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Abstract. A phylogenetic analysis oP transposable Introduction
elements in thé®rosophila obscuraspecies group is de-

scribed. MultipleP sequences from each of 10 speciesp glements were first described Prosophila melano-

were obtained using PCR primers that flank a conservedasterpecause of their association with a syndrome of
region of exon 2 of the transposase gene. In general, thgyorma genetic traits known as hybrid dysgenesis
P element phylogeny is congruent with the species phy{yigwell et al. 1977; Bingham et al. 1982 elements
logeny, indicating that the dominant mode of transmis-gre now among the best-characterized eukaryotic trans-
sion has been vertical, from generation to generatlonpos‘,ime elements (for a review, see Engels 1989). Se-

One manifestation of this is the distinction®lements quences belonging to tiefamily have been detected in
from the Old Worldobscuraandsubobscurgsubgroups  manyprosophilaspecies and are particularly common in

from those of the New Worldffinis subgroup. However, - q tour principal species groups comprising the subge-
the overall distribution of elements within th@bscura nusSophophorgDaniels et al. 1990). These include the
species group is not congruent with the phylogeneticoiy world melanogasterand obscuragroups and the
relationships of the species themselves. There are atleagk, World saltans and willistoni groups.P elements
four distinct subfamilies oP elements, which differ in have also been described in a few SpeCieS outside of the

sequence from each other by as much as 34%, and so nusDrosophila(Anxolabehere and Pequet 1987: Si-
individual species carry sequences belonging to differen onelig and Anxolabeire 1991, 1994: Perkins and
subfamilies.P sequences fror®. bifasciataare particu-  owells 1992). ’ '

larly interesting. These sequences belong to two sub-

families and both are distinct from all othBrelements subgenusSophophoraseveral discontinuities can be de-
identified in this survey. Several mechanisms are postUracted. For exampleP elements are apparently absent
lated to be involved in determining phylogenetic rela-¢rom those species most closely relatedlomelano-
tionships amongP elements in theobscuragroup. N yaqter (Brookfield et al. 1984). Nucleotide sequence
addition to vertical transmission, these include retem'orbomparisons suggest th&t elements were transferred
of ancestral polymorphisms and horizontal transfer by ar, g jzgntally from D. willistoni to D. melanogaster
unknown mating-independent mechanism. (Daniels et al. 1990). Horizontal transfer can also explain
. ) the unexpected sequence similarity Bfelements iso-
Keywords: ~ Phylogenetic analysis — Transposable el-|5¢eq fromD. bifasciataand Scaptomyza pallidéSimo-
ements — Horizontal transfer -Brosophila— Sophophora nelig and Anxolabe&re 1991; Hagemann et al. 1992).
An earlier reconstruction of B element phylogeny sug-
gested thaP element dynamics during species evolution
is complex, possibly involving horizontal transfer be-
Correspondence taW.G. Kidwell; e-mail: kidwell@azstarnet.com tween species and the coexistence of multiple indepen-

Although P elements are widespread in species of the
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Fig. 1. Phylogeny of theobscuraspecies group, showing estimates cies, they were not amplified in this study, because they either are
for divergence timesNumbersrefer to particular studies, listed in internally deleted or have diverged to the point where the primers
Table 1, that support the branching patterns and time estimates depictamployed here do not work. Thiashed lindeading to themicrolabis
here. The distribution oP element sequences is denoted in two ways. subgroup indicates that the relationship of this recently discovered
An asteriskidentifies those taxa that were sampled in this studplus subgroup to the others has not been investigated in detail.

