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ABSTRACT

The availability of 12 complete genomes of various species of genus Drosophila provides a unique
opportunity to analyze genome-scale chromosomal rearrangements among a group of closely related
species. This article reports on the comparison of gene order between these 12 species and on the fixed
rearrangement events that disrupt gene order. Three major themes are addressed: the conservation of
syntenic blocks across species, the disruption of syntenic blocks (via chromosomal inversion events) and
its relationship to the phylogenetic distribution of these species, and the rate of rearrangement events
over evolutionary time. Comparison of syntenic blocks across this large genomic data set confirms that
genetic elements are largely (95%) localized to the same Muller element across genus Drosophila species
and paracentric inversions serve as the dominant mechanism for shuffling the order of genes along a
chromosome. Gene-order scrambling between species is in accordance with the estimated evolutionary
distances between them and we find it to approximate a linear process over time (linear to exponential
with alternate divergence time estimates). We find the distribution of synteny segment sizes to be biased
by a large number of small segments with comparatively fewer large segments. Our results provide
estimated chromosomal evolution rates across this set of species on the basis of whole-genome synteny
analysis, which are found to be higher than those previously reported. Identification of conserved syntenic
blocks across these genomes suggests a large number of conserved blocks with varying levels of embryonic
expression correlation in Drosophila melanogaster. On the other hand, an analysis of the disruption of
syntenic blocks between species allowed the identification of fixed inversion breakpoints and estimates of
breakpoint reuse and lineage-specific breakpoint event segregation.

DROSOPHILA researchhasa richhistory in thestudy
of genome rearrangements that now culminates

with the analysis of complete genomic sequences. Com-
parative genomics in Drosophila began when linkage
maps of morphological traits were used to establish the
homologies of six chromosomal arms in closely related
species (Donald 1936; Sturtevant and Tan 1937;
Muller 1940; Sturtevant and Novitski 1941). These
early studies established the idea that genes are syntenic
orconservedonthesamechromosomearmamongspecies.
Onedifficulty encountered with these early comparative
genomic analyses was that chromosomal arm nomen-
clatures varied among species (Crew and Lamy 1935;
Sturtevant and Tan 1937). Muller (1940) overcame
this problem when he developed a standard nomen-
clature that assigned a letter to each of the chromo-
somal arms or elements on the basis of the Drosophila
melanogaster genome (chromosomal arm equals Muller

element: X¼ A, 2L¼ B, 2R¼ C, 3L¼ D, 3R¼ E, 4¼ F).
Sturtevant and Novitski (1941) showed that the
conservation of chromosomal elements extended to
species across the entire genus of Drosophila.
The conservation of the gene content within Muller

elements across the genus Drosophila has been well
supported as more species have been examined and as
molecular genetic markers have been used to develop
more detailed genetic and physical maps (Spassky and
Dobzhansky 1950; Loukas et al. 1979; Steinemann
et al. 1984; Whiting et al. 1989; Segarra et al. 1995,
1996; Ranz et al. 1997, 2001, 2003). As the density of
genetic and physical markers on themaps of Drosophila
species has increased, it has become clear that gene
order within Muller elements is not conserved among
species (Ranz et al. 2001).
Chromosomal inversions that result from two break-

age and rejoining events in DNA are the agents of gene-
orderchange.Examinationof thepolytene chromosomes
of Drosophila salivary glands provided the first glimpse
into the structural mutations that alter the genome
(Painter 1934). In a landmark study, Dobzhansky and
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Sturtevant (1938) discovered that natural populations
ofD.pseudoobscuraharboredawealthofgenearrangement
polymorphism. The gene arrangement diversity in D.
pseudoobscura was organized into an unrooted network or
phylogeny of gene arrangements that were linked to-
gether in an evolutionary sequence of single paracentric
inversion events.

There is a continuum of gene arrangement diversity
within species of Drosophila. Some species are fixed for
a single gene arrangement on each chromosomal arm,
while others have gene arrangement polymorphisms on
all majorMuller elements (Sperlich and Pfriem 1986).
Comparisons of polytene chromosomes among closely
related species have been used to reconstruct the history
of rearrangements (Dobzhansky 1944; Lemeunier
and Ashburner 1976), but the polytene maps of more
distantly related species are not readily comparable be-
cause of the accumulation of large numbers of rear-
rangements. Comparison of gene order in the newly
available 12 Drosophila genome sequences (Drosophila
12 Genomes Consortium 2007) provides a unique
opportunity to understand the evolutionary forces that
have acted on chromosomal inversions during the
history of the Drosophila genus.

The level of detail available in the annotation of
genomic sequence requires us to carefully define terms
that are relevant to the study of gene-order variation
among species. A gene is syntenic when it is found on
the same chromosome (Muller element) in two ormore
species (Ehrlich et al. 1997). We denote this feature
with the term ‘‘arm-level synteny.’’ A syntenic block is a
genomic region containing a set of two ormore syntenic
genes that are in the same order and orientation in two
or more species. A single gene would not be considered
a syntenic block by this definition. However, the
evolutionary process of inversions could lead to a one-
gene block if an inversion happened up- and down-
stream of a gene. Chromosomal inversion events, which
are thought to disrupt gene order, can be considered at
the macrolevel or microlevel depending on the number
of genes involved in an inversion. Our definition of a
syntenic block uses relaxed criteria where localized
scrambling of gene order due to micro-inversions is
permitted within larger blocks resulting from macro-
inversion events. We use a cutoff parameter (see
materials and methods) to permit localized scram-
bling involving few genes (micro-inversions) within
larger inversion units consisting of a large number of
genes (macro-inversions). Macro-inversions will break
up a chromosome into many syntenic blocks where
localized gene order and transcriptional orientation
involving a few genes may vary between species because
of micro-inversion events. A multispecies conserved
block is one where there is conservation of synteny
across species for that set of genes (and species-specific
localized scrambling of gene order due to micro-
inversions is permitted). Finally, a rearrangement break-

point is defined as a genomic region between pairs of
syntenic and/or relaxed syntenic blocks. The break-
point would consist of the nucleotide sequence from the
end of one block to the beginning of the next block.
When we infer that a breakpoint is reused we mean that
two or more breakage events occurred within the nu-
cleotide interval between blocks, but the events are not
necessarily coincident within the breakpoint (Gonzalez
et al. 2007).

