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ABSTRACT The P element, originally described in Dro-
sophila melanogaster, is one of the best-studied eukaryotic
transposable elements. In an attempt to understand the
evolutionary dynamics of the P element family, an extensive
phylogenetic analysis of 239 partial P element sequences has
been completed. These sequences were obtained from 40
species in the Drosophila subgenus Sophophora. The phylogeny
of the P element family is examined in the context of a
phylogeny of the species in which these elements are found. An
interesting feature of many of the species examined is the
coexistence in the same genome of P sequences belonging to
two or more divergent subfamilies. In general, P elements in
Drosophila have been transmitted vertically from generation
to generation over evolutionary time. However, four unequiv-
ocal cases of horizontal transfer, in which the element was
transferred between species, have been identified. In addition,
the P element phylogeny is best explained in numerous
instances by horizontal transfer at various times in the past.
These observations suggest that, as with some other trans-
posable elements, horizontal transfer may play an important
role in the maintenance of P elements in natural populations.

Transposable elements are universal features of eukaryotic
genomes and can be broadly divided into two different classes
(1). Class I elements are characterized by DNA sequences with
homology to reverse transcriptase and are often referred to as
retrovirus-like elements or retroelements. Their mobility is
achieved through an RNA intermediate. Transposition of
Class II elements, such as the Drosophila elements mariner and
P, is catalyzed by a transposase and occurs directly from DNA
to DNA, without an RNA intermediate. The P element was
first described in D. melanogaster where its mobility in the
germ-line of hybrid flies is responsible for a type of hybrid
dysgenesis (2). The complete, or canonical, P element is 2,907
base pairs long and has four ORFs (ORF 0-3) that encode an
87-kDa DNA-binding transposase (3). Also required for trans-
position are the element termini, which include flanking 31-bp
perfect inverted repeats, 11-bp subterminal repeats, and
unique terminal sequences comprising approximately 150 bp
(4). The genomic copy number of D. melanogaster P elements
varies from 0 to about 60 per genome (3). A minority of these
are autonomous (transposase-competent) elements; most are
internally deleted, nonautonomous (transposase-incompe-
tent) elements. Defective P elements are generally smaller,
variable in size, and derived from complete elements by
internal deletions. The induction of these deletions is associ-
ated with active transposition of P elements.
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When active, transposable elements can behave as natural or
spontaneous mutagens, inducing a wide variety of mutations,
chromosomal aberrations, or other genetic changes. Although
positive effects are not precluded, both theoretical and empirical
studies of transposable elements suggest that this property of
transposition has a negative effect on host fitness (5-7). None-
theless, transposable elements are maintained and can indeed
spread quite rapidly in natural and laboratory populations (8, 9).
Thus, the evolutionary dynamics of transposable elements is
complex, reflecting a balance between increase in copy number
through replicative transposition and decrease by stochastic
forces and through the action of selection. The situation is further
complicated by the apparent propensity of transposable elements
for horizontal transfer between species (10, 11). Indeed, hori-
zontal transfer may be essential to the long-term survival of
transposable elements (12).

An advantage of using the P element as a model system for
understanding transposable element evolution is that good
phylogenetic hypotheses exist for many species in the genus
Drosophila. The subgenus Sophophora, which includes D.
melanogaster and its relatives, has been the subject of particular
attention. A growing number of molecular studies provide
independent tests for phylogenies based on comparative mor-
phology, biogeography, and behavior. This paper summarizes
the results of a phylogenetic survey that spans the diversity of
the subgenus Sophophora, which originated between 40 million
and 60 million years ago. This includes 239 partial sequences
isolated from 40 species distributed among the four principal
species groups of Sophophora. Detailed phylogenetic analyses
for individual species groups are presented elsewhere (ref. 13;
J.B.C., P. Kim, and M.G.K., unpublished work; J. Garcia-
Plannells, N. Paricio, R. de Frutos, J.B.C.,, and M.G.K,,
unpublished work) and are integrated here to provide insights
into P element evolution. Among the more unexpected results
is the presence of different subfamilies of the P element,
differing by as much as 40% at the nucleotide level in the same
genome. Whereas vertical transmission is the dominant mode
of P element evolution, isolated examples of horizontal trans-
fer between species have been identified. Examination of the
P element phylogeny in light of the species phylogeny suggests
that additional horizontal transfers may have occurred at
various times in the past and may explain the overall structure
of the P element phylogeny in Sophophora.