sign indicates that, althougR elements have been found in this spe-

dent P element subfamilies within the same genomeobscuragroup have been studied extensively using mor-
(Clark et al. 1994). phological (Sturtevant 1942; Buzzati-Traverso and Scos-
Sequences homologous Roelements have been de- siroli 1955), biogeographical (Throckmorton 1975),
tected in all members of thebscuraspecies group ex- electrophoretic (Lakovaara et al. 1976; Lakovaara and
amined (Anxolabkere et al. 1985; Daniels et al. 1990; Saura 1982; Cabrera et al. 1983; Loukas et al. 1984;
De Frutos et al. 1992), but very little is known about the Cariou et al. 1988; Acosta et al. 1995), chromosome
molecular structure of these sequences. The Brse-  (Brehm and Krimbas 1992; Mdltet al. 1992; Segarra
guences characterized from this group were thosB.of and Aguade992) DNA/DNA hybridization (Goddard et
bifasciata(Hagemann et al. 1990). This species containsal. 1990), mitochondrial DNA (Latorre et al. 1988;
both internally deleted and compléRelements, and two GonZdez et al. 1990; Beckenbach et al. 1993; Barrio et
types of complete elements have been described, the Ml. 1994), and nuclear DNA (Barrio and Ayala 1997)
and O types (Hagemann et al. 1992, 1994). The M-typalata. Although the phylogeny of thebscuraspecies
elements are closely related to tReelements ofS. pal-  group is by no means completely resolved, there is gen-
lida (Simonelig and Anxolaliexe 1991), while the O- eral support for the existence of five subgrougisscura,
type elements are nearly identical to a separate subfamilgyubobscuraandmicrolabisin the Old World andaffinis
of S. pallidasequences (Hagemann et al. 1998)se- and pseudoobscuran the New World (Gleason et al.
guences isolated fronD. subobscura(Paricio et al. 1997; O'Grady 1998). A phylogenetic tree of tlob-
1991),D. guanche(Miller et al. 1992), andD. madeir-  scuraspecies group based on the above studies is pre-
ensis(Paricio et al. 1996) have an unusual structure andented in Fig. 1 (see also Table 1). It provides a basis for
genomic rearrangement. These elements are clustered @omparison of the results of the PCR-based phylogenetic
tandem in a single chromosome region and are truncateanalysis ofP element sequences reported in this paper.
at the 3 and 3 ends. They have lost the ability to trans-
pose because they lack inverted repeats and exon 3 but
can encode a repressor-like protein (Paricio et al. 1991Materials and Methods
Miller et al. 1992). In additionP sequences which differ
in structure and nucleotide sequence from the truncateBrosophilaStocks Sixteen species from thebscuragroup were ex-

elements were found iB. subobscuraheterochromatin amined in this study. The subgroup classification and sources of these
’ species are given in Table 2. Also included in the analysis were several

(Paricio et al. .1994)- ' . ' o P element sequences obtained from the literatDresubobscuraG2,
Phylogenetic relationships among species within thea1, and A2 (Paricio et al. 1991). madeirensigParicio et al. 1996),
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Table 1. List of phylogenetic studies supporting various nodes in the Results
phylogeny presented in Fig. 1

No2  Type of study Reference Amplification ofP Homologous Sequences

1 Biogeography Throckmorton (1975) Primers 2016 and 2017 were used for almost all of the
2 Enzyme electrophoresis Lakovaara and Saura (1982)amplifications in this study. In the few instances in which

i i?é{lr;e;:%mphores's Lafﬁ:gitegléltl(gggf) amplification was not achieved with this primer pair,

5 DNA-DNA hybridization Goddard et al. (1990) primer 2015 was substituted for primer 2016. The primer

6 mtDNA RFLP Barrio et al. (1994) pairs used were chosen based on conserved regions of
7 mMtDNA gene sequences Beckenbach et al. (1993) available published® element sequences (see Fig. 2).

8 mIDNA gene sequences Barrio et al. (1994) The primers were designed to preserve amino acid iden-
1?) E:gfgg%ﬁg&iﬁﬁgg? g;gg:r;? Q}'?lzs(gw) tities in these conserved regions, but codon usage pref-
11 Enzyme electrophoresis Loukas et al. (1984) erences were also considered so that the degeneracy of
12 mtDNA RFLP Gonztez et al. (1990) the primers could be minimized. It is possible that cer-
13 Enzyme electrophoresis Acosta et al. (1995) tain, more divergent, subfamilies & elements were