Comparison of the complete sequences in D. mela-
nogaster and D. pseudoobscura provided the first com-
prehensive view of genomic rearrangements in the
genus Drosophila (Richards et al. 2005). The process
of rearrangement was examined by inferring syntenic
blocks. Rearrangement breakpoints were found to
harbor repetitive sequences that might have facilitated
the rearrangement process. Inversions were observed
to accumulate at a rate of 10 per 1 million years since
the two species diverged from a common ancestor.
Richards et al. (2005), however, were unable to deter-
mine which breakpoints were used on the two lineages,
which limited inferences about the role repetitive se-
quences played in the rearrangement process. The
Anopheles gambiae sequence was available at the time
(Holt et al. 2002), but extensive rearrangement be-
tween the mosquito and fly lineages reduced confi-
dence in the lineage inference.

One of the goals for the 12 Drosophila genomes
project was to develop bioinformatics tools for the
assembly, annotation, and analysis of groups of related
taxa such as mammalian genomes. Information about
synteny block boundaries is a valuable bioinformatics
tool to aid in the ordering of scaffolds that emerge from
awhole-genome shotgun project (Schaeffer et al. 2008,
accompanying article, this issue), to infer the rearrange-
ment history, and to determine rates of breakpoint
reusage. Scaffolds can be mapped to Muller elements
and ordered using syntenic block information. For
instance, two scaffolds can be joined together if the
genes at the end of the joined scaffolds are adjacent in
other species. The large number of gene-order states
allows the history of gene-order changes to be recovered
evenwhen breakpoints are reutilized. In addition, genes
at breakpoint boundaries can be used to reconstruct
ancestral states of common ancestors (Ma et al. 2006).
Thus, the availability of the 12 genomes presents a
unique opportunity to develop new tools for the assem-
bly, annotation, and analysis of gene-order information.

We present here an analysis of gene-order data from
the 12 Drosophila genomes. A computational approach
(Synpipe) is presented for the annotation of ortholo-
gous genes among the 12 species of Drosophila that uses
conserved synteny information to increase the confi-
dence in homologous gene calls. Synpipe (Bhutkar
et al. 2006) output helped to assign assembly scaffolds to
one of sixMuller elements and join contiguous scaffolds
together. The inferred ordered scaffolds were largely
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consistent with the genetic and physical map data
(Schaeffer et al. 2008). The assembled and ordered
scaffolds provided a unique opportunity to study how
gene order changes among species of Drosophila by the
processes of inversion and transposition, using the study
of adjacency information at conserved linkage break-
points. This study found that 95% of genes exhibit
arm-level synteny among the 12 Drosophila species,
supporting the established Muller element hypothesis
(Sturtevant andTan 1937;Muller 1940; Sturtevant
and Novitski 1941). The remaining genes have likely
transposed to a different chromosome (Bhutkar et al.
2007b) in one or more species. Inferring chromosomal
evolution rates from whole-genome synteny data sug-
gests higher rates than previously reported (Ranz et al.
2001; Bartolome and Charlesworth 2006). The
analysis of adjacency information reveals that the para-
centric inversion rate is higher in Sophophoran species
than in the subgenus Drosophila species and that each
region with an observed breakpoint across the genus
Drosophila gets used 1.5 times.

MATERIALS AND METHODS

Inference of syntenic blocks: Multispecies in silico compar-
ison of gene order and rearrangements was performed using
Synpipe (Bhutkar et al. 2006), a graph-based chaining
algorithm that utilizes syntenic block maximization criteria
in the presence of genome assembly gaps. Starting with a
reference peptide set for a given species and a contig or
scaffold assembly for another species, Synpipe provides re-
fined homology data, syntenic block computation, and re-
ciprocal breakpoint annotation. Homology refinement is
based on maximizing syntenic block size in the presence
of paralogs, assembly gaps, or missing data. Synpipe accom-
modates for contig and scaffold gaps in the assembly by
identifying homologous elements that might either fall in
unsequenced assembly gaps or lie on the edges of sequenced
segments or on small assembly fragments. The resulting
Synpipe Drosophila data set has been used for breakpoint
analysis, a comparative study of chromosomal rearrangements
between species, multispecies alignment and orthology re-
finement, and for mapping and orienting scaffolds onto the
Drosophila Muller elements or chromosome arms (Schaeffer
et al. 2008).

One protein isoform, that with the 59-most translation start
site annotation, was chosen for each predicted gene in the
reference set. Syntenic blocks were computed as segments
of the assembly where orthologs shared the gene order of
the reference species while allowing for gaps and localized
scrambling due to micro-inversions. Missing orthologs that
were predicted to fall in intercontig assembly gaps were
assumed not to disrupt a syntenic block. One ortholog per
gene was chosen in this analysis (Bhutkar et al. 2006) and
gene duplication did not factor into this analysis. Localized
gene-order scrambling was permitted within syntenic blocks
and while merging smaller blocks with larger adjacent blocks.
A threshold value of a number of genes (10 genes in this case)
was used to allow for localized scrambling of gene order within
a syntenic block. Missing genes did not disrupt syntenic blocks
as long as two or more of the missing genes did not form small
syntenic blocks elsewhere in the genome.

In this study, two reference peptide sets were used for
independent analysis: the well-annotated Release 4.3 peptide
set for D. melanogaster (Crosby et al. 2007) and the GLEAN-R
(Drosophila 12 Genomes Consortium 2007) predicted
gene set for D. virilis. The use of two sets provides for synteny
computation from a subgenus Sophophora vantage point and
a subgenus Drosophila vantage point. Additionally, outgroup
species including An. gambiae (Holt et al. 2002), Aedes aegypti
(Nene et al. 2007), Apis mellifera (Hgsc 2006), and Tribolium
castaneum (Tribolium Genome Sequencing Consortium
2007) were also included in this analysis to glean information
on ancestral syntenic relationships, where possible (see
supplemental information).