MATERIALS AND METHODS

Most of the species examined in this survey were obtained from
the National Drosophila Species Resource Center in Bowling
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Green, OH. Details concerning their actual identities and the
experimental methods used are found elsewhere (ref. 13; J.B.C.,
P. Kim, and M.G.K., unpublished work; J. Garcia-Plannells, N.
Paricio, R. de Frutos, J.B.C., and M.G K., unpublished work). For
each species, genomic DNA was used as a template in PCR
amplifications with two sets of degenerate primers specific for a
region of exon 2 of the canonical D. melanogaster P element (the
first P element sequenced and the standard frame of reference for
subsequent sequences) (see Fig. 2). Two alternative 5'-primers
are 2015, complementary to positions 1,230-1,251 of the canon-
ical P element from D. melanogaster (3) and 2016, complementary
to positions 1,305-1,327. A single 3'-primer (2017) was used
complementary to positions 1,758-1,780. Primers 2015 and 2017
amplify a 550-bp fragment, and primers 2016 and 2017 amplify a
450-bp fragment. Also included in the analysis were 11 P element
sequences obtained from the literature: D. subobscura Al and G2,
(14), D. guanche G1 (15), D. nebulosa N10 (16), D. willistoni 113
(17), D. bifasciata M and O types (18, 19), D. melanogaster (3),
Scaptomyza pallida 2 and 18 (20), and Lucilia cuprina P1 (21).
The entire data set consists of the 239 partial PCR sequences
and the 11 sequences mentioned above. To aid the presentation
of the results, phylogenetic analysis was performed on a reduced
data set comprising consensus sequences. Using MACCLADE (22),
an ancestral sequence was derived from monophyletic sequences
obtained from the same species. Where ancestral nucleotides
could not be assigned unambiguously, a consensus nucleotide was
assigned based on the most common nucleotide present at that
position in the monophyletic sequences isolated from a particular
species. Species that possess more than one P element subfamily
are represented by more than one consensus sequence. This
reduced the total number of sequences from 250 to 80. Phylo-
genetic analysis was performed using parsimony as implemented
by PAUP 3.1.1. (23). The analysis was confined to 449 characters
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flanked by primers 2016 and 2017, 340 of which were parsimony
informative. Ten separate heuristic searches were performed on
the aligned data set, each terminating after the accumulation of
1,000 equally parsimonious trees. For each search, 10 random
sequence additions and tree bisection-reconnection branch-
swapping were used. All 10 searches found trees of 2,089 steps,
indicating that this is indeed the most parsimonious reconstruc-
tion. The data also were analyzed with the neighbor-joining
algorithm (24). Using both parsimony and neighbor-joining,
bootstrap analysis of 100 replicates was performed on the con-
sensus data set.

RESULTS

Phylogeny of the Subgenus Sophophora. To provide a frame
of reference for analyzing P element evolution, the relation-
ships among the four principal species groups of Sophophora
are shown in Fig. 1, along with time estimates for major
divergence events. These estimates are based on several mor-
phological, cytological, biogeographical, behavioral, and mo-
lecular studies (see ref. 25). Although some of the divergence
events and times depicted are based on a limited number of
studies, the proposed phylogeny represents our best estimate
of these relationships and approximate divergence times.