14 Molecular Watabe et al. (1997) missed with these primer combinations. Thus, the results

presented here should be viewed not as an exhaustive
survey but, rather, as a sample of the diversity that may
exist among thé> elements in a genome.
D. guancheG1 (Miller et al. 1992)D. nebulosaN10 (Lansman et al. Using one or the other of the two combinations of
1987),D. bifasciataM and O types (Hagemann et al. 1992, 199%),  degenerate oligonucleotide primers, amplificationFof
melanogaste(O'Hare and Rubin 1983), arfcaptomyza pallidd and  element sequences was obtained in all but six of the
18 (Simonelig and Anxolaire 1991). species analyzed® sequences were determined for 10
species in theobscuraspecies group, representing the
';CR AfT_‘P'iﬁfCEI‘ltiO”,GeflﬁmiC DEA&N";S pfe%afgdbfmg‘ adtli't flies ‘t’f |obscura, subobscurand affinis but not thepseudoob-
eacn species rtollowing e metno escripe: y Junakovic et a H H : H
(1984). Approximately 100 ng of this DNA was used as template in scuraor mlc,:rOIabISSUbgroup,s' ,In six specieB (tolteca
PCR amplifications with two degenerate primers: 2016-(5 of the affinis subgroup,D. tristis of the obscurasub-
CGWRACCAITAYGTKGAITCCGG-3), complementary to positions  group, D. narragansettof the affinis subgroup, and.
1305-1327, and 2017 (®®CWTCMAGGGAWGCATTRTTSAC-3),  persimilis, D. miranda,and D. pseudoobscuraf the
complementary to positions'17'58—1780. These prim'ers (see Fig. zﬁ)seudoobscuraubgroup) no amplification was obtained
amplify a 450-bp fragment within exon 2 of the canoniBalmelano- with these primer pairs. However, usiiyelement in-
gaster Pelement [the firsP element sequenced and the standard frame . . .
of reference for sequence comparisons (O’Hare and Rubin 1983)]. “verted-repeat primers, PCR prOdUCtS were obtained with
amplification was not successful, an alternative primer, 2015 (5 template DNA from the three species of thseudoob-
TGGTTTASCCATCCWRCRGAYG-3, was substituted for primer  scura subgroup. ForD. pseudoobscurathe amplified
2016. Primer 2015 is complementary b melanogaster Relement fragment corresponds to a ndhspecific DNA sequence

positions 1230-1251 and primers 2015 and 2017 amplify a 550-bgg o\ 1 by twoP element inverted repeats (data not
fragment. PCR was generally carried out in ayddeaction using 200 shown)

wM dNTPs, 5 pmol of each primer, and 2.5 U of Taq polymerase.

Temperature cycling was done for 30 cycles, each consisting of 95°C  LOSS or sequence divergence might account for the
for 1 min, 58°C for 1 min, and 72°C for 1 min; a final extension was failure of amplification in the other five species using
done at 72°C for 10 min. internal P element primer pairs. If the locations of prim-

ers 2015, 2016, and 2017 overlap with regions that are

Cloning and Sequence Analysurified PCR fragments were sub-  deleted, certai® elements may have been missed in this

cloned into pCRII (Invitrogen, San Diego, CA) or pCR-Script (Strata- PCR survey. Table 3 shows that 30 of 79 (38%) of the

gene, La Jolla, CA) plasmid vectors and sequenced with T7 DNAgaqences obtained from tbescuragroup have inser-
polymerase (Amersham-US Biochemical, Pharmacia) using the

dideoxy chain termination method (Sanger et al. 1977). For each spe'[—Ions or deletions within the region represented by the

cies, between 4 and 14 individual clones were sequenced. DNA mulPCR fragment. The 27-bp deletion shared by clones 1, 3,
tiple alignments were obtained with the CLUSTAL V program (Hig- 11, and 12 fromD. guancheoccurs just one nucleotide

gins and Sharp 1988) and adjusted by eye to conform to codonjownstream of primer 2016. Had this deletion been
assignments. Parsimony analysis of the aligned data matrix was Pehifted upstream a few nucleotides, there would have

formed (Fig. 3), with all characters weighted equally. Bootstrapping of e . . . . . .
100 replicates was performed on a reduced data set of 35 sequences ti%‘fen no ampllflcatlon in this Species using this part'CU|ar

included representative taxa from each of the major clades shown ifPflmer.
Fig. 3. Neighbor-joining analysis (Saitou and Nei 1987) was performed

on the same data set. In separate analyses, trees were constructed fr rpl . .

distance matrices using the Kimura (1980) two-parameter model for15 yIOgene“C Analy5|s d? Element Sequences

substitution and the model of Tajima and Nei (1984), which compen- dl fwhich of the tw . . df
sates for unequal nucleotide base frequencies, and uncorrected digegar €SS of which ot the two primer pairs was used tor

tances. All taxa were included in the bootstrap analysis of 100 repli-the PCR amplification, the phylogenetic analysis was
cates. confined to the 448-bp fragment flanked by primers 2016

@ Citation numbers correspond to those given in Fig. 1
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Table 2. List of Drosophilaspecies used in this study and their sources