Orthology information was also used to assign assembly
scaffolds to the Muller elements within a given species, on the
basis of majority hits from a specific Muller element of D.
melanogaster. These assignments were also used to pinpoint
locations of probable genome assembly misjoins, especially in
cases where a scaffold had large syntenic blocks belonging to
different Muller elements without supporting evidence from
other species (Schaeffer et al. 2008). These scaffold assign-
ments were used in conjunction with synteny information to
infer scaffold order and orientation along chromosome arms
in a candidate assembly. This information supplemented
experimental analysis using known markers, especially for
the order and orientation of small scaffolds without markers
(Schaeffer et al. 2008).
Analysis of syntenic block boundaries: The breakpoints

between identified syntenic blocks harbor information about
the past inversion history between two species. We define a
breakpoint as the nucleotide sequence between two conserved
linkage blocks whose adjacent genes are not adjacent in the
reference species. A single inversion will be inferred from a
pair of breakpoints in a candidate assembly compared to the
gene order in the reference set, while accounting for any
missing genes. Furthermore, multibreak events or breakpoint
reuse events can be inferred compared to the reference order,
using a technique similar to a depth first search to search for
syntenic block edges that can reconstruct the reference order.

We developed a method called linkage chain analysis to
infer the numbers of fixed inversion events between pairs of
species. If each gene along a chromosome is labeled from 1 to
n, then the history of inversion events can be determined from
the differences in the gene order among the different species.
When a paracentric inversion flips the order of genes on a
chromosomal element, the rearrangement leaves a signature
of the mutation at the two nucleotide sites of double-strand
breakage (Figure 1). The Synpipe analysis will define these
breakpoints as the interval between two different syntenic
blocks. Simulations assuming a random-breakage model
(Nadeau and Taylor 1984) show that the majority of linkage
chains will be composed of two breakpoints when the number
of genes is large and the number of inversions is small (S. W.
Schaeffer, unpublished data). Linkage chains with more
than two breakpoints result from multiple inversion events
that reuse some of the breakpoint nucleotide sequence
intervals (Figure 2). The number of inversions ninv inferred
from a linkage chain of nbp breakpoints will be ninv ¼ nbp � 1.
One can estimate a reusage statistic (Sankoff and Trinh
2005) r from the ninv and nbp as r ¼ (2ninv)/nbp, where r varies
from a value of 1 and 2. An r value of 1 indicates that each
breakpoint within the chain was used a single time, while an r
value of 2 indicates that each breakpoint within the chain was
used twice. The overall estimate of r is obtained by summing
over all linkage chains for a pairwise comparison of species.
The observation of reusage is not to say that the breakage events occur at
the same nucleotide, but occur within the same interval defined by the
two genes that flank the region where conserved linkage groups are
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broken. There is precedent for reutilization of breakpoints
within D. pseudoobscura where the Tree Line and Santa Cruz
arrangements share a common breakpoint within the resolu-
tion of polytene maps (Dobzhansky 1944). In addition, one
of the breakpoints that converted the D. pseudoobscura Stan-
dard chromosome to the Arrowhead arrangement was reused
since D. melanogaster and D. pseudoobscura shared a common
ancestor (Richards et al. 2005).

The basic procedure for inferring linkage chains between
two species requires that genes be sorted according to the gene
order of a reference species and then linkage chains are
inferred from the altered gene order of target species. Let us
say that we are inferring the linkage chain for the D.
melanogaster and D. ananassae species pair; then we can sort
the genes according to the D. melanogaster gene order and
analyze the gene order changes for D. ananassae. Linkage
chain analysis uses the Synpipe defined syntenic blocks for a
chromosome and the associated breakpoints defined at the

boundaries of each pair of syntenic blocks. By definition, if
there are nsb syntenic blocks on a chromosome, then there will
be nbp ¼ nsb � 1 breakpoints. Linkage chain analysis proceeds
by following the sequence of gene identification numbers at
the boundary of the breakpoint. If the gene identification
numbers are increasing toward the breakpoint, then the
breakpoint adjacent to the n 1 1th gene is located. If the
gene identification numbers are decreasing toward the break-
point, then the breakpoint adjacent to the n � 1th gene is
located. In the example, the gene identification numbers
adjacent to the first breakpoint in D. ananassae (BP 1 in Figure
1) are increasing so the breakpoint adjacent to gene 2808 is
located. BP 1 and BP 2 form a complete chain because the
boundary genes at the two breakpoints comprise the set of
adjacent neighbors inD. melanogaster. Both the gene order and
the orientation of the genes are used in linkage chain analysis
because some syntenic blocks consist of a single gene where
expected adjacent genes at the boundary cannot be de-

Figure 1.—Linkage chain analysis for recipro-
cal breakpoints generated by a single inversion
event. Gene order is shown for two species where
D. melanogaster has the standard gene order and
D. ananassae has the rearranged gene order.
The box indicates the segment that was inverted.
The reusage statistic r (Sankoff and Trinh 2005)
of 1.0 estimated from this linkage chain indicates
no reusage of these breakpoints.

Figure 2.—Linkage chain with five
breakpoints that was generated by four
inversion events. Gene order is shown
for two species where D. melanogaster
has the standard gene order and D. ana-
nassae has the rearranged gene order.
The reusage statistic (Sankoff and
Trinh 2005) r of 1.6 estimated from this
linkage chain indicates that 60% or
three breakpoints were used more than
once.

1660 A. Bhutkar et al.



termined. The orientation information provides directional
information about the adjacent neighbor of a single-gene
block.

Linkage chain analysis was performed on gene-order data
for the five major Muller elements (A–E) for comparisons of
the seven most divergent Drosophila species, D. melanogaster,
D. ananassae, D. pseudoobscura, D. willistoni, D. virilis, D.
mojavensis, and D. grimshawi. Gene order has changed exten-
sively among these species compared to members of D.
melanogaster subgroup where ,30 rearrangement events have
accumulated among these species and have been considered
elsewhere (Ranz et al. 2007; York et al. 2007). D. persimilis was
also excluded from the analysis because the genomic sequence
differs from the D. pseudoobscura sequence by four inversion
differences (Moore and Taylor 1986) and the inversion
events have been analyzed elsewhere (Machado et al. 2007;
Noor et al. 2007).