P Element Distribution in Sophophora. The distribution of P
elements in Sophophora was first examined using Southern blots
of genomic DNA probed with the canonical P element from D.
melanogaster under conditions of reduced stringency (17). This
study has been augmented and refined by the PCR survey
described here. It is seen that the canonical P elements are
confined to the New World saltans and willistoni species groups
and, with the exception of the canonical P element in D. mela-
nogaster, are absent from the Old World species groups. This
exception is best explained by a previously well documented

P Element Distribution
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Fic. 1. Phylogeny of the subgenus Sophophora, showing estimates for divergence times and the distribution of both canonical (complete, active
elements similar to those in D. melanogaster) and noncanonical P elements. The relationships among the four principal species groups is indicated,
and within each species group a major split among subgroups is shown. Phylogeny and divergence times were estimated from a number of
morphological, cytogenetic, biogeographical, and molecular studies. Each species group is identified by a particular color, which allows the origin
of particular sequences in Fig. 3 to be easily discerned. * in the canonical column for the melanogaster subgroup identifies the P element transferred

horizontally to D. melanogaster.
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horizontal transfer of the canonical P element from D. willistoni
of the willistoni species group to D. melanogaster (17, 25).

P Element Phylogeny. To date, P element sequences have
been sampled from 40 species, as listed in Table 1. For each
species, the PCR was used to amplify genomic copies of the P
element. The PCR products for each species were cloned and
between four and 14 clones were chosen at random for
sequencing. The location of the region flanked by the PCR
primers is shown relative to the complete element in Fig. 2.
This particular region of the complete P element was chosen
for several reasons: (i) The results of a phylogenetic analysis
using the limited number of complete P element sequences are
consistent with an analysis using this region alone. (if) The
500-bp region is long enough to yield phylogenetically useful
information, but short enough to allow rapid sequencing in a
number of species. (iii) Because the divergence of P element
sequences in our sample can approach 50%, and because some
elements are internally deleted, the choice of primers was
limited to certain conserved regions. The primers were de-
signed to preserve amino acid identities in these conserved
regions, but codon usage preferences also were considered so
that the degeneracy of the primers could be minimized. It is
possible that more divergent subfamilies of P elements were
not identified with these primer combinations. Thus, the
results presented here should be viewed not as an exhaustive
survey, but rather as a robust sample of some of the diversity
that exists among the P elements in the subgenus Sophophora.

The results of a phylogenetic analysis of consensus P element
sequences (see Materials and Methods) are shown in Fig. 3 as a
most parsimonious tree chosen at random from 1,000 such trees.
P element sequences fall into distinct groups, or subfamilies,
designated by letters in Fig. 3. A subfamily is defined as the largest
well supported monophyletic group of sequences sampled from
a particular species group. (The closely related saltans and
willistoni species groups, which share a relatively recent common
ancestor, are treated for the purpose of this analysis as a single
species group.) In a few cases, single sequences from one species
group are found within a P element subfamily of another species
group; these exceptions will be discussed below. Clade G is
technically not a subfamily because it includes sequences from all
four species groups. However, it is a well supported group and is
identified to aid the discussion of the results.

P elements from the saltans and willistoni species groups from
four subfamilies (clades A4, E, F, and O). Clade A4 represents the
canonical P elements that are the most prevalent, comprising over
half of the clones sequenced from these two species groups. In
spite of being the most numerous P element subfamily sampled,
differentiation within this subfamily is less than 10%. This implies
that either these sequences are under strong selection to maintain
their sequence integrity, or they are relatively recent additions to
the saltans-willistoni lineage (see Discussion). Clade E includes
about half the number of sequences as clade 4, and clades F and
O are represented by relatively few sequences. This distribution
could reflect the representation of these subfamilies in the
genomes of the flies from the saltans and willistoni groups, but
probably is influenced to some degree by the sampling done with

Table 1. Distribution of P element sequences among the four
principal species groups of the subgenus Sophophora

