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Genome-scale analysis of positionally relocated genes
Arjun Bhutkar,1,2,3 Susan M. Russo,1 Temple F. Smith,2 William M. Gelbart1

1Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts 02138, USA; 2BioMolecular
Engineering Research Centre, Boston University, Boston, Massachusetts 02215, USA

During evolution, genome reorganization includes large-scale events such as inversions, translocations, and segmental
or even whole-genome duplications, as well as fine-scale events such as the relocation of individual genes. This latter
category, which we will refer to as positionally relocated genes (PRGs), is the subject of this report. Assessment of
the magnitude of such PRGs and of possible contributing mechanisms is aided by a comparative analysis of related
genomes, where conserved chromosomal organization can aid in identifying genes that have acquired a new location
in a lineage of these genomes. Here we utilize two methods to comprehensively identify relocated protein-coding
genes in the recently sequenced genomes of 12 species of genus Drosophila. We use exceptions to the general rule of
maintenance of chromosome arm (Muller element) association for most Drosophila genes to identify one major class
of PRGs. We also identify a partially overlapping set of PRGs among “embedded genes,” located within the extents
of other surrounding genes. We provide evidence that PRG movements have at least two different origins: Some
events occur via retrotransposition of processed RNAs and others via a DNA-based transposition mechanism.
Overall, we identify several hundred PRGs that arose within a lineage of the genus Drosophila phylogeny and provide
suggestive evidence that a few thousand such events have occurred within the radiation of the insect order Diptera,
thereby illustrating the magnitude of the contribution of PRG movement to chromosomal reorganization during
evolution.

[Supplemental material is available online at www.genome.org.]

One of the primary goals in sequencing multiple Drosophila spe-
cies was to enable the combination of the wealth of Drosophila
evolutionary and morphological knowledge with genetic infor-
mation in the process of whole-genome comparative analysis.
Studying multiple genomes at varying levels of divergence pro-
vides the opportunity to analyze the patterns of evolutionary
divergence that distinguish these species from each other. In this
paper we focus on positionally relocated genes (PRGs), which we
define as individual genes that have relocated to different chro-
mosome arms. We distinguish this class of genes from those that
are rearranged via large-scale events: paracentric and pericentric
inversions, translocations, and fusion of chromosome arms.
PRGs represent movement of genes at a much finer scale.

Previous studies to assess PRGs during evolution have either
focused on a small set of genes or genomes (Neufeld et al. 1991;
Llorente et al. 2000; Fischer et al. 2001; Coghlan and Wolfe 2002;
Harrison et al. 2003; Zhang et al. 2003; Gonzalez et al. 2004) or
on a particular mechanism for transposition (Brosius 1991; Be-
tran and Long 2003; Langille and Clark 2007). Mechanisms such
as retrotransposition or excision and insertion of genomic seg-
ments (Chia et al. 1985; Lovering et al. 1991) are thought to be
responsible for transposition events (Gonzalez et al. 2004). Here,
we present a comprehensive analysis of the 12 sequenced genus
Drosophila genomes (Drosophila 12 Genomes Consortium 2007),
leveraging the phylogeny (Powell 1997) and some well-
established properties of chromosome organization in these flies
to identify PRGs on a genome-wide scale.

The typical organization of the genome of any Drosophila
species includes five major and one minor chromosome arms.

The vast majority of the genes that are found on a single chro-
mosome arm in one species of Drosophila are found on a single
chromosome arm in any other species of Drosophila as well (Metz
1914; Muller 1940; Sturtevant and Novitski 1941; Ranz et al.
2003).This phenomenon, inferred from many small-scale stud-
ies, is now known to be true for the vast majority (95%) of Dro-
sophila genes (A. Bhutkar, S. Schaeffer, S. Russo, M. Xu, T. Smith,
and W. Gelbart, in prep.). These evolutionarily conserved arms
have been termed Muller elements A through F (Muller 1940) (F
being the minor arm). We exploited exceptions to arm conser-
vation within genus Drosophila to identify PRGs and investigated
possible mechanisms of movement. Additionally, we analyzed
embedded gene relationships where a surrounding gene has an-
other gene contained within its extent. This is synonymous with
the term “nested genes” used elsewhere in the literature (Mori-
yama and Gojobori 1989; Rao and Sodja 1992; Kurzik-Dumke
and Zengerle 1996; Kaymer et al. 1997; Pohar et al. 1999; Laun-
drie et al. 2003; Hudson et al. 2007). Studying the creation of
embedded relationships, their conservation or loss, and their
overlap with the set of PRGs shows this as an additional means to
identify relocated genes.