Subgroup Speciés Source
obscura D. ambigua Dr. C.B. Krimbas (University of Athens, Athens, Greece)
D. bifasciata Dr. C.B. Krimbas (University of Athens, Athens, Greece)
D. narragansett National Drosophila Species Resource Center, Bowling Green, OH, USA (NDSRC-BG)
D. obscurd NDSRC-BG
D. subsilvestris NDSRC-BG
D. tristis NDSRC-BG
subobscura D. guanche Dr. V.M. Cabrera (University of La Laguna, La Laguna, Spain)
D. madeirensis Dr. D. Sperlich (University of Thigen, Tibingen, Germany)
D. subobscura H271 laboratory strain
affinis D. affinigf NDSRC-BG
D. algonquirf NDSRC-BG
D. aztecd NDSRC-BG
D. tolteca NDSRC-BG
pseudoobscura D. miranda NDSRC-BG
D. persimilis NDSRC-BG
D. pseudoobscura Captured on Mt. Lemmon (near Tucson, AZ, USA)

2P element sequences obtained from those species marked with an asterisk

Fig. 2. Schematic representation of tReelement
2015 showing the location of primers used for
2016 2017 phylogenetic analysis. The canoni¢aklement from
— D. melanogasters 2907 bp in length and is flanked

<] 0 % 1 ﬂ 2 W 3 ]-» by perfect 31-bp inverted repeats. Exons Oefefn
boxe$ encode the transposase necessanpfor
\ \ \\ \/ / element mobility. The relative locations of the
AUG UAA primers (2015, 2016, and 2017) used to amplify the
J— 87 kdal transposase DNA fragment used for phylogenetic analysis are
100 bp indicated above exon 2.

and 2017. Phylogenetic trees were constructed usingmaximum, 4.2%), likely reflecting the close relation-
maximum parsimony and neighbor-joining. For both ships among these three species. Four sister lineages to
methods, thé® sequence from the blowfly,. cuprina, cladeK are represented by sequenBesubobscura, 7,
was used as an outgroup. Parsimony searches were al8pand 10. These differ from the sequences in cladsy
performed using sequences froth melanogaster, D. up to 17% and may represent ancestral polymorphisms
willistoni, and D. nebulosaas outgroups. This had no that have been retained (and detectedpirsubobscura
effect on the branching patterns within the ingroup. Of(see Discussion).
448 characters, 169 were constant, 40 uninformative, and CladeJ comprises four closely related sequences from
239 parsimony informative. Since both neighbor-joining D. guancheThese sequences differ frah guancheG1
and parsimony analyses gave identical branching pattcladeK) by up to 17.1%, a value similar to the maxi-
terns for the major groups, only the parsimony tree ismum divergence among the various sequences fbom
shown. However, bootstrap values for both methods arsubobscuraThus, D. guanchemay have also retained
given in this tree, which is shown in Fig. 3. In order to ancestral polymorphic sequences in its genome. Clade
provide a frame of reference for discussion, the majorincludes nine sequences frdi obscuraof the obscura
clades ofP element sequences are designate. subgroup. The maximum divergence among these se-
CladeF consists of two main lineages, cladésand  quences is 5.3%, probably reflecting the divergence
H, and comprises sequences isolated only from speciemmong multiple copies in the genome following transpo-
with Old World distributions. Sequences from four spe- sition.
cies,D. guanche, D. madeirensiandD. subobscuraof CladeG, the other major group of sequences from Old
the subobscurasubgroup andD. obscuraof theobscura  World species, include® sequences detected in only
subgroup, are represented in clddeCladeK includes three species from thebscurasubgroup,D. subsilves-
four sequences from. subobscuralescribed previously tris, D. obscuraandD. ambigua.There are two distinct
(Paricio et al. 1991) and one frob. guanchedescribed P element types isolated frod. ambigua,one repre-
previously (Miller et al. 1992), along with several new sented byD. ambiguab and 3, which is closely related to
sequences from these two species and flbnmadeir-  sequences frorD. subsilvestriandD. obscura,and the
ensis.Divergence among these sequences is very lowother byD. ambigual4 and 20. The tw® element types
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Fig. 3. Phylogenetic analysis df element nucleotide sequences us- for 100 replicates and were determined by parsimony anallgsi®ie

ing parsimony. Comparisons were limited to the region between primetthe slash and neighbor-joining analysisafter the slash Bootstrap
2016 and primer 2017. This cladogram was generated by PAUP 3.1.Values of 50% or greater are shown only for the major groltpc
(Swofford 1993) using the heuristic search algorithm with TBR branchcapital letters (A-K) refer to clades that are discussed in the text.
swapping and random stepwise addition of taxa. This is an arbitrarilySpecies names are given italics, followed by anumberedclone
chosen representative of 1000 equally parsimonious trees, each requidesignation. Subgroup affiliations for tr@bscuraspecies group are
ing 1012 steps. (The topology of the major lineages was identical in allindicatedafter the slash:aff, affinis; obs, obscura;sub, subobscura.

