis and D. rufa (clade P). Clade Q includes six
identical sequences from D. malerkotliana of the an-
anassae subgroup. A seventh sequence in clade Q, and
the most distinct, D. malerkotliana 1N, differs from the
other six sequences by 5.3% and lacks 54-bp and 5-bp
deletions; however, it possesses a unique 39-bp deletion
(see table 2). Thus, this sequence shares a common an-
cestor with the other six sequences, but has accumulated
substitutions and a distinct deletion since its divergence
from the other sequences.

Clade J comprises sequences from six species in
the montium subgroup. There are two lineages within
this subfamily, consistent with geographical distribution.
The first, clade L, includes sequences from four closely
related species of the auraria complex, which are dis-
tributed in the oriental and east Palearctic regions. The
most divergent sequence in clade L is D. quadraria 5,
which has a unique 219-bp deletion (see table 2). Inter-
estingly, D. lacteicornis 11 and D. rufa 1 and 9 share
the same 36-bp deletion (see table 2), although there is
a clear distinction between sequences from the two spe-
cies (3.7%). This suggests that the deleted element was
inherited from a common ancestor and then subsequent-
ly diverged in the separate species. The second lineage,
clade K, includes sequences from two afrotropical spe-
cies of the montium subgroup, D. nikananu and D. tsa-
casi. Within clade K, there is a clear distinction between
sequences of D. nikananu (nikananu complex) and D.
tsacasi (bakoue complex), consistent with the species
phylogeny. The 12% divergence among sequences from
these two complexes represents the differentiation of the
sequences since the evolutionary split of the two African
complexes.

Recent work by Nouaud and Anxolabéhère (1997)
provides a detailed understanding of the sequences from
D. tsacasi. They characterized a genomic P-element
clone that is identical in sequence to those obtained from
D. tsacasi in the present (PCR) survey (clade K). The
genomic clone is a truncated P element that lacks the
fourth exon and, because both a complete transposase
and terminal inverted repeats are necessary for P-ele-
ment mobility, this truncated sequence is not a func-
tional transposable element. However, some of the im-
portant domains of the transposase protein are preserved
in the truncated sequence, and, indeed, this sequence is
transcribed in D. tsacasi (Nouaud and Anxolabéhère
1997). One explanation for its expression is that the
truncated sequence has been recruited by D. tsacasi and
may have evolved a new (and as yet unknown) function
unrelated to transposition. The truncated sequence may
also function as a repressor of P-element transposition,
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FIG. 2.—Phylogenetic analysis of P-element nucleotide sequences from the melanogaster species group. Comparisons were limited to 449
bp between primers 2015 and 2017, and the sequence from L. cuprina was used as an outgroup. This cladogram was generated by parsimony
analysis as implemented by PAUP 3.1.1 (Swofford 1993) using the heuristic search algorithm with TBR branch swapping and random stepwise
addition of taxa. This is an arbitrarily chosen representative of 1,000 equally parsimonious trees, each requiring 1,253 steps. The consistency
index is 0.551, and the retention index is 0.911. Numbers above the branches are bootstrap percentages; those before the slashes are values for
parsimony analysis (100 replicates); and those after the slashes are values for neighbor-joining (500 replicates). Only values of at least 50% are
shown. Letters refer to clades that are discussed in the text. The a and b labels in clade L are also used in the discussion. Species names are
given in italics followed by a numbered clone designation. Ten reference sequences are boxed, and species group designations are given after
the slashes (obs, obscura species group; wil, willistoni species group). For species from the melanogaster species group, subgroup affiliations
are given after the slashes (ana, ananassae; fic, ficusphila; mel, melanogaster; mon, montium; suz, suzukii).
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Table 3
Maximum Divergence Among P-Element Sequences from
the Same Drosophila Species

Species % Divergence Clades

D. biauraria . . . . . . . . . . .
D. lacteicornis . . . . . . . . . .
D. malerkotliana . . . . . . . .
D. quadraria . . . . . . . . . . .
D. rufa . . . . . . . . . . . . . . . .