The study of PRGs also sheds light on chromosomal reorga-
nization between distant species during evolution. Extending our
approach beyond genus Drosophila, we tested the hypothesis that
PRGs might be significant contributors to differences in chromo-
somal organization between Drosophila and the mosquito Anoph-
eles gambiae (Holt et al. 2002; Zdobnov et al. 2002). Additionally,
using arm-level conservation between Drosophila and A. gambiae,
we were able to show that the elimination of PRGs highlights
arm-level conservation between these species and a member of
the insect order Hymenoptera (the honeybee, Apis mellifera; Hon-
eybee Genome Sequencing Consortium 2006).

Comparative analysis of multiple closely related genomes
provides insights into the evolutionary process shaping different
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species and enhances our knowledge of the underlying biological
mechanisms. We provide a window into one aspect of genomic
change: the relocation of individual genes.

Results

We identified candidate PRGs as putative orthologs that had no
syntenic support and were, in fact, localized on a genome scaf-
fold mapping to a nonsyntenic chromosome arm. A total of 1383
such candidate PRGs were initially identified. Cases that could be
explained as matches to paralogous genes or that were not phy-
logenetically coherent were filtered out (see Supplemental mate-
rial online). This left us with a high-confidence PRG set of 514
genes: 273 genes having relocated from the ancestral arm only in
a single species and 241 genes in a lineage of multiple species
consistent with the phylogeny (Fig. 1; Table 1). Within the high-
confidence set, almost all of the PRGs involve the movement of
only one gene (478), whereas the remainder involve multiple
genes (18 events; 36 genes). In these latter cases, the genes are
always adjacent and in preserved relative orientation in both the
ancestral and relocated lineages. These are most simply explained
as each resulting from a single multigene transposition event.
The distribution of all inferred PRG events within the phylogeny
is shown (Fig. 2A). Because of gaps that necessarily exist in the
draft whole-genome shotgun assemblies of the 11 non-
melanogaster species, such artifacts might contribute to single-
species PRG estimates.

We then compared gene structures in the ancestral and re-
located lineages, making use of the consensus annotation sets
available for each of the 11 non-melanogaster species (Drosophila
12 Genomes Consortium 2007; http://rana.lbl.gov/drosophila/)
and the FlyBase D. melanogaster Release_4.3 annotation set
(Crosby et al. 2007), subdividing them into multiexon and
single-exon gene models. Since retrotransposition is one mecha-
nism posited to produce PRGs, our goal was to determine
whether there was enrichment for single-exon genes among our
candidate PRG sets as a way of determining the validity of this
approach. Of the 478 one-gene PRGs, 39% are single-exon genes
in the relocated species or lineage. This is about a threefold en-
richment over the 14% of single-exon genes among syntenically
conserved (non-PRG) genes. Further, 24% of ancestral multiexon
genes are relocated as single-exon genes (27% for the non–

lineage-supported PRGs and 20% for the lineage-supported
PRGs). In contrast, only 6 of the 478 one-gene PRGs have an
ancestral single-exon gene and multiexon gene predictions in the
relocated state; these few cases may be examples of genes acquir-
ing new introns or may be inaccurate gene models produced by
the automated gene prediction algorithms (Drosophila 12 Ge-
nomes Consortium 2007). These observations support our meth-
odology to identify PRGs and provide a minimum estimate of the
fraction of events (24%) that are likely due to retrotransposition
of a processed mRNA. This may well be an underestimate since,
of the 93 additional PRGs that are single exon in both the an-
cestral and relocated state, some might have relocated via retro-
transposition. However, we lack the evidence to determine this as
both states have a single exon.