of the trees obtained.) The consistency index is 0.570, and the retentioHatchedand stippled barsare used to distinguish sequences obtained
index 0.916. The bootstrap values, shoatrthe nodesare percentages from species with Old World and New World distributions.

from D. ambiguadiffer from one another by 9.7% and a survey. The maximum divergence amoRgelements
likely explanation is the retention of an ancient polymor-from these three species is 14.2%, a value similar to the
phism in this species. It is possible tHat subsilvestris  divergence of elements fronD. guancheandD. sub-

and D. obscuraalso possess sequences similarto  obscuraof cladeK (discussed above). Compared to the
ambigual4 and 20 but they were missed in this PCR variation between species, there is more modest variation



Table 3. Insertions and deletions amoigelement sequences from
the obscuraspecies group

o
o

o
@y

Subgroup Element (indél)

obscura D. ambigu® (-35)

. obscural (-29)

. obscurall (-29)

. obscural2 (-29)

. obscural3 (-29)

. obscural4 (-29)
subobscura D. guanch@l (+3)

. guanchel (-27) (-2) (+1)
. guanche3 (-27) (-2) (+1)
. guanchell (-27) (-2) (+1)
. guanchel2 (-27) (-2) (+1)
. madeirensi€ (+3)

. madeirensidl (+3)

. madeirensis3 (+3)

. madeirensi$ (+3)

. madeirensis8 (+3)

. madeirensi® (+3)

. subobscura’ (-3)

. subobscural (+3)

. subobscuraA2 (+3)

. subobscuraG1 (+3)

. subobscuraG2 (+3)

. subobscure (+3)

. subobscurat (+3)

. subobscuré (+3)

. subobscura (+3)

. subobscurdl5 (+3)

. subobscural7 (+3)

. subobscurdl8 (+3)

. algonquin2 (-3) (-12)
. algonquin4 (-3)

. algonquin5 (-3)

. algonquin7 (-3) (-12)
. algonquin8 (-3)

. algonquin10 (-3)

. algonquinl1l (-3)

. algonquinl2 (-3) (-12)

v vAvEvRv)

affinis

OO0OO0O0O000OO0ORARARIARARIARARARAARN IARARARARARAXRN U XDOOOOO

O0O0OU0U0O00pgpU0O0O00D0D0D00D000 U0D0D0D0O0O0 U000

2The size and nature of the insertion (+) or deletion (=) are given in
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not amplified. Thus sequences in cladeandE may be
extant representatives of ancestral polymorphisms in the
affinis subgroup that have been differentially retained (or
sampled by PCR) in the three species. Another explana-
tion for the distinction between sequences fr@mal-
gonquinand those fronD. aztecaandD. affinisis that
they have distinct evolutionary origins. This implies that
these sequences were transferred horizontally, in two in-
dependent events, to the respective species from different
donor species outside of tlmdscuraspecies group. This
could explain why both of these clades are distinct from
clade F, which includes all of the sequences obtained
from the Old Worldobscuraandsubobscurasubgroups.

Sequences fronD. bifasciata of the obscura sub-
group are the exception to the monophyly of most se-
quences from Old World species (claBe The M-type
elements (Hagemann et al. 1992) are closely related to
those ofS. pallida (clade B), while the single O-type
sequence (Hagemann et al. 1994) from this same species
(clade D) shows no apparent similarity to any of the
sequences in Fig. 3. M-tygeelements, or their progeni-
tors, were likely transferred horizontally from the genus
Scaptomyzao D. bifasciata (Hagemann et al. 1992;
Clark et al. 1994). We have sequenced four additional
clones (K1, K5, N5, N6) from th®. bifasciatagenome
and all of them cluster with the M-type sequences of this
species (clad®). The O-type sequence, which was ob-
tained from a genomic library (Hagemann et al. 1994),
shows a high degree of divergence (approximately 30%)
from the other sequences isolated from Old World spe-
cies. TheD. bifasciataO-type sequence could represent
an ancient type oP element within theobscuragroup,
but most likely its origin in this species is a result of a
second horizontal transfer fro8 pallida(Hagemann et
al. 1996).