The gene-order data from the seven Drosophila species
were adjusted before linkage chain analysis by taking the
intersection of the syntenic genes. IfG1–G7 represent the gene-
order list in species 1–7, whereG1 isD. virilis,G2 isD.mojavensis,
G3 is D. grimshawi, G4 is D. willistoni, G5 is D. pseudoobscura, G6 is
D. ananassae, and G7 is D. melanogaster, then the set of genes
used for the linkage chain analysis G is the intersection of
genes in the different species or

G ¼ \
7
i¼1Gi :

Genes were removed from the joint set of genes across the
seven species if (1) a gene was absent due to deletion events in
at least one species, (2) a gene resulted from a duplication not
in the common ancestor to all lineages, (3) a gene was not
annotated because it was in an assembly gap, or (4) a gene was
transposed to another chromosome in at least one species.
Genes were also removed if they were transposed within a
chromosome in at least one species. Transposed genes were
identified as genes whose two adjacent neighbors were
adjacent to each other. For instance, if the neighbors of gene
2088, genes 2087 and 2089, were adjacent at another chro-
mosomal location, then gene 2088 was removed because we
assumed that its rearrangement resulted from a transposition
event rather than an inversion event. Finally, embedded or
overlapping genes were removed from the joint data set
because this organization of genes tended to be highly
conserved, yet inclusion of these genes tended to artificially
alter the order of the gene indexes. This can occur due to
possible absence of upstream exons of the surrounding gene
(as a result of assembly gaps). This can also occur because
multiple embedded genes are numbered from the first exon
of each gene model along the sequence of the reference
species. If a segment with embedded genes is reversed in a
target species, then one can get artificial rearrangements when
the embedded genes of the target species are indexed in the
reverse order.

The algorithm to perform the linkage chain analysis is
simpler when the list of gene identifiers is a sequential list of
integers, where the number of genes in the list is equal to the
maximum index value. The gene-order lists in set G were
converted to a new set of gene identifiers in setH, such thatHi

has the new sequential list of gene identifiers for Gi. If H is
sorted according to the D. melanogaster identifiers in H7, then
the gene-order lists in H1–H6 will reflect the rearrangement
information when D. melanogaster is the reference gene order.
Analysis ofH1–H6 along with the associated sign information is
then used in the linkage chain analysis between D. melanogaster
and the six other species to estimate the number of break-
points, the chain length distribution, and the numbers of
inversions. This analysis is done using each species for the

reference gene order. Pairwise inversion distances estimated
in this manner from linkage chain analysis are reciprocal; that
is, the number of breakpoints, the chain distribution, and the
number of inversions are the same no matter which species is
used for the reference gene order in the comparison.
Analysis of syntenic block conservation among Drosophila

species: In addition to determining syntenic blocks between
pairs of species, blocks conserved across larger sets of species
were also computed. Eliminating D. persimilis, D. sechellia, and
D. simulans (for assembly quality and due to representation
from other evolutionarily close species), conserved blocks
across nine species were computed. On the basis of each
species’ gene orthology with D. melanogaster, a dynamic pro-
gramming methodology was employed to determine sets of
conserved order. To allow low levels of scrambling within
syntenic blocks, genes in a synteny block were sorted according
to the D. melanogaster order. Gene deletions in one or more
species, however, were considered as block boundaries. Using
a dynamic programming approach provides a fast method to
determine segments of conserved gene order between two
species, the results of which are used to compute conserved
segments with a third species. This procedure is continued
until all nine species have been processed. These conserved
blocks were further analyzed using D. melanogaster gene
expression patterns during embryogenesis (Tomancak et al.
2002) (http://www.fruitfly.org). Time-course data from three
replicates (Tomancak et al. 2002) over a 12-hr window were
averaged for each 1-hr window. Correlation coefficients were
derived for these time-course data between pairs of genes
within a block. Additionally, we studied tissue expression
specificity for various genes within a block across different
embryonic developmental stages (Tomancak et al. 2002).
Functional clustering of genes was also explored in conserved
blocks, using gene ontology (Gene Ontology Consortium
2001) (www.geneontology.org) data for Drosophila genes
(http://www.flybase.org). We also analyzed syntenic blocks
for transposable-element insertion sites, for P-transposable
elements (Bellen et al. 2004; Spradling et al. 1995) and
natural transposons (Kaminker et al. 2002), in D. melanogaster
(http://www.flybase.org, www.fruitfly.org). It is known that P
elements show nonrandom insertion patterns (O’Hare and
Rubin 1983), and we wished to test whether large syntenic
blocks might be less likely to be interrupted by transposable-
element insertions.
Derivation of a rearrangement phylogeny: Two approaches

were used to derive phylogenetic relationships and rearrange-
ment estimates for these genomes. The first approach uses
pairwise numbers of inversions among all species from the
linkage chain analysis to infer the phylogenetic relationships
of the Drosophila species. The neighbor-joining method
implemented in MEGA 3.0 (Kumar et al. 2004) was used to
infer the tree topology and branch lengths (Saitou and Nei
1987). The pairwise numbers of breakpoints were also used in
the phylogenetic analysis to infer the branch length-specific
breakpoint numbers to determine whether most breakpoint
reusage occurred in terminal or internal branches of the
phylogeny.

Another approach based on the neighboring gene pair
(NGP) method (Bhutkar et al. 2007a) was used to infer a
rearrangement phylogeny for the genus Drosophila and to
determine specific chromosomal disruptions between known
genes on various branches of the phylogeny. The description
of theNGPmethod (Bhutkar et al. 2007a) used a subset of the
available Drosophila species as a case study. We have expanded
the set of species and we report on inversion estimates for this
expanded set and on some associated challenges. In addition
to accounting for themacro-inversions responsible formaking
large-scale changes to gene order, NGP takes into account
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micro-inversions that cause localized order and orientation
changes in one or more genes. This method opens a window
into fine-scale rearrangements where the syntenic blocks
could be maintained between genomes, despite low-level
scrambling of gene order and orientation involving a small
number of genes. In fact, even single-gene inversions are
tracked by this method. The NGP algorithm uses a two-stage
tree walkthrough algorithm and allows for genome-scale data
sets to be evaluated in a matter of minutes, which is highly
suited to our data set of multiple species with .13,000
homologous genes in each species. The basic motivation
behind this technique is the assumption of parsimony where
the likelihood of the same inversion event taking place
independently in two disjoint lineages is low. Consequently,
pairs of neighboring genes where their adjacency and mutual
orientation are conserved in distant species are assumed to
have existed as an adjacent pair at their common ancestor. In
other words, the probability of an inversion creating an
identical NGP in a different species is assumed to be low. This
method also serves as a technique for phylogenetic recon-
struction based on maximization of shared pairs unique to a
group or cluster (‘‘exclusively shared NGPs’’). We used this
method to compute rearrangement counts (involving inferred
macro- and micro-inversions) along each evolutionary path in
the phylogeny.
Approximate divergence time estimates: We used two

primary sources for approximate divergence time estimates
(Russo et al. 1995; Tamura et al. 2004) in addition to a time-
independent calibration method. The first set of estimates
based on Russo et al. is derived from a study of the coding
region of the Adh gene across species. The split between the
Drosophila and the Sophophora subgenera is estimated to
have taken place �40 MYA. Divergence estimates for other
species from D. melanogaster, based on this study, are listed in
Table 1. Russo et al. do not provide a direct estimate for D.
ananassae. They estimate the divergence between the D.