Retrotranspositions of processed mRNAs cannot account for
the majority of PRGs, however. Fully 60% of the one-gene PRGs
are multiexon in both the ancestral and derived states. While the
nature of the available gene models and the rates of divergence of
the amino acid sequences of the proteins preclude a systematic
analysis, it is our general impression that the intron locations in
these multiexon genes are largely conserved between the ances-
tral and derived states. For example, in a set of 50 such genes with
lineage support we found over 70% to have an equivalent num-
ber of exons in both states, despite the preliminary nature of gene
models. These may represent retrotranspositions of pre-mRNAs
and DNA-based relocation events. The contribution of DNA-
based relocation events is supported by the 18 multigene PRG
pairs. For these multigene PRGs, no unambiguous retrotranspo-
sition events were identified (Table 1). Rather, we find that these
segment translocations show strong conservation of the gene
structure; in all but one case, the ancestral and relocated genes
were either both multiexon or were both single-exon genes (and
that one exception may be an artifact of automated gene predic-
tions as stated in the previous paragraph). Ancestral chromosome
arm locations could be inferred in six of the eight multispecies
cases and in all 10 of the single-species cases. We hypothesize
that these multigene PRGs occur through transposition of DNA
segments, without an RNA intermediate (Fig. 2B). While other
mechanisms may well exist, we note that previous studies indi-
cate that transposable elements similar to Foldback (FB) elements
in D. melanogaster (Chia et al. 1985; Lovering et al. 1991; Casals
et al. 2003, 2005) are capable of mediating such movement.

By tracking genes that have relocated from syntenic to non-
syntenic arms, we have identified substantial numbers of PRGs,
but we do not believe that this represents all such PRG events
that have arisen in the lineages of the 12 Drosophila species. OneFigure 1. Genus Drosophila phylogeny (Powell 1997).

Table 1. PRG classification

Ancestral state Derived state: >1 exon Derived state: 1 exon

478 one-gene events
>1 exon 149a/137b 56/34
1 exon 4/1 44/53

18 multi-gene events
>1 exon 16/10 0/0
1 exon 1/0 3/6

The columns show classification of PRGs according to coding exon counts
(single or multiple exons) for inferred ancestral and relocated positions.
The resulting one-gene PRGs and multi-gene PRGs were further classified
as being relocated only in a single species or in multiple species (lineage
supported) consistent with the phylogeny (Fig. 1).
aSingle species.
bMultiple species.
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argument for this is that, while they are more difficult to identify
unambiguously, we have observed examples of PRGs within a
given chromosome arm (data not shown). Indeed, if there were
no transpositional biases, we would expect about 80% of reloca-
tions to occur between arms and 20% within arms (given that the
typical Drosophila genome principally consists of 5 major arms,
all roughly equivalent in length). A second argument comes from
examining so-called “embedded” genes, that is, genes that reside
in introns of other genes. From prior studies involving the hu-
man and mouse genomes, retrotransposition is thought to be an
important contributor to the formation of embedded genes (Yu
et al. 2005) (Fig. 3A,B). In the best annotated Drosophila species,
D. melanogaster, there are 763 embedded gene relationships in-
volving a “surrounding gene” and an embedded gene contained
within its extents (see Supplemental material). We find embed-
ded genes in D. melanogaster to be transcribed in the opposite
direction to that of the surrounding gene with a 2:1 preference,
the same ratio as seen in the human genome (Yu et al. 2005).
Fifty percent of the embedded genes in D. melanogaster have a
single exon, as opposed to a background frequency of 14% of
single-exon syntenically conserved euchromatin genes. This is
consistent with a substantial contribution of retrotransposition
to the formation of embedded genes and supports the idea that
they can be considered PRGs. Further, there is about 53%
nonoverlap between genes inferred to have been involved in the

formation of embedded relationships in the D. melanogaster lin-
eage (Fig. 3C) and PRGs identified by movement between chro-
mosome arms (Table 1), suggesting that embedded genes offer an
additional way to identify such relocation events. These events
can be complex. For example, we depict the movement of the
Rh4 gene (Neufeld et al. 1991) (Fig. 3A), which ancestrally was a
multiexon gene with embedded genes within one of its introns.
It has moved to become, in the subgenus Drosophila, an embed-
ded gene elsewhere on the cognate chromosome arm.

More than half of the D. melanogaster embedded relation-
ships appear to be the products of events that occurred before the
time of the last common ancestor to the genus Drosophila and the
remaining have arisen subsequently along the D. melanogaster
lineage (Fig. 3C). This was determined by analyzing the conser-
vation of the embedded nature of the 763 embedded D. melano-
gaster relationships across the 12 species on the basis of Synpipe
(Bhutkar et al. 2006) syntenic TBLASTN analysis (see Supplemen-
tal material). In addition to noting that embedding PRGs have
arisen at various points along the insect lineage, these data also
demonstrate that secondary events arise in sublineages, such as
differential conservation of a retrotransposed embedded gene
versus the original copy of the gene on a different arm (Fig. 3B).
The results show that about 80%–85% of ancestral embedded
gene relationships are conserved in a given species but only 34%
are conserved across all 12 species (Fig. 3C). Embedded relation-