In general, within theobscuragroup, theP elements

parentheses. Noncontiguous indels are denoted in separate parenthe€dsa single clade tend to show strong sequence similarity

b Letters correspond to clades designated in Fig. 3.

among theP elements sampled frol. subsilvestrigup
to 5.2%) andD. obscura(up to 5.1%), reflecting differ-
entiation within a given species.

Adjacent to cladé is cladeE, which includes several
sequences fronD. affinis and D. aztecaof the New

World affinis subgroup. Despite their modest differen-

tiation (2.2%), sequences from claétiedo form well-

within a given species. This is most likely explained by
a recent transposition resulting in identical copies which
subsequently diverged from one another. There is strong
evidence for this pattern in clad& D. obscural, which
differs by up to 4.5% from the other sequences from this
species, shares with them a 29-bp deletion, indicative of
a common evolutionary origin (see Table 3). An alter-
native explanation for strong sequence conservation
within a species is homogenization of sequences by gene

supported, species-specific monophyletic groups. Theiconversion. However, there is very little evidence for
modest differentiation probably reflects the recent diver-gene conversion among individual members of the
gence of these two species from one another. The seslement family. The simplest explanation for identical

guences obtained from another member of #fiénis

subgroup,D. algonquin (clade C), are clearly distinct
from those ofD. affinis and D. azteca,showing up to

30% sequence divergence. It is possible that clede
sequences are presenfnalgonquinbut were missed in
the PCR survey. Similarly, cladé sequences may be
present inD. affinis and D. algonquinbut, again, were

(or nearly so) sequences obtained from the same species
is that they represent duplicate samples from the same
genomicP element that were cloned and sequenced more

than once, an occurrence expected in a PCR-based sur-
vey. Minor sequences differences (ca. 1% or less) among

clones isolated from the same species could be due to
errors introduced by Taq polymerase during PCR.
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Discussion them gnicrolabig spreading in East Africa and the other
(ancestral to thaffinis, pseudoobscura, subobscuaad
The phylogenetic analysis described here provides thebscura subgroups) extending to temperate regions
first broad description of the relationships amdPgle-  (Cariou et al. 1988). Diversification occurred in the
ments of theobscuraspecies group. The resultiigel-  Palearctic region and subsequently ancestors giske-
ement phylogeny (Fig. 3) appears to differ in severaldoobscuraand affinis subgroups spread to North
respects from the phylogeny of the species themselveamerica prior to the mid-Miocene, about 15 MYA
(Fig. 1). In order to understand better the events that mayThrockmorton 1975).
have been involved in the evolution of these elements, Considerable diversity exists among the various sub-
the results are discussed in the context of the evolutiontamijjies of P elements from th@bscuraspecies group
ary history and geographical distribution of the speciesjescribed here. Although there is strong evidence for
within which they reside. short-term vertical transmission, the overall phylogeny
The obscuragroup was origi_nally subdivided into the ¢ the p sequences is not consistent with the phyloge-
obscurasubgroup and theffinis subgroup (Sturtevant pegic relationships among the species themselves. Most
1942; Buzzati-Traverso and Scossiroli 1955). Subseyt he species carry in their genomes sequences belong-
quently, the .Nearctlc species of th]é)scurasubgr'ogp ing to differentP element clades, suggesting that the
were placed in two subgroupsseqdqobscurandafflnls . coexistence of diverger sequences in the genomes of
(Lakovaara and Saura 1982). Within the Nearctic reg'or%ingle species is a common feature in dscuragroup.

the E)sleudoobsfctléra;bgr(z/l:/p Ilzl ;oundBlr_wt_whe ztelr n Ct())_nt't' The most plausible explanation for this distribution is the
nental areas of tne Mew yvorid from British \-0lumbIa {0 ¢ istence of multipled® element polymorphisms whose

Mexico and Colombia. Some species of Hféinis sub origin predated species divergence. However, rare hori-
group are distributed in western areas, from Oregon tq e
o . " X zontal transfer events, which introduced new elements
Bolivia and in Haiti; others are found in eastern areas : .
. . s from other species, also seem to have been involved.