30.5
33.6
35.8
32.0
23.8

F, O
L, P
G, Q
F, L
L, P

NOTE.—Maximum percentages of divergence (uncorrected) are shown for
only those species with multiple P-element subfamilies. Clade designations cor-
respond to letters in figure 2.

perhaps serving to mitigate the deleterious effects of
transposition of full-length active elements that exist
elsewhere in the genome. The truncated sequence is
present in eight other members of the montium sub-
group; however, none of these other species was includ-
ed in the survey described here.

Clade I, another subfamily of P elements from the
melanogaster species group, comprises five nearly iden-
tical sequences from D. ficusphila of the ficusphila sub-
group. This species is the only geographically wide-
spread member of this small subgroup, and the distinc-
tion of its P elements suggests that it is indeed a separate
subgroup within the melanogaster species group. Clade
G includes P-element sequences from two species of the
suzukii subgroup, D. lucipennis and D. mimetica, and
from D. malekotliana of the ananassae subgroup. Se-
quences from the two species of the suzukii subgroup
differ from each other by an average of 11%, while se-
quences from D. malerkotliana differ from those of the
suzukii subgroup by an average of 14%. This implies
that the suzukii and ananassae subgroups are closely
related; however, alternative explanations, such as hor-
izontal transfer, are considered in the Discussion.

Clade D comprises sequences that were isolated
from the ananassae and montium subgroups. P elements
from the auraria complex of the montium subgroup are
again represented here (clade F). Clade E is another
monotypic clade, comprising closely related sequences
from D. bipectinata of the ananassae subgroup. It is
noteworthy that these sequences are distinct from those
of D. malerkotliana, also of the ananassae subgroup
(clades G and Q). The most divergent sequence, D. bi-
pectinata 10, has a unique 8-bp deletion and does not
share a 12-bp deletion with the other sequences in clade
E (see table 2).

Clade A includes the final subfamily of P elements
from the melanogaster species group. The phylogeny of
these sequences, referred to as canonical P elements, is
unusual in several respects. First, sequences in clade A
clearly have a distinct evolutionary origin from the other
sequences from the melanogaster group, which fall into
clade C. As mentioned above, D. melanogaster is the
only member of the melanogaster subgroup with de-
tectable P elements, and the only member of the mela-
nogaster species group that possesses the canonical el-
ement. Canonical P elements are common, however,
among species in the New World saltans and willistoni
species groups (Clark et al. 1995). The sequences of the
canonical elements from D. melanogaster are identical
over this 500-bp region to those isolated from D. wil-
listoni of the willistoni species group. This confirms the
results of an earlier study and is consistent with the con-
clusion that the canonical P element was transferred hor-
izontally from D. willistoni to D. melanogaster (Daniels
et al. 1990; Kidwell 1994).

Although good evidence exists for the short-term
vertical transmission of P elements in the melanogaster
species group, the P-element phylogeny is not congruent
with that of the species themselves. For example, as
mentioned above, sequences from the ananassae sub-
group are not monophyletic, falling into three distinct

subfamilies (clades E, G, and Q). Another example is
the three distinct subfamilies of P elements from the
auraria complex of the montium subgroup (clades F, L,
and O). For single-copy nuclear genes, sequences from
the montium and ananassae subgroups are expected to
be monophyletic. The genomes of at least five species
within the melanogaster species group possess multiple
P-element subfamilies. These are listed in table 3, along
with the maximum percentages of divergence among the
P-element subfamilies. The presence of multiple sub-
families of P elements in some species indicates that in
some cases, the sequences compared are not ortholo-
gous. Thus, comparison of paralogous sequences is one
explanation for the lack of congruence between P-ele-
ment phylogeny and species phylogeny.