Figure 2. PRGs identified by gene movement between chromosome arms. (A) Observed PRG counts across the Drosophila phylogeny. The set of 478
one-gene PRGs (Table 1) have been traced to events at various nodes of the phylogeny. (*) For the 67 PRGs at the genus root, ancestral states could
not be determined. Five PRGs could not be placed unambiguously. (B) Multigene PRG relocation. Phylogenetic analysis of the original and new genomic
location of this multigene PRG supports a DNA-based movement hypothesis. (†) There is a duplication of the gene yellow-f(f2) adjacent to the PRG
relocation. Intron-exon structures are not shown. There are additional context changes in some species (D. persimilis, D. pseudoobscura).
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ships at the root of the Drosophila phylogeny can be undone
if the putative ortholog has relocated to an unembedded loca-
tion (paralogous relationships mask some of these events) or
if there is a gene loss event. For fewer than half of the 763
D. melanogaster embedded gene relationships, the ancestral
state was unembedded, and the establishment of the embedded

state occurs at any of several nodes along the lineage to D. me-
lanogaster (Fig. 3C).

Overall, embedded genes appear to offer another partially
complementary detection system for PRGs. We do not claim that
every embedded gene is the result of a PRG, as there could be
cases of exon recruitment or alternate splice misannotation

Figure 3. (Legend on next page)
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(Manak et al. 2006), among other explanations. Additionally, the
lineage-supported embedded gene PRGs (Fig. 3C) are more reli-
ably determined than single-species events because of compara-
tive evidence.

Our results raise some interesting questions about the na-
ture of organizational relationships between more distant spe-
cies. Here, we have had the opportunity to examine PRGs in a
cluster of species that are separated by ∼50–60 million years.
While we cannot be exact in our estimates, we can be confident
that several hundred PRGs have occurred in the radiation of ge-
nus Drosophila. Based on this ballpark number, we would antici-
pate that a few thousand PRGs have arisen in deeper radiations,
such as since the time of the last common ancestor between
Drosophila and mosquitoes (both members of the order Diptera),
generally estimated to have existed some 250 million years ago.

We indirectly tested the idea that there is a large population
of PRGs that contribute to the differences in genome organiza-
tion between Drosophila and mosquitoes. We carried out Synpipe
TBLASTN analysis (Bhutkar et al. 2006) of the A. gambiae mos-
quito genome (Holt et al. 2002; Zdobnov et al. 2002) using the D.
melanogaster protein query set and identified the major chromo-
some arm conservations between the two species (Fig. 4A), which
account for ∼5700 of the ∼14,000 D. melanogaster genes (see
Supplemental material). These arm-correspondence results agree
with previous analyses (Zdobnov et al. 2002) comparing these
genomes. We then compared the results of the following two
analyses of an outgroup species, a member of the insect order
Hymenoptera (the honeybee, A. mellifera; Honeybee Genome Se-
quencing Consortium 2006). One analysis used the entire D. me-
lanogaster protein set (Fig. 4B). The other used the set of ∼5700
genes that are arm-conserved with A. gambiae (Fig. 4C)—we pos-
ited that this set eliminates most PRGs that arose during the
Dipteran radiation (since mosquito and Drosophila are very dis-
tant members of the radiation). We asked whether by eliminat-
ing the PRGs we would observe increases in conservation of chro-
mosome-level synteny between D. melanogaster and A. mellifera.
Indeed, by comparing the results for individual chromosomes,
we do see an increased gene association of D. melanogaster chro-
mosome arms and individual honeybee chromosomes (Fig. 4D).
We conclude that this supports the idea that the set of non–arm-
conserved D. melanogaster genes eliminated in the latter analysis
include many candidate PRGs and, hence, that PRGs are impor-

tant contributors to the overall genome organizational differ-
ences that are seen between distantly related species.