from southern Canada to Florida. Distinctions within the

Old World members of thebscurasubgroup were sub- SClLtr;S(ZlmgreBS th%)tmzztv?ljjrivseiq:anieii:‘irgtfu%b- to

sequently recognized, leading to a division of this sub—170/ > ' "’ f the oth 9 gnit Iaé Ap

group into theobscuraand subobscuracomplexes (La- 0). rom af ot the other sequences In clace As
entioned above, two kinds & sequences have been

kovaara and Saura 1982). Recent molecular studie%I ibed inD bob d el [ d
suggest that these complexes are themselves distinct su eScrl eh . .Su 0 'scur?trrl: ncateh elements ocate;]
groups (Barrio et al. 1994; Acosta et al. 1995; Barrio andn & euc romatic region of the O chromosome and het-

Ayala 1997); that proposal is followed here (see Fig. 1)le_rochromatic elements (Paricio et al. 1991, 1994). A par-
A fifth subgroup, microlabis, which includes African tial sequence (exons 0 and 1) from a heterochrontatic
species, has been described recently (Cariou et al. 198g§'émentindicates that it is degraded and highly divergent
Its exact relationship to thebscura, subobscura, affinis, from the euchromatic elements (Paricio et al. 1994). Al-
and pseudoobscuraubgroups has not yet been deter-though direct sequence comparisons of this heterochro-

mined (Gleason et al. 1997; O'Grady 1998). matic element to the four divergeRtelements fronD.
Species from the Old World are distributed in over- Subobscurare not possible because sequences were ob-