montium subgroup and D. melanogaster to be �12.7 MY.
Although there are some reports to the contrary (Yang et al.
2004), a majority of the other studies estimate that D.
ananassae branched off prior to the D. montium subgroup
and after the D. obscura group (Pelandakis et al. 1991;
Pelandakis and Solignac 1993; Clark et al. 1998; Harr
et al. 2000; Goto and Kimura 2001; Tamura et al. 2004). We
have chosen an approximate estimate of 20 MY for the
divergence between D. melanogaster and D. ananassae on the
basis of these observations (Table 1).

The second set of divergence time estimates is based on
Tamura et al. (2004). This study used a large set of genes (176)
for sequence comparisons to derive a genomicmutation clock.
Approximate divergence estimates from this study are listed in
Table 1. Both sets of divergence estimates (Russo et al. 1995;
Tamura et al. 2004) show some accordance with various
biogeographic data (Beverley and Wilson 1984; Powell
and Desalle 1995). We have used both sets of estimated
divergence times to compute evolutionary rearrangement
rates, wherever possible.

We also used a time-independent method to calibrate the
inversion rate. The inversion rates on tree branches were
calibrated relative to the number of second-position changes
per second-position site (second-position tree, S. Kumar,
Arizona State University, unpublished results).
Computation of chromosomal evolutionary rates: We used

the number of inferred synteny blocks for various species
compared to D. melanogaster and the estimated divergence
times between species (Russo et al. 1995; Tamura et al. 2004)
to compute estimates of chromosomal evolutionary rates.
These rearrangement rates were calculated in units of dis-
ruptions permegabase permillion years (Ranz et al. 2001).We
also used an alternate method based on the results of the NGP
algorithm to compute estimates for rearrangement rates. The
NGP approach gives us chromosomal breakpoint estimates
along each line of descent from the root of the genus

TABLE 1

Synteny statistics (with respect to the D. melanogaster gene order)

Species

Estimated time since
most recent common

ancestor with D. melanogaster
A and B (MY)

No. of
synteny
blocks

No. of
genes in
synteny
blocks

Maximum
synteny

block size
(no. genes)

Average
synteny

block size
(no. genes)

No. of singleton
genes on same
Muller element

D. sechellia 5.4, 2.3 42 13,378 1,834 318.52 0
D. simulans 5.4, 2.3 139 11,851 1,075 85.26 9
D. yakuba 12.6, 6.1 114 13,175 763 115.57 1
D. erecta 12.6, 6.1 63 13,403 972 212.75 5
D. ananassae 44.2, 20 695 12,660 138 18.22 100
D. pseudoobscura 54.9, 24.3 908 11,932 109 13.14 154
D. persimilis 54.9, 24.3 962 11,993 109 12.47 151
D. willistoni 62.2, 36.3 1,430 11,670 88 8.16 383
D. virilis 62.9, 39.2 1,297 11,707 81 9.03 305
D. mojavensis 62.9, 39.2 1,312 11,509 73 8.77 328
D. grimshawi 62.9, 39.2 1,337 11,217 78 8.39 351

Synteny statistics (with respect to the D. melanogaster gene order) utilizing assembly scaffolds that were anchored to chromosome
arms in various species using experimental and computational data are shown (Schaeffer et al. 2008). Synteny blocks were not
artificially broken up by scaffold breaks and were inferred to be continuous when adjacent scaffolds permitted it. The number of
synteny blocks and their composition (number of genes and maximum and average size) correspond to the phylogenetic distri-
bution of these species. The number of singleton genes (isolated from their D. melanogaster neighbors) found on corresponding
Muller elements in various species increases with evolutionary distance from D. melanogaster—presumed to largely be a result of
paracentric inversions. Approximate divergence estimates are from earlier studies: A, Tamura et al. (2004); and B, Russo et al.
(1995). We also used a time-independent calibration method for inversion rate estimates. See materials and methods for a
discussion regarding selection of approximate divergence times.
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Drosophila tree. Using the time estimated for the divergence
of the subgenus Sophophora from the subgenus Drosophila,
rearrangement rates are calculated in units similar to those of
the other method.

Analysis of breakpoint sequences: We examined break-
point sequences for the presence of repetitive sequences that
might be responsible for rearrangement hot spots. The
methods used by Richards et al. (2005) were used to de-
termine if breakpoint sequences in the seven most divergent
species had repetitive elements. Breakpoint regions defined
by linkage chain analysis were assembled in species-specific
BLAST databases and each breakpoint sequence was com-
pared to all other breakpoint sequences with BLASTN
(Altschul et al. 1997), using an E-value of 1 3 105. For each
breakpoint, we estimated the fraction of breakpoints that were
matched in the BLAST search to derive the breakpoint match
distribution for the breakpoints. Breakpoints that had a
higher degree of interbreakpoint matching provide ameasure
of repetitive sequences within the sequence that was involved
in the rearrangement.