Discussion

We have presented a detailed study of PRGs based on a compara-
tive genomics approach. While gross chromosomal rearrange-
ments (paracentric and pericentric inversions, translocations,
and arm fusions and fissions) are known to be major elements of
genome reorganization, our studies point to the important role
that PRGs play in this process. We see that such events can be
classified according to the gene structures in the ancestral and
derived locations. It is likely that some PRGs arise through ret-
rotransposition mechanisms and others through direct transpo-
sition of genomic DNA, and it will be important to understand
the underlying mechanisms. Although analysis of arm conserva-
tion across the phylogeny results in robust identification of
PRGs, we believe the set of lineage-supported PRGs to be more
reliable than those identified in only one species. The nature of
draft shotgun genome assemblies could introduce assembly arti-
facts that would influence results in a single species. In addition
to PRGs identified using the phylogeny and arm-conservation
information, the overlap between PRGs and genes involved in
the creation of embedded relationships in the D. melanogaster
lineage point to another source of identifying PRGs. The labile
nature of these relationships and their differential conservation
(Fig. 3) across the phylogeny highlight the role of PRGs in the
constant evolution of genome organization.

PRGs, especially those that move through mechanisms like
retrotransposition, are most likely in a different regulatory envi-
ronment compared to their original location. A cross-species
comparison between PRGs and genes that have retained their
ancestral genomic location shows that PRGs have a significantly
higher rate of protein evolution (Drosophila 12 Genomes Con-
sortium 2007). This suggests that PRGs undergo accelerated evo-
lution due to a change in their genomic location. We also note
traces of degraded genes via BLAST analysis (data not shown)
where the ancestral location lacks a full-length gene model pre-
diction.

We also sought any evidence to support the notion that
male reproductive functions undergo accelerated molecular evo-
lution (Swanson and Vacquier 2002; Swanson et al. 2003). We

Figure 3. PRGs identified among embedded genes. (A) Embedded gene relationships. Such relationships are observed to be labile. This example
illustrates how embedded relationships can change. The gene Rh4 (CG9668) has three embedded genes in D. melanogaster. The embedded relationship
involving Rh4 and one gene representing sina (CG9949) or CG13030 (which are duplicated genes) was ancestral, based on conservation in the outgroup
mosquitoes (Aedes aegypti, A. gambiae). Previous analysis had shown the movement of Rh4 (Neufeld et al. 1991) to a different location on the same
chromosome arm (Muller Element D). Our analysis reveals the ancestral arrangement of these genes, the position of the Rh4 transposition event within
the Drosophila phylogeny, and the creation of a new embedded relationship as a result of this relocation. Movement of Rh4 into an embedded position
within an intron of Atg1 (CG10967) on the same arm is most likely the result of a retrotransposition event as the relocated Rh4 is intronless in its new
location. The loss of the ancestral copy of Rh4 caused sina and CG13030 to be unembedded. The third embedded gene in Rh4, CG13029, is not found
outside of the D. melanogaster–D. ananassae lineage. Gene extents are not to scale and intron-exon structure has been shown for Rh4 and Atg1 only.
(B) Changes to an ancestral embedded relationship via differential loss of retrotransposed or parent gene. Because of a previous retrotransposition,
duplicated genes paralogous to CG3781 are thought to be present in the last common ancestor to the genus Drosophila, with the relocated copy
hypothesized to have arisen as an embedded copy on Muller A, originating from gene CG3781 on Muller C. Three independent losses of the gene copy
on Muller Element A and one on Muller Element C appear to have occurred, although there exists the possibility that some of the Muller Element C losses
might be due to the gene being absent in one or more of the assemblies. Gene order and orientation is depicted in the diagram: Intron and exon
structure is not shown for all genes and gene extents are not to scale. (C) Differential conservation of embedded gene relationships. The phylogeny
shows the distribution of the inferred positions of occurrence of the remaining nonancestral embedded relationships in the lineage leading to D.
melanogaster (blue numbers). Loss of ancestral embedded relationships in non-melanogaster lineages are shown (red numbers) and totals for each
species are presented. Such losses can occur as a result of gene movement or gene loss in a given lineage. Because gene prediction methods are more
error prone in regions containing embedded genes, this analysis was based on the alternative Synpipe methodology (Bhutkar et al. 2006) not requiring
gene models in the test species. Briefly, translations of the genomic regions of the other 11 species were assessed for the embedded or unembedded
state using TBLASTN and the D. melanogaster protein set as queries (see Methods).
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found that 42% (39 out of 94; see Supplemental material) of the
PRGs that have a single exon in the derived state in the lineage-
supported set are expressed in the D. melanogaster testes (50% in
the case where both ancestral and derived states have a single exon;
25% of the genes in lineage supported DNA-based transposi-
tion events). This analysis shows a high percentage of PRGs to be
expressed in the testes, based on the set of 2329 unique genes (18%
or less of the more than 13,000 D. melanogaster euchromatic
genes) currently known to be expressed in the testes (Chintapalli
et al. 2007) (http://www.flymine.org; http://www.flyatlas.org).