lapping areas throughout the Palearctic region fromfained from two regions of the element, each shows a
western Europe to eastern Asia. The range of distributiogimilar degree of nucleotide divergence from the known
of the obscuraandsubobscuraubgroups is fairly well- euchromatic elements. Thus a plausible explanation for
known for western Europe but poorly known for both the relatively high degree of differentiation of these four
eastern Europe and Asi. bifasciatais the most widely ~ sequences frond. subobscurdrom the rest of the se-
distributed species and is found throughout Europe, inquences in clad& is that they are heterochromatic ele-
cluding Russia, and into northern Asia and Japan. Onéents.
speciespP. subobscuradistributed in Europe and North The detailed structure, function, and genomic location
Africa, has been found in North and South America (Pre-of most of theP elements sampled in this survey are
vosti et al. 1985, 1988). However, this species appears tanknown. The elements could be complete or defective,
have colonized the Americas only relatively recently. functional or nonfunctional, euchromatic or heterochro-
The widespread distribution & sequences within the matic. However, clad& includes the unusual tandemly
obscuraspecies group is consistent with the results ofarrayedP sequences fronD. subobscurg/Al and A2)
earlier surveys based on Southern blots (Daniels et alParicio et al. 1991)D. guanche(G1) (Miller et al.
1990; De Frutos et al. 1992). This broad distribution1992), andD. madeirensiqParicio et al. 1996), which
suggests that ancestRkelement sequences were presenthave previously been characterized in detail and shown
at, or soon after, the divergence of thbscuraspecies to lack exon 3. In contrast, sequences homologous to
group from the protanelanogastelineage in the Old exon 3 have been detected by Southern blot analysis in
World. This protoebscuralineage may have split into D. ambigua,also of theobscurasubgroup (data not
two lineages before any major migration occurred, one okhown). This suggests that the truncation occurred after
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the divergence of theubobscurasubgroup from the an- group. In addition, this explanation does not explain the
cestor ofD. ambiguabut before the diversification db. similarity of P elements fronD. bifasciatato those from
subobscura, D. guanchandD. madeirensisThereisa S. pallida.
recent description of similarly truncat&delements from An alternative explanation is that the M- and O-type
the melanogastespecies group but it is not yet clear if P elements irD. bifasciatawere transferred horizontally
this truncation was the result of an independent event ofrom another species. The close relationship of the M-
if it occurred in the common ancestor of theelanogas-  type elements with those &. pallidaprovides a strong
ter and obscuraspecies groups (Nouaud and Anxaclabe argument for the recent introduction of these elements
here 1997). into theD. bifasciatagenome by this means (Hagemann
P elements from the three speci€s, affinis, D. al- et al. 1992). Similarly,S. pallida possesses O-type
gonquin,andD. aztecaare expected to be monophyletic elements that are very similar in sequence to those from
because they belong to the same subgroup. The radiatidd. bifasciata(Hagemann et al. 1996). [The region of the
of theaffinis subgroup is thought to have occurred within P element compared by Hagemann et al. (1996) does not
the past 2 million years or so (Beckenbach et al. 1993)overlap with the PCR fragment used in this study so the
Most phylogenies indicate th&t. affinisis more closely S. pallidaO-type element is not shown in Fig. 3.] Thus,
related toD. algonquinthan either is tdD. azteca(La-  there seems to be little doubt thHat bifasciataacquired
kovaara and Saura 1982; Beckenbach et al. 1993; Barrithe P elements included in this analysis by horizontal
et al. 1992, 1994; Gleason et al. 1997; O'Grady 1998)transfer from another species. Sequence comparisons in-
However, theP elements fronD. algonquinare clearly dicate that this probably occurred in two independent
distinct from those oD. affinis andD. azteca.As dis-  horizontal transfer events (Hagemann et al. 1996).
cussed above, this could be attributed to PCR sampling. D. bifasciatahas the most extensive geographical dis-
Another explanation for this pattern of distribution is that tribution of any species in thebscuraspecies group
the sequences in clad€sandE represent ancestrab-  (Lakovaara and Saura 1982). The affiliationfbifas-
scuragroup polymorphisms that were differentially re- ciata with the other Old World members of tlabscura
tained in these three species but were not retained in angroup is somewhat uncertain (see Fig. 1). In some analy-
of the species with Old World distributions. If this is the ses it clusters with other subgroups (see Barrio et al.
case, we would expect to see more sequence differentid994; Barrio and Ayala 1997; O'Grady 1998), and in
tion of the sequences within the genome of a given spesome it is an independent lineage (Cariou et al. 1988).
cies. An alternative explanation for the origin of theseAn early branching oD. bifasciatafrom the other spe-
sequences is that they were transferred horizontally t@ies in theobscuragroup could provide an argument for
the respective species from an unidentified donor speciethe divergence of th®. bifasciata Psequences from
outside of theobscuraspecies group. If this is the case, those of the rest of thebscuraspecies group. However,
then two separate transfers would have been necessamlthough there is some disagreement about the exact
one giving rise td® elements in clad€ and one to those placement oD. bifasciatain the species phylogeny, it is
in cladeE. Until donor species can be identified, how- clearly a member of thebscuraspecies group. An early
ever, this remains only a possibility. divergence oD. bifasciatafrom the other species in the
The most interesting® element sequences from the obscuraspecies group cannot account for the similarity
obscuraspecies group are those isolated fr@mbifas-  between both the M- and O-type sequences and the se-
ciata, previously referred to as the O- and M-types quences fronS. pallida.However, its broad geographi-
(Hagemann et al. 1992, 1994). It is possible that both O€al distribution relative to other species in thbscura
and M-type sequences represent ancefralements, group is consistent with. bifasciatabeing the recipient
present since the origin of tldscuraspecies group, that in these proposed horizontal transfers.
have been retained only ID. bifasciata.This explana- Finally, theP element phylogeny of thebscuraspe-
tion implies that at least fol? sequences may have been cies group can be integrated with that of thaltans,
present in the ancestor to tlseibobscuraand obscura  willistoni, andmelanogastespecies groups (Clark et al.
species groups. In this scenario, two of these sequencd®995, 1998; Clark and Kidwell 1997). Together these
(represented by sequences in clad&sand H) would  species groups represent the four main lineages of the
have remained in the genomes of most of the Old WorldDrosophilasubgenusSophophoraWhereas all of these
species of thebscuragroup, while the other two (O- and species groups share a common ancestor s#i@ans—
M-types) would have been lost in all species exdept willistoni lineage diverged early from the Old World
bifasciata.The opposite but complementary pattern (i.e.,obscura—melanogastdineage and diversified exclu-
loss of sequences represented by claBeand H and  sively in the New World (Throckmorton 1975). When
retention of the M- and O-type sequences) could havehe melanogaster, obscura, saltaremdwillistoni P se-
occurred in theD. bifasciatagenome. It seems unlikely quences are combined into a single phylogenetic analy-
that a single specied). bifasciata,would be the lone sis, the overall structure of the phylogenyajscura P
exception from the Old World members of tbbscura  elements depicted in Fig. 3 is maintained. Sequences
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from cladeF, which represent the Old World species, areeny. Thus the emerging picture is complex; the evolution
part of a larger cladeE—K) that includes some sequences of a particular transposable element seems to be strongly
from the melanogaster, saltansand willistoni species influenced by its mode of transposition and other factors,
groups. This clade may be equivalent to the T-type subsuch as the degree of host specificity.
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