RESULTS

Overview of the rearrangement process: Figure 3 is a
graphical representation of how gene order has been
shuffled among eight of the most divergent species of
Drosophila. Each gene within each chromosome is
represented as a single line and blocks of 150–200 genes
within D. grimshawi are colored to help show the
rearrangement of genes. The six chromosomal arms
are indicated with a different hue. The small fraction of
single positionally relocated genes are not shown.
Several features are apparent. First, the majority of
rearrangements take place within a chromosomal arm,
although there are several major exceptions. There has
been a pericentric inversion between Muller B and C in
D. erecta that is shared with D. yakuba (Lemeunier and

Ashburner 1976; Ranz et al. 2007). Genes from Muller
A inD. pseudoobscurahavemoved from the left arm of the
X to the right arm where Muller D genes reside
(Segarra et al. 1995). Muller F of D. willistoni has fused
to Muller E (Papaceit and Juan 1998). Second, gene
order has undergone far more rearrangement in the
Sophophoran than in the Drosophila subgenus. The
Drosophila species tend to maintain homogeneous
blocks of genes seen as the maintenance of color shade
blocks and there is less evidence for rearrangement
(fewer crossed lines between species), while the Soph-
ophora have undergone extensive rearrangement (ex-
tensive crossed lines between species).
Inference of syntenic blocks: Cross-species synteny

analysis was performed using Synpipe (Bhutkar et al.
2006). The initial analysis was based on the annotated
protein set of the reference species, D. melanogaster. The
set of orthologs assigned for the 13,733 release 4.3 D.
melanogaster euchromatic genes (Crosby et al. 2007) was
identified in each species, using Synpipe’s synteny
maximization criterion (see supplemental materials
for complete orthology placements). Clear 1:1 high-
confidence orthologs without collisions (i.e., overlap-
ping placements with paralogs or duplications) were
first identified. This set was extended to include
additional genes on the basis of results of processing
to untangle collisions, where possible, to maximize the
size of syntenic blocks. For example, 12,874 D. mela-
nogaster genes had high-confidence noncollision Syn-
pipe orthology placements in D. sechellia, 11,653 in D.
pseudoobscura, and 10,971 in D. grimshawi (supplemental
Table S1). Processing collisions on the basis of synteny
evidence increased these numbers to 13,683 ortholo-
gous placements in D. sechellia, 12,905 in D. pseudoobs-

Figure 3.—Plot of ge-
nome rearrangement for
the six Muller elements
among eight species of Dro-
sophila. Each vertical line
represents a single gene
and the lines that connect
the genes between the spe-
cies help to determine the
movement of the genes
within and between chro-
mosomal arms among the
different species. The cen-
tromeres are indicated with
solid half and whole circles.
Each Muller element is
shown in shades of a single
color: A, red; B, green; C,
blue; D, yellow; E, magenta;
F, orange. Blocks of genes
in D. grimshawi are arbi-
trarily colored within each
Muller element. The blocks
of genes in D. grimshawi do

not correspond to syntenic blocks, but are presented as a visual heuristic to help observe shuffling of genes among the eight
species. Some rearrangements might not be visible due to the compressed scale (on Muller F, for example).
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Figure 4.—Distribution of synteny blocks across various species based on the D. melanogaster euchromatic gene order. Species
are shown in increasing evolutionary distance from D. melanogaster. The numbers to the left denote the approximate time range
since a group of species shared most recent common ancestry with D. melanogaster (Tamura et al. 2004). The graph for each species
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cura, and 12,494 in D. grimshawi (supplemental Table
S1).

On the basis of majority hits of these orthologs from a
Muller element of the reference species (D. mela-
nogaster) to a scaffold of a candidate genome assembly,
we were able to assign assembly scaffolds to Muller
elements in various species (Schaeffer et al. 2008) (see
materials and methods). Other than a few small
scaffolds, scaffold to Muller element assignment was
largely unambiguous and was performed with a high
level of confidence. As reported by other Drosophila
comparative studies using evidence from a few genomes
(Richards et al. 2005), a majority of the orthologous
genes are found on the same Muller element, albeit in
different syntenic blocks, across all species. We ex-
tended this analysis across the 12 Drosophila genomes
and find this to be true across theDrosophila phylogeny.
We find that�95% of all theD. melanogaster genes found
in at least one other species are located on the same
Muller element in all those species (i.e., arm-level
synteny is maintained) (Figure 3).

We then studied synteny relationships across species
using the D. melanogaster annotation as the reference
set. Our results showed a distribution of syntenic blocks
that was in agreement with the phylogeny. Using the
genome scaffold assembly as is, without anchoring scaf-
folds to chromosome arms in various species, provided
an initial set of numbers where synteny blocks were
terminated at scaffold ends (supplemental Table S2).
Between55%(D. ananassae) and77%(D. erecta,D. simulans)
of the genome assembly was covered by synteny blocks
(of size greater than one gene) with respect to D.
melanogaster (supplemental Figure S1). To refine this
synteny data set, only scaffolds anchored to chromo-
some arms using computational or experimental evi-
dence (Schaeffer et al. 2008) were used and ‘‘scaffold
joins’’ were inferred to determine continuous synteny
blocks across genome scaffold breaks, where possible.
This analysis reveals between 42 (D. sechellia) and 1430
(D. willistoni) syntenic blocks across various species on
the basis of the D. melanogaster gene order (Table 1,
Figure 4). The sizes of the largest syntenic blocks ob-
served in various species fall in between a block of 1834
genes seen in D. sechellia (average of 319 genes/block)
and another of 73 genes seen in D. mojavensis (average
of �9 genes/block). Additionally, compared to the D.
melanogaster order, evolutionarily distant species show a
higher number of same-arm singletons (single genes
isolated from their D. melanogaster neighbors on the

same Muller element) based on rearrangements in one
lineage or the other. For example, the four species of
the melanogaster subgroup have an average of ,4 such
cases compared to D. grimshawi’s 351 and D. willistoni’s
383 same-arm singletons. Between 50 and 75% of the
genome assembly sequence mapped to various Muller
elements (Schaeffer et al. 2008) in each species was
inferred to be in syntenic segments (Table 1).
Muller element dot plots using synteny data show

phylogenetic correspondence of syntenic blocks (Fig-
ure 5). In addition to the D. melanogaster protein set,
we used the D. virilis GLEAN-R consensus annotation
protein set (Drosophila 12 Genomes Consortium
2007) (rana.lbl.gov/drosophila) as an additional refer-
ence set to undertake synteny analysis. Synteny maps
using both sets demonstrated phylogenetic synergy. In
the case of the D. virilis reference set, D. mojavensis and
D. grimshawi had fewer syntenic block disruptions (on
the order of 500–650 blocks in these species, respec-
tively) whereas the subgenus Sophophora species had
on the order of 1500 blocks, all being evolutionarily
equidistant from D. virilis. We also estimated chromo-
somal rearrangement rates across species, or the rate of
syntenic disruptions, using these inferences of cross-
species synteny (see discussion).
In addition to the genus Drosophila, syntenic blocks