The presence of PRGs also obscures the underlying arm-level
conservation between distant species. This effect is more pro-
nounced with species at a greater distance, as seen in the analysis
with A. mellifera (honeybee). We find the results to be compa-
rable starting with the D. melanogaster annotated protein set or
with the A. gambiae annotated set (data not shown). The exclu-
sion of PRGs improves the arm-level conservation signal in com-
parison with previous studies (Honeybee Genome Sequencing
Consortium 2006), as seen in the case of honeybee chromosome
3 (Fig. 4D). In addition to segmentation, fission, and fusion of
chromosome arms, we show that PRGs play a significant role in
the differences in genome organization. We see similar results in
comparisons with the red flour beetle, Tribolium castaneum (data
not shown). As additional insect genomes become available, we
expect to see similar results in arm conservation by identifying
and removing putative PRGs from the analysis set.

PRGs should also provide profound opportunities for genes
to acquire very different regulatory profiles through being sub-
jugated to the regulatory controls of the chromosomal locations
to which they relocate and other topological (Chen and Stein
2006) or transpositional (Nozawa et al. 2005) considerations. Fi-
nally, we should note that our studies only provide a glimpse
into the number and frequency of successful transposition events.
It will be important to develop ways to measure the genome-wide
frequency and characteristics of all such relocation events, which
undoubtedly will be far greater in magnitude than those that
become fixed during evolution.

Methods

Gene orthology
Gene orthology information was derived from Synpipe (Bhutkar
et al. 2006) synteny analysis and the GLEAN-R gene orthology set
(Drosophila 12 Genomes Consortium 2007) (http://rana.lbl.gov/

Figure 4. Impact of PRGs on more distant genome comparisons. (A)
Chromosome arm correspondence between D. melanogaster and A. gam-
biae. Arm correspondence was inferred based on majority of D. melano-
gaster orthologous genes (from Muller elements A–F) found on A. gam-
biae chromosome arms. For example, Drosophila Muller E corresponds to
A. gambiae arm 2R. Other relationships were inferred as follows: Dro-
sophila A and A. gambiae X, B and 3R, C and 2L, D and 2L. Genes in these
sets (shown boxed) are inferred to colocalize on an ancestral chromo-
some arm that was the primary contributor to the extant arms in these
species. (B) D. melanogaster orthology with A. mellifera (honeybee). D.
melanogaster genes (number of genes in the query set are shown in
parentheses for each Muller element) with orthologs are distributed
across various arms of A. mellifera. (C) Orthology with inferred ancestral
colocated set from A. The set of ancestrally colocated D. melanogaster
genes shown boxed in A, are mapped across various arms of A. mellifera.
Numbers in parentheses show the number of genes from each Drosophila
Muller element that are part of this query set. This mapping filters out
noise due to PRGs over this long evolutionary distance and highlights
contributions of ancestral arms to the honeybee genome organization.
For example, the ancestral arm corresponding to D. melanogaster Muller
element E and A. gambiae arm 2R is the primary contributor to honeybee
chromosome 5. (D) Removal of PRGs enhances correlated chromosomal
locations between honeybee and Drosophila. A side-by-side comparison
of orthology using all D. melanogaster genes versus the inferred colocated
set from A shows how reducing the contributions of PRGs enriches the
signal from primary arm contributors. For example, eliminating PRGs
from A. mellifera chromosome 5 (5a vs. 5b) and chromosome 15 (15a vs.
15b) shows the ancestral arm corresponding to Drosophila Muller ele-
ment E (A. gambiae 2R) as the primary contributor. Similarly, contribu-
tions of the ancestral arm corresponding to Drosophila Muller element B
(A. gambiae 3R) stand out for A. mellifera chromosomes 3 and 4.
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drosophila/). Synpipe uses TBLASTN results and synteny-aided
placement criteria to determine gene homology assignment be-
tween a set of genes from a reference species and a candidate
genome assembly for another species. Homology assignments for
GLEAN-R gene predictions were determined using a multispecies
extension of the reciprocal BLAST method (Tatusov et al. 1997;
Drosophila 12 Genomes Consortium 2007). All gene names used
in this study are based on FlyBase Release_4.3 (Crosby et al.
2007), and orthologs in other species are shown using these iden-
tifiers. Gene structure predictions from the GLEAN-R consensus
annotation set (http://rana.lbl.gov/drosophila/) were used for
species other than D. melanogaster. Assembly misjoins were iden-
tified using synteny analysis and experimental markers (Dro-
sophila 12 Genomes Consortium 2007) and corrected for wher-
ever applicable. Scaffolds were assigned to Muller elements based
on majority hits from D. melanogaster orthologs (A. Bhutkar, S.
Schaeffer, S. Russo, M. Xu, T. Smith, W. Gelbart, in prep.). Known
rearrangement events within genus Drosophila resulting from
arm fusion or large-scale pericentric inversions were filtered from
these analyses, and genes involved in these events were not con-
sidered PRG candidates. Genes whose orthologs were inferred to
be in assembly gaps based on Synpipe synteny analysis were not
considered to be relocated PRGs in the presence of paralogous
hits.