Number of species

Number of with detectable P

subgroups sequences (number Number of

examined of species clones
Species group  (total number) examined) sequenced
melanogaster 8 (11) 14 (24) 76
obscura 2 (4) 10 (14) 73
saltans 5(5) 6 (8) 41
willistoni 2 (2) 10 (10) 49
Total 17 (22) 40 (56) 239
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F1G. 2. Schematic representation of the complete P element. The
canonical P element from D. melanogaster is 2,907 bp in length and is
flanked by perfect 31-bp inverted repeats (arrowheads). Exons 0-3
(empty boxes) encode the transposase necessary for P element mo-
bility. The relative locations of the primers (2015, 2016, and 2017) used
to amplify the DNA fragment used for phylogenetic analysis are
indicated above exon 2.

the PCR primers. Sequences from clade O are noteworthy
because they show an affiliation with P elements from both the
melanogaster and obscura species groups.

P element sequences from the obscura species group are
distributed among four subfamilies, represented by clades C, D,
K, and L. The majority of sequences belong to the latter clade,
which include P elements only from the Old World obscura
subgroup (see Fig. 1). This subfamily includes three sequences, D.
subobscura G2 and Al and D. guanche G1, described previously
(14, 15). Clade C comprises eight sequences only from D.
algonquin, a member of the affinis subgroup that has an extant
distribution in the New World. Clade D consists of 15 sequences
from two additional New World species, D. affinis and D. azteca.
Also included in clade D is a single sequence from D. sucinea of
the willistoni species group. In a previous analysis (13), this
sequence, D. sucinea 10, was the only one (of 92 total sequences)
to show no affiliation with any of the four saltans-willistoni P
element subfamilies. Indeed, the nucleotide sequence divergence
between D. sucinea 10 and the rest of the saltans-willistoni
sequences ranges from 32% to 37%. As seen in Fig. 3, this
sequence differs by an average of only 10.5% from the D. affinis
and D. azteca sequences in clade D. It is intriguing that consid-
erable overlap of the geographic distributions of D. sucinea and
D. azteca in central Mexico (26) exists.

P elements from D. bifasciata, a widespread species belonging
to the Old World obscura subgroup, are unusually interesting. It
has been shown previously that this species possesses two distinct
subfamilies, called M and O types (18, 19). The former belong to
clade B, where they are closely related to P element sequences
from Scaptomyza pallida. The O-type sequence belongs to clade
E, which is one of four saltans-willistoni subfamilies. It is even
more closely related to another P element from S. pallida (27)
(not shown in Fig. 3). Thus far, no obscura subgroup P elements
(clades K and L) have been identified in D. bifasciata.

Six P element subfamilies are in the melanogaster species group
(clades H, I, J, M, N, and P). Clade J includes sequences from six
different species, all in the montium subgroup that is the largest
in the melanogaster species group. Clade H includes additional
sequences from four species of the montium subgroup (a) and
from D. malerkotliana of the ananassae subgroup (b). In spite of
belonging to the same subfamily, the P elements from the
ananassae subgroup are in fact quite distinct (average pairwise
divergence of 30%) from the montium sequences. Clade N
includes sequences from two closely related species, D. biauraria
and D. quadraria. Clade P, comprising five sequences from D.
bipectinata, is a sister group to clade O of the saltans and willistoni
groups. The average sequence divergence between clades P and
O is 16.9% compared with an average sequence divergence
between clades P and N of 19.9%. Between clades N and O, the
average sequence divergence is 20.4%.