were inferred from a number of outgroup species
including two mosquitoes A. aegypti and An. gambiae,
the silkworm Bombyx mori, the honey bee Apis mellifera,
and the red flour beetle T. castaneum (see supplemental
information). Using either D. melanogaster proteins as
the reference set or An. gambiae proteins as the
reference set reveals very few large conserved blocks,
all ,15 genes in length, and provides insight into the
ancestral colocation of genes on chromosome arms that
might be the primary contributor to extant chromo-
somes (Bhutkar et al. 2007b). Additionally, such out-
group comparisons also support the inference of
universally conserved syntenic blocks (see below).
Inference of inversion events from analysis of

syntenic block boundaries: The inversion and break-
point distances estimated from the linkage chain
analysis of seven pairs of Drosophila species are shown
in Table 2. These estimates are summed over all linkage
chains for each pairwise comparison. The majority of
linkage chains for each comparison of two species had
a length of two breakpoints (Figure 6). The mean
percentage of chains of length two was 68.3 and the
range varied from a minimum of 51.9 to a maximum of

shows the size of derived synteny blocks (in number of genes) on the horizontal axis (nonlinear scale showing size buckets: 2, 5,
10–100 interval 10, 150, 200–1000 interval 100, 1500, 2000) and the number of such blocks (log scale) on the vertical axis. These
distributions show greater fragmentation of the genome compared to D. melanogaster with increasing evolutionary divergence.
Additionally, species equidistant from D. melanogaster might show different degrees of fragmentation (as seen in D. yakuba vs.
D. erecta, where D. yakuba exhibits greater fragmentation). These distributions are based on genome assembly scaffolds that were
anchored to chromosome arms, where synteny blocks were allowed to span across scaffold breaks wherever possible. Species: D_
sec, D. sechellia; D_sim, D. simulans; D_yak, D. yakuba; D_ere, D. erecta; D_ana, D. ananassae; D_pse, D. pseudoobscura; D_per, D. persimilis;
D_wil, D. willistoni; D_vir, D. virilis; D_moj, D. mojavensis; D_gri, D. grimshawi.
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88.8 (Table 3). The mean estimate for the breakpoint
reusage statistic r (Sankoff andTrinh 2005) is 1.47 with
minimum and maximum values of 1.05 and 1.80. The
percentage of two-break chains is lower for comparisons
of Drosophila species vs. Sophophora species (Table 3).
Estimates of breakpoint reusage are greatest when
species from the Drosophila and Sophophora subge-
nera are compared (Table 3).

We asked whether the observed breakpoint reusage
(r) values were within the range of expected values when
breakpoints are introduced by two Poisson events. We
simulated this process by placing genes 1–n on a
chromosome in the 11 orientation and allowing ninv
inversion events. Each inversion event was simulated by

choosing two sites on the chromosome sampled from a
uniform distribution and reversing the order of the
intervening genes. The orientation of the inverted
genes was reversed either 11 to �1 or �1 to 11,
depending on the state of the gene at the time of the
rearrangement. After the ninv events were complete, we
used linkage chain analysis to estimate the number of
breakpoints, the number of inversions, and the reusage
statistic r (Sankoff andTrinh 2005).Weperformed2500
rearrangement simulations for each set of parameters
(gene number, inversion number) and the probability
of the observed r value was determined from the rank-
ordered set of simulated r values.We used the sequential
Bonferroni method to correct for multiple tests (Rice

Figure 5.—Paracentric inversions correlated
with phylogenetic distance: Muller element B
dot plots based on D. melanogaster (left column)
and D. virilis (right column) gene orders. Species
are shown in increasing evolutionary distance
from D. melanogaster from top to bottom (reverse
for D. virilis). Evolutionarily distant species show
greater scrambling of gene order due to indepen-
dent paracentric inversions across various line-
ages. For example, D. simulans shows greater
arm-level synteny with D. melanogaster than D. vir-
ilis. Similarly, D. mojavensis exhibits the opposite
behavior with respect to the reference species.
Compressed scale is used to depict the chromo-
some arm.
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1989). For all simulations, the observed reusage value
was significantly greater than that expected from a
model that assumes all sites are free to break given
a uniform distribution (supplemental Table S3). In
fact, the majority of the linkage chains were of length
two, reflecting single inversion events. This suggests
that double-strand breaks are not introduced as in-

dependent events in this simple model and that some
noncoding sequences are hot or cold spots for rear-
rangement events.
We tested whether a hot- and cold-spot model for

rearrangement could better explain the reusage values.
Cytogenetic data suggest that particular sites on Dro-
sophila chromosomes are prone to reusage on the basis
of studies within and between species (Lemeunier and
Ashburner 1976; Olvera et al. 1979). For these
simulations, we assumed that only certain sites on the
chromosome are able to rearrange, so-called hot spots.
Alternatively, one can think of this model as avoiding
breakage at some sites because of a functional reason
such as maintaining suites of coordinately expressed
genes (Stolc et al. 2004). These simulations used the
same strategy as above except that initially a set of nbp
breakpoint sites was uniformly sampled from the total
number of sites on the chromosome. For each in-
version, two of the nbp sites were chosen using a uniform
distribution for the inversion event and the intervening
genes were reversed. Once the ninv inversions were per-
formed, linkage chain analysis was used to estimate the
number of breakpoints, the number of inversions, and
the reusage statistic r (Sankoff and Trinh 2005). We
determined the probability of the observed r value using
the same approach as that for the simulations above.

TABLE 2

Inversion and breakpoint distances based on comparisons
of seven pairs of Drosophila species for the five

major Muller elements

D_mel D_ana D_pse D_wil D_vir D_moj D_gri

Muller A
D_mel 156 194 393 308 316 341
D_ana 227 205 409 319 325 359
D_pse 246 261 390 288 299 325
D_wil 439 455 442 426 427 451
D_vir 362 379 343 484 42 99
D_moj 366 381 347 485 68 111
D_gri 396 413 369 504 146 156

Muller B
D_mel 94 111 238 179 179 187
D_ana 148 121 244 182 184 196
D_pse 169 169 233 170 170 188
D_wil 331 326 309 240 245 261
D_vir 244 242 234 318 24 57
D_moj 248 247 234 319 40 59
D_gri 250 255 246 334 87 93

Muller C
D_mel 88 159 255 203 204 217
D_ana 132 162 265 216 219 230
D_pse 230 235 284 241 245 256
D_wil 351 359 387 275 279 288
D_vir 281 303 323 378 37 48
D_moj 286 312 331 379 62 53
D_gri 301 319 339 392 77 93