Discussion
Phylogeny of the melanogaster Species Group

It is believed that the Drosophila subgenus Sopho-
phora originated in the Old World tropics, probably be-
tween 40 and 55 MYA (Throckmorton 1975). The two
extant Old World species groups, melanogaster and ob-
scura, are believed to have diverged approximately 30–
45 MYA, and the origin of the melanogaster species
group was probably in southeast Asia (Throckmorton
1975; Bock 1980; Ashburner, Bodmer, and Lemeunier
1984). From here, secondary radiations occurred into
adjacent regions, consistent with the current distribution
throughout the eastern Palearctic, oriental, Australasian,
and Afrotropical regions.

Relationships among the eight extant principle sub-
groups are uncertain. However, evidence from a number
of studies supports three major lineages, one represented
by the ananassae subgroup, a second by the montium
subgroup, and a third comprising the elegans, eugracilis,
ficusphila, melanogaster, suzukii, and takahashii sub-
groups (summarized in Lemeunier et al. 1986). This
view is supported by the limited number of molecular
studies that have included species from the melanogas-
ter group (Tsakas and Tscas 1984; Pélandakis, Higgins,
and Solignac 1991; Pélandakis and Solignac 1993). A
general phylogeny, synthesized from a number of mor-
phological, biogeographical, and molecular studies, is
presented in figure 3. This species phylogeny is intended
to guide and inform discussion of the P-element phy-
logeny that follows.
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FIG. 3.—Summary of phylogenetic relationships among species in the melanogaster species group. Only those species used in this study
are shown; other species, both inside and outside of the genus Drosophila, are also included. For the melanogaster group, subgroup and complex
information is shown. Species identified with asterisks are those from which P-element sequences were obtained (see fig. 2). This tree is based
on a number of morphological (Bock and Wheeler 1972; Bock 1980), biogeographical (Throckmorton 1975; Lemeunier et al. 1986) and
molecular (Ashburner, Bodmer, and Lemeunier 1984; Beverly and Wilson 1984; Tsakas and Tscas 1984; Kim, Aotsuka, and Kitagawa 1993;
Pélandakis and Solignac 1993; Russo, Takezaki, and Nei 1995) studies. Not all species in the tree were included in all of the studies.

P-Element Evolution in the melanogaster Species
Group

On a local scale, the P-element phylogeny is con-
sistent with that of the flies themselves. Even though
multiple sequences were obtained from each species, se-
quences isolated from one species are distinct from
those of other species. Clade J, which includes only se-
quences from the montium subgroup, provides a striking
illustration of short-term vertical transmission. There is
a gradient of sequence differentiation that parallels spe-
cies relationships. In clade L, there is relatively little
differentiation among sequences isolated from D. rufa
and D. lacteicornis (L(a)), and among sequences isolat-
ed from D. quadraria and D. triauraria (L(b)). There is
considerably more differentiation when sequences from
L(a) are compared to those from L(b). The largest de-
gree of differentiation is seen between species with Af-
rotropical (clade K, D. nikananu and D. tsacasi) and

oriental (clade L, auraria complex) distributions. The
two Afrotropical species are clearly differentiated from
each other, which is expected for these two species be-
longing to different complexes (D. nikananu, nikananu
complex; D. tsacasi, bakoue complex).

On a broader scale, P-element phylogeny and spe-
cies phylogeny are not congruent. A single origin for P
elements from a particular subgroup is expected, but the
genomes of some species support more than one P-el-
ement subfamily. This is most apparent in figure 2 for
the montium subgroup (clades F, J, and N). The diver-
gence among these different subfamilies is as much as
32%, suggesting that they do indeed have distinct evo-
lutionary histories. This finding of multiple P-element
subfamilies within a species is consistent with P-element
evolution in the saltans, willistoni, and obscura species
groups (Clark et al. 1995; unpublished data). The origins
of these different subfamilies within a species are un-
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certain. They could represent different P-element inva-
sions of the genome at different times, or ancient poly-
morphisms that have been retained in a particular lin-
eage. P elements from different subfamilies are not de-
tected in all species (e.g., D. ficusphila, clade I; D.
bipectinata, clade E; D. tsacasi and D. nikananu, clade
K). Assuming that different subfamilies were at one time
present in the ancestor of these species, this could be
due to the stochastic loss of a particular subfamily or
the retention of only a single member of an ancestral
polymorphism. Alternatively, multiple subfamilies may
indeed exist in these species but were simply not de-
tected in this PCR-based survey, either because of lim-
ited sampling or because the primers used were not suc-
cessful in amplifying all divergent sequence variants
that were present.