Not apparent from Fig. 3 is the complete absence of
detectable P elements in many species of the melanogaster
group. An indication is given in Table 1, where detectable P
elements are shown to be absent in 10 of 24 species examined
(see also ref. 17). As seen in Fig. 1, it is especially interesting
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FiG. 3. Phylogenetic analysis of P element nucleotide sequences from the saltans and willistoni species groups. Comparisons were limited to 449 bp
between primers 2016 and 2017 and used the sequence from L. cuprina as an outgroup. The data set consists of 80 consensus sequences that were derived
from monophyletic sequences obtained from particular species (see Materials and Methods). The total number of sequences used to derive the consensus
sequences was 250. Species names are given in italics followed by the total number of clones used to construct the consensus sequence in parentheses.
Species group affiliations are indicated by color as shown in the key. This cladogram was generated by parsimony analysis as implemented pAuP 3.1.1 (23)
using the heuristic search algorithm with tree bisection-reconnection branch swapping and random stepwise addition of taxa. This is an arbitrarily chosen
representative of 1,000 equally parsimonious trees, each requiring 2,089 steps. The consistency index is 0.402 and the retention index 0.799. Bootstrap
analysis of 100 replicates was performed on the data using both parsimony and neighbor-joining. Numbers shown on the branches before the slash are
bootstrap percentages derived from parsimony, after the slash from neighbor-joining. Values of 50% or greater are shown only for the major groups. Letters
refer to clades that are discussed in the text. Four proposed instances of horizontal transfer (H.T.) are identified by arrows. Within the brackets, the average
percent divergence separating the P element sequence from the recipient species and the rest of the sequences in the clade is shown.
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that P element sequences are absent in those species most
closely related to D. melanogaster. Because they are widely
distributed throughout the subgenus Sophophora, the most
likely explanation is that the P sequences have been lost from
the melanogaster subgroup or have diverged beyond recogni-
tion by the primers used here. A more detailed analysis of P
element distribution in the melanogaster (J.B.C., P. Kim, and
M.G K., unpublished work) and saltans and willistoni species
groups (13) indicates that loss of particular P element sub-
families in certain species has occurred multiple times, sug-
gesting that this is a fairly common occurrence.

On a fine scale, general agreement exists between P element
and species phylogenies. For example, clade J comprises P
elements from six species of the montium subgroup of the
melanogaster species group. Within this clade species-specific
branching is found, which reflects the phylogeny of this well
studied subgroup. The sequences from the four species of the
auraria complex (a), which have an Oriental distribution, are
distinct from the sequences from the two African species (b). On
a broader scale, however, the P element phylogeny is not con-
gruent with species phylogeny. If the P element phylogeny were
to reflect the species phylogeny perfectly, sequences from each of
the four species groups would be monophyletic. Furthermore, all
sequences from the Old World lineage of Sophophora, repre-
sented by the melanogaster and obscura species groups should be
monophyletic, as should sequences from the New World lineage,
represented by the saltans and willistoni groups. However, the
pattern of P element phylogeny in Sophophora is much more
complex than this and includes the existence in the same genome
of sequences belonging to different subfamilies.

DISCUSSION

P Element Sequence Divergence. The consensus sequences
used here for each species were derived from sequences that show
varying degrees of differentiation. For example, divergence
among the seven sequences comprising the D. malerkotliana
consensus sequence in clade H ranges from 0 to 6.6%. Although
identical sequences probably represent the same genomic copy
sampled more than once, the most divergent sequence, D.
malerkotliana 1N, is clearly a distinct copy because it possesses a
unique deletion. Within clade O, the four sequences comprising
the D. insularis consensus sequence differ by between 1.7 and
6.1%, whereas nine sequences comprising the D. obscura con-
sensus in clade L differ by between 0.7 and 5.3%. The most likely
explanation for P element divergence within a species is sequence
differentiation after replicative transposition, the mechanism by
which many transposable elements move (28). Although auton-
omous P elements do not always make copies of themselves when
they are mobilized, replicative transposition is achieved in many
instances (29). As long as no subsequent exchange occurs be-
tween copies (via gene conversion or recombination), they are
expected to evolve independently and eventually become differ-
entiated. However, it is clear that sequences from the same
species that show only modest sequence divergence have a
common evolutionary origin.