Positionally Relocated Genes (PRGs)
PRG identification was based on ortholog(s) found on different
Muller elements in different species. Single-species PRGs include
cases where the Muller assignment for a gene in all other species
is the same (or the gene is not found in some species). Multispe-
cies PRGs included cases where groups of species consistent with
the phylogeny had the gene placed on a different Muller ele-
ment. Both classes of PRG candidates included cases where either
one or both of the original or transposed copies might exist in
extant species. These correspond to conservative and duplicative
transpositions, respectively (Gonzalez et al. 2004). Species that
did not have an ortholog for a gene were excluded in the analysis
of that gene. Multigene PRGs (units involving two or more ad-
jacent genes) were identified based on the stringent criteria of
both genes being identified in at least 9 of the 12 species, being
maintained as an adjacent unit in 8 or more species, and being
placed on scaffolds assigned to Muller elements with a high de-
gree of confidence. PRG candidates with changes in Muller ele-
ment location in groups of species inconsistent with the phylog-
eny (or in multiple lineages) were filtered from the high-
confidence set. Further, both Synpipe and GLEAN-R orthology
assignments were used to determine PRGs selected for the high-
confidence set (single-species PRGs had to be supported by both
and lineage moves were supported by one of the two). GLEAN-R
orthology calls were refined using Synpipe placements (by the
Eisen Laboratory, University of California, Berkeley) so these ap-
proaches agree in most cases. Further classification of PRGs based
on exon counts in gene structure predictions was performed.
Ancestral state (number of exons) was derived from phylogenetic
distribution of the number of exons in orthologs across all spe-
cies. Derived states were determined from the gene structure pre-
diction for the relocated ortholog. The list of D. melanogaster
genes expressed in the testes was obtained from FlyMine (http://
www.flymine.org) with data sets from FlyAtlas (Chintapalli et al.
2007; http://www.flyatlas.org).

Embedded genes
D. melanogaster embedded gene relationships (763) were defined
where a gene completely contained another gene within its ex-

tents (including UTR annotation). As gene prediction tools can-
not always predict models for embedded genes cleanly (the sur-
rounding gene might be broken up into multiple gene predic-
tions, or the embedded gene might not have a prediction), a
combination of TBLASTN and gene predictions were used for
conservation inference. Additionally, gene predictions in other
species do not include UTR annotations, so an adjacency crite-
rion (�10 genes to allow for multiple embedded genes and
break-up of the surrounding gene into multiple gene predictions)
was used to supplement conservation inference. As a result, em-
bedded gene conservation inference was based on a TBLASTN
signal for the embedded gene within the gene model of the sur-
rounding gene or a TBLASTN signal adjacent to it, to allow for
preliminary gene predictions.

PRGs and genome organization
Using Synpipe orthology, matches from various D. melanogaster
Muller element genes to each A. gambiae scaffold were counted.
The set of genes that form the majority of hits to each A. gambiae
arm (Fig. 4A) were then used and their Synpipe orthology assign-
ments in A. mellifera (honeybee) were selected. This distribution
was compared with the straightforward set of all D. melanogaster
Muller element genes hitting various honeybee chromosomes to
illustrate how removal of PRGs enhances correlated chromo-
somal locations between Drosophila and honeybee. Similar re-
sults were obtained with the A. gambiae protein coding genes as
the starting point (data not shown).
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