Among the more puzzling aspects of this P-element
phylogeny are the sequences from D. bipectinata (clade
E) and D. malerkotliana (clades G and Q), both of the
bipectinata complex of the ananassae subgroup (see fig.
3). These two species are very similar morphologically
and can be hybridized in the laboratory to produce fer-
tile females and sterile males (Bock 1978). This implies
that these two species diverged from one another only
relatively recently, perhaps within the past few million
years, yet their corresponding P elements are clearly dis-
tinct both in sequence and in the presence of character-
istic deletions that are not shared between them (see
table 2). It is interesting that some sequences from D.
malerkotliana are affiliated with sequences from the
montium subgroup (clade N), while sequences from D.
bipectinata are affiliated with a different subfamily of
montium sequences (clade F). One explanation for this
pattern is that these two species have retained in their
genomes different ancestral melanogaster group P ele-
ments. However, this seems unlikely, since hybridization
studies indicate that these two species have only recently
become reproductively isolated (Bock 1978). P-element
evolution in the ananassae subgroup is further compli-
cated by a second subfamily of sequences from D. mal-
erkotliana, which are affiliated with sequences from the
suzukii subgroup (clade G).

Examination of the degree of divergence between
sequences from the ananassae subgroup and related se-
quences from other subgroups can be used to identify
other explanations for this unusual distribution of P el-
ements in D. bipectinata and D. malerkotliana. Within
clade D, the average divergence among sequences from
D. bipectinata (clade E) and those from the montium
subgroup (clade F) is 19.7%. Within clade M, the av-
erage divergence between sequences from D. malerko-
tliana (clade Q) and those from various species in the
montium subgroup (clade N) is 29.3%. This compares
to maximum divergence of 16.6% among the 15 se-
quences isolated from any of the four species of the
montium subgroup (clade N). This pattern of relatively
modest differentiation among sequences from the same
subgroup and greater differentiation among sequences
from different subgroups is what would be expected for
vertical transmission.

The situation in the third ananassae P-element sub-
family is different. Within clade G, the average diver-
gence between sequences from D. malerkotliana of the
ananassae subgroup and either D. lucipennis or D. mi-
metica of the suzukii subgroup is 13.7%. However, the
divergence of sequences between the two suzukii species
is 11.2%. Thus, the divergence between P elements from
the same subgroup is similar to the divergence of P-
element sequences from different subgroups. One ex-
planation for this pattern is that the ananassae and su-
zukii subgroups are in fact closely related. Although
phylogeny among the various subgroups within the mel-
anogaster species group is by no means resolved, these
two subgroups appear to be only distantly related (see
Lemeunier et al. 1986). Thus, the phylogeny of the flies
provides no support for this explanation. Another expla-
nation is that the P elements from D. malerkotliana orig-
inated in the suzukii subgroup and were transferred hor-
izontally to D. malerkotliana at some time in the past.
This raises the possibility that horizontal transfer is re-
sponsible for some aspects of the unusual distribution
of P elements in the ananassae subgroup. There is con-
siderable geographic overlap in India and southeast Asia
between D. malerkotliana and many of the species in
the suzukii subgroup (Lemeunier et al. 1986), providing
at least an opportunity for horizontal transfer. However,
based on the information we have now, it is not possible
to identify the specific donor species for such transfer.