In many instances, sequence divergence among P elements
from the same species is such that the sequences actually belong
to different subfamilies. In contrast to sequences from the same
subfamily, these represent sequences that clearly have distinct
evolutionary histories. For example, sequences from D. paviovski-
ana are represented in each of the four saltans-willistoni subfam-
ilies shown in Fig. 3 (clades 4, E, F, and O). The pairwise
sequence divergence among these sequences is between 30% and
34%. Two explanations could account for the existence of these
and other P element subfamilies. First, they could represent
ancestral polymorphisms that arose before the divergence of the
species themselves. If this is true, then some phylogenetic com-
parisons may, in fact, include sequences that are in a sense
paralogous, explaining some aspects of the lack of congruence
between P element and species phylogenies. Second, they could
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represent sequences that were introduced into particular So-
phophora lineages at various times by horizontal transfer. It
should be stressed that these two explanations are not mutually
exclusive, and each may have been involved in forming the pattern
of the phylogeny revealed by this study.

Horizontal Transfer. Because clade G is the only clade with P
elements from all four major Sophophora species groups, it could
represent extant members of an ancestral P element that was
present before the diversification of the species groups. Other P
element subfamilies, that lie outside of clade G, could represent
additional, ancestral subfamilies that were retained in some
species but not in others. However, it is intriguing that all of the
Drosophila sequences that lie outside of clade G were isolated
from species that are either relatively widespread (D. bifasciata),
cosmopolitan (D. melanogaster), or are found only in the New
World (D. affinis, D. azteca, D. algonquin, and all members of the
saltans and willistoni species groups). This raises the possibility
that these sequences (clades A4, B, C, D, E, and F) were introduced
into these species by horizontal transfer from donor species with
New World or cosmopolitan distributions. This scenario seems
very likely for the M-type elements of D. bifasciata (clade B),
where the donor species, from the genus Scaptomyza, actually has
been identified. What’s more, the P elements from the cosmo-
politan species S. pallida are known to be active when transferred
to other species in the laboratory (20).

Given their position toward the root of the phylogenetic tree in
Fig. 3, the possibility of an origin outside of the subgenus
Sophophora is quite strong for the canonical P elements in clade
A. If this is true, then the origin of the canonical P elements can
be dated to somewhere between 15-30 million years ago (the
divergence of the two New World subgroups) and 40-55 million
years ago (the divergence of the Old World and New World
subgroups). This would explain why, with one exception, they are
confined to the New World saltans and willistoni species groups
and perhaps explain their relatively modest sequence differenti-
ation compared with other sequences in the saltans and willistoni
species groups (13). Although these observations constitute cir-
cumstantial evidence, this hypothesis cannot be substantiated
until a donor species is identified.

In four instances, horizontal transfer is clearly the most likely
explanation for lack of congruence between species phylogeny
and P element phylogeny (see Fig. 3, arrows). The first two of
these cases of horizontal transfer have been previously identified
(see ref. 25): (i) The identity of the P elements from D. melano-
gaster of the melanogaster species group to that of D. willistoni of
the willistoni species group (clade A4). (if) The affiliation of the
M-type P elements from D. bifasciata of the obscura species group
with sequences from S. pallida (clade B). Two additional cases of
horizontal transfer are now apparent, demonstrating the power of
this combined phylogenetic analysis. (i) The affiliation of the
O-type P element from D. bifasciata with those of the saltans-
willistoni subfamily in clade E. (iv) The presence of D. sucinea 10
(willistoni species group) within clade D, which includes se-
quences from two New World species of the obscura group.
Together these represent four instances of horizontal transfer,
apparent because of the marked discrepancy between P element
and host phylogenies. Alternative explanations for these discrep-
ancies can be considered, but they require certain assumptions
that are not as plausible as those for horizontal transfer (25).

Compelling evidence shows that some P element lineages may
have been involved in more than one horizontal transfer. For
example, the canonical P element (clade 4) may have been
involved in at least two separate transfers, one from an unknown
donor to the saltans-willistoni lineage and a second from D.
willistoni to D. melanogaster. The fact that the P element phylog-
eny within clade A does not always trace species phylogeny (see
Fig. 3 and ref. 13) suggests that additional transfers of this active
element may have occurred between some species in the saltans
and willistoni groups. With respect to multiple horizontal trans-
fers, the O-type P element from D. bifasciata (clade E) is
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particularly interesting. Whereas this sequence differs from those
of the saltans and willistoni groups by an average of 8.1%, it differs
by less than 1% from another P element isolated from S. pallida
(27) (the region compared in that study does not overlap the PCR
fragment used here and hence the O-type sequence from S.
pallida is not included in the analysis presented in Fig. 3). Thus,
this element may have been involved in three separate horizontal
transfers: from an unknown donor to the saltans-willistoni lineage,
from a species in this lineage to S. pallida, and from S. pallida to
D. bifasciata. This scenario seems more likely than transfer from
saltans-willistoni to D. bifasciata and then to S. pallida because S.
pallida is a cosmopolitan species, which could span the distribu-
tion of both the New World saltans and willistoni groups and the
Old World species D. bifasciata.

Several properties of the biology of active P elements are
consistent with the hypothesis of horizontal transfer. First, they
possess all of the properties necessary for mobility in the appro-
priate cytological background. This includes encoding the trans-
posase necessary for mobility. Second, both theoretical (30) and
laboratory studies (31) demonstrate that the high transposition
efficiency of P elements in naive genomes overrides any delete-
rious effects associated with transposition. Third, during trans-
position the P element usually (but not always) makes a copy of
itself (32). This replicative mode of transposition leads to an
increase in genomic P element copy number over time. Given
these properties, if an active P element is introduced into the
genome of a naive species that could support transposition, the
chances seem reasonably good that it would spread throughout
the population. Although the exact mechanism of horizontal
transfer is unknown, the minimum requirement would be geo-
graphic, temporal, and ecological overlap between donor and
recipient species. D. willistoni and D. melanogaster have become
sympatric species only through the activities of modern human
travel and commerce, probably within the past 200 years (33). It
is not known exactly when the actual horizontal transfer of the
canonical P element from D. willistoni to D. melanogaster oc-
curred, but it is known that the P element has spread throughout
worldwide populations of the former species only within the past
30-40 years (34, 35). Furthermore, the DNA sequence identity
of P elements from diverse geographic locations is consistent with
a very recent introduction into D. melanogaster.

Compared with nonmobile nuclear genes, transposable el-
ements exhibit a propensity for horizontal transfer (see ref.
10). This is undoubtedly due to those properties, such as
replicative transposition, discussed above. For the mariner
transposable element, which like P is a Class II transposable
element, horizontal transfer occurs relatively frequently and
even between distant taxa (36, 37). Furthermore, it has been
suggested that horizontal transfer may, in fact, be essential to
the long-term survival of mariner and other transposable
elements (12). In the absence of horizontal transfer to a new
host species, the fate of transposable elements may be se-
quence degeneration and eventual loss from the genome
through stochastic processes (38). Thus, it can be argued that
the persistence of transposable elements, like mariner and P,
is indirect evidence for the phenomenon of horizontal transfer.

The implications of this study extend beyond the evolution of
P elements in Drosophila. First, transposable elements are ubig-
uitous features of eukaryotes and in some species comprise a
significant portion of the genome (39, 40). Thus, information on
the evolution of transposable elements is important for under-
standing the evolution of eukaryotic genomes as a whole. This
takes on significance with increasing evidence that transposable
elements may play integral roles in gene regulation (41, 42) and
the generation of host genetic variability (43). Second, the study
of transposable element evolution has led to the identification of
biological phenomena, such as horizontal transfer, that seem to
be extremely infrequent in studies of nonmobile genes. Third,
transposable elements present special challenges to phylogenetic
biology because of their multicopy nature and their propensity for
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horizontal transfer. Studies of transposable elements may help to
identify potential problems with phylogenetic analysis that are
associated with these characteristics and in the process provide
insights into the practice of molecular phylogenetics. Finally,
knowledge of the evolution of transposable elements may provide
insights into the potential opportunities for the population spread
of genetically engineered genes and the constraints on such
spread that may occur within an evolutionary context.
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