As many as 16 species examined from the mela-
nogaster species group lack detectable P-element se-
quences (see also Daniels et al. 1990). There are three
explanations for this observation. First, it is possible that
these species never carried P elements. This is not likely
because P is present throughout all four principle spe-
cies groups of Sophophora, suggesting that it has been
in this subgenus since its origin (Daniels et al. 1990).
Second, the P-element sequences from these species
may have simply diverged, in sequence or structure, be-
yond recognition by the methods employed. Third, P
elements may have been lost from these genomes. A
more detailed genomic characterization will be neces-
sary to distinguish between the latter two alternatives
for the melanogaster species group. Within the obscura
species group, there is evidence for the second expla-
nation in D. pseudoobscura (unpublished data) and D.
bifasciata (Hagemann, Miller, and Pinsker 1990), which
possess internally deleted P-element sequences. Al-
though detectable in Southern blots, they cannot be am-
plified with the primers used here. Strong evidence for
the third explanation comes from D. insularis of the
willistoni species group, which possesses recognizable
P elements but lacks the canonical P-element subfamily
characteristic of all other members of this group (Clark
et al. 1995). Theoretical studies have shown that sto-
chastic loss from a genome may be the ultimate fate of
transposable elements (Kaplan, Darden, and Langley
1985). Although the exact mechanism(s) by which such
loss occurs is not known, it most probably involves ran-
dom genetic drift (Kaplan, Darden, and Langley 1985;
Brookfield 1995; Lohe et al. 1995).
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Horizontal Transfer and the Origin of P Elements in
D. melanogaster

As seen in figure 2, the canonical P element (clade
A) is, with the exception of D. melanogaster, absent
from the melanogaster species group. Thus, its origin
must lie outside of this species group. The alternative
explanation, that canonical P elements were lost in all
species except for D. melanogaster, is untenable. Not
only are canonical P elements absent from all members
of the melanogaster group examined, but they are also
absent from all members of the obscura species group
(unpublished data). In all, 66 species from the Old
World lineage of Sophophora have been examined and
found to lack the canonical P element (Daniels et al.
1990; this study). The results reported here are consis-
tent with the earlier conclusion that the canonical P el-
ement was transferred horizontally from D. willistoni of
the New World willistoni species group to the cosmo-
politan D. melanogaster (Daniels et al. 1990; Clark,
Maddison, and Kidwell 1994). It is also possible that
horizontal transfer may explain some of the other un-
usual findings of P element phylogeny in the melano-
gaster species group that were described above. How-
ever, the explanation of horizontal transfer requires that
certain assumptions be met (Houck et al. 1991), such as
geographical and ecological overlap between the donor
and recipient species involved. Until these conditions
can be satisfied for particular cases where P-element and
species phylogenies are incongruent, alternative expla-
nations, such as P-element loss and the presence of par-
alogous sequences, cannot be ruled out.

The present findings of predominantly vertical
transmission, occasional instances of horizontal transfer,
and the presence of multiple subfamilies are similar to
those obtained previously from the saltans, willistoni,
and obscura species groups of Sophophora. Although
the frequency of horizontal transfer appears to be rela-
tively high among the saltans and willistoni species
groups (Clark and Kidwell 1997), sampling and ascer-
tainment problems preclude any meaningful comparison
of frequencies among different taxa. These results can
also be compared with those for the mariner element,
which, like P, is a class II transposable element (Fin-
negan 1989). Mariner elements also belong to distinct
subfamilies, and the phylogeny of mariner sequences is
characterized by both vertical transmission and horizon-
tal transfer (Robertson and MacLeod 1993). In general,
class II elements, which transpose by means of a DNA–
DNA mechanism, appear to be more prone to horizontal
transfer than class I elements that use an RNA inter-
mediate (Kidwell 1993). This may be related to their
mode of transposition or their relatively small size. It is
possible that for class II elements, ecological conditions
and geographical opportunities may influence this fre-
quency. It is becoming apparent that horizontal transfer
has played a role in the evolution of both mariner and
P and may be responsible for the persistence of these
transposable elements in natural populations (Lohe et al.
1995; Clark and Kidwell 1997). The present findings of
predominantly vertical transfer with occasional instances

of horizontal transfer are similar to those for the willis-
toni, saltans, and obscura subgroups. Although the fre-
quency of horizontal transfer appears to be relatively
high among the willistoni and saltans species groups,
sampling and ascertainment problems preclude any
meaningful comparison of frequencies.
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