Muller D
D_mel 67 122 266 180 182 204
D_ana 104 128 274 187 189 209
D_pse 176 183 280 188 190 210
D_wil 361 365 372 304 302 322
D_vir 259 263 270 402 10 38
D_moj 260 264 269 398 19 38
D_gri 294 296 303 421 71 69

Muller E
D_mel 119 157 274 234 235 253
D_ana 187 161 278 236 236 255
D_pse 233 230 272 231 233 247
D_wil 354 357 351 300 305 318
D_vir 319 311 313 386 42 64
D_moj 320 314 314 381 71 68
D_gri 339 332 333 407 94 102

Inversion distances are shown above the diagonal and the
breakpoint distances are shown below the diagonal. Species:
D_mel, D. melanogaster; D_ana, D. ananassae; D_pse, D. pseudoobs-
cura; D_wil, D. willistoni; D_vir, D. virilis; D_moj, D. mojavensis;
D_gri, D. grimshawi.

Figure 6.—Linkage chain distribution for two pairwise
comparisons, D. melanogaster vs. D. ananassae and D. mela-
nogaster vs. D. virilis. The numbers of chains are summed over
Muller A–E for both comparisons.
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The breakpoint hot-spot model was rejected as an
explanation for observed reusage values in 16 of 105
pairwise comparisons. Twelve of the 16 cases rejected
the hot-spot model because breakpoint reusage was
higher than expected under the model. All of these
cases tended to involve comparisons ofMuller A, tended
to compare species between the Sophophora and
Drosophila lineages, or tended to compare D. willistoni
with other species. Four of the 16 cases rejected the hot-
spot model because breakpoint reusage was less than
expected. These deficiencies in breakpoint reusage
were found in comparisons of closely related species
on Muller elements C, D, and E.

Breakpoints could appear to be reutilized if the
probability of breakage is directly related to the length
of the breakpoint sequence. Because the specific site of
a breakpoint could be anywhere between the boundary
genes, larger breakpoint sequences could have a higher
probability of being reutilized than smaller breakpoint
intervals. We tested this possibility by comparing the
lengths of breakpoint segments for breakpoints in
linkage chains of two vs. linkage chains greater than
two. Reutilized breakpoints would be in linkage chains
greater than two. For this analysis, we considered
pairwise linkage chain analyses that had larger numbers
of chains (D. melanogaster vs. D. willistoni,D. ananassae vs.

D. willistoni, D. pseudoobscura vs. D. willistoni, D. willistoni
vs. D. grimshawi,D. grimshawi vs. D. willistoni,D.mojavensis
vs. D. willistoni, and D. virilis vs. D. willistoni). In each
case, the breakpoint distances were estimated for the
first species in the pairwise comparison. Data from
Muller elements C, D, and E failed to find a significant
difference in the length of breakpoint intervals for
linkage chains of two vs. those greater than two (S. W.
Schaeffer, unpublished data). These data provide no
evidence to suggest that breakpoint sequence length
affects reutilization.

Syntenic block conservation among multiple Drosophila
species: Blocks of synteny conserved across nine Dro-
sophila species were inferred. This analysis examined
relaxed syntenic blocks that allowed localized scrambl-
ing of gene order and orientation within blocks (see
materials and methods). A total of 2155 blocks of $2
genes were identified, 1296 (60%) of which contain $3
genes and 613 (28%) of which contain$5 genes (Figure
7, supplemental information). The largest block (31
genes; CG6413–CG13623) was found on Muller E (see
discussion for further analysis of such blocks). One
or more blocks containing .20 genes were found on
all Muller elements except Muller A (where the largest
block has 15 genes). This is consistent with the results of
our rearrangement rate studies (see discussion), where
Muller A appears to be the most rearranged across all
species. In terms of nucleotides, the largest block size
(found onMuller B with 12 genes,CG5559–CG15153; see
supplementalmaterial) spanned 491 kb inD.melanogaster
(�640 kb in D. virilis). The smallest block size in terms
of D. melanogaster nucleotides was just under 1 kb and has
2 genes (CG17996–CG31812, on Muller B). Overall, 80%
of the blocks were of length ,50 kb in D. melanogaster
(median value 15 kb) and only 10 blocks exceeded
250 kb. We also tested block conservation in outgroup
species in addition to the nine genus Drosophila species
considered here. We find, for example, that the 2-gene
block mentioned above is conserved as an adjacent pair
of genes in the mosquito A. aegypti, the Honeybee, and
the red flour beetle. Additionally, within the aforemen-
tioned 31-gene block on Muller E (CG6413–CG13623),

TABLE 3

Summary of linkage chain analysis

Sophophora Drosophila

Soph.
vs.

Dros. Overall

Chain 2 BP % 66.0 76.2 68.0 68.3
Chain 2 BP min % 51.9 66.0 51.9 51.9
Chain 2 BP max % 79.7 88.9 80.0 88.9
BP reusage r 1.47 1.23 1.53 1.47
BP reusage min r 1.27 1.05 1.39 1.05
BP reusage max r 1.80 1.42 1.79 1.80

Chain 2 BP, linkage chains with two breakpoints; BP reus-
age r, breakpoint reusage statistic r of Sankoff and Trinh
(2005).

Figure 7.—Distribution of inferred
multispecies conserved synteny blocks.
The frequency of variously sized (num-
ber of genes) conserved blocks across
nine species (excluding D. sechellia, D.
simulans, and D. persimilis—see materi-
als and methods) is shown (median ¼

3 genes, mode ¼ 2 genes). The vertical
axis (log scale) shows the number of
blocks. Over 60% of the blocks have
$3 genes. There are one or more large
blocks of size$20 on each of the Muller
elements, except Muller A (where the
largest block has 15 genes). The largest
block of 31 genes is found on Muller E.
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17 genes are part of conserved segments within the various
outgroup species (see supplemental information).

We also analyzed this data set of large conserved
syntenic blocks for the presence of transposable ele-
ments within them, for functional clustering, and for
correlation of embryonic gene expression data for these
genes in D. melanogaster (Tomancak et al. 2002)
(www.fruitfly.org) for tissue specificity and correlation
of expression levels over developmental stages (see
discussion). We do not find gene expression patterns
for genes in a given block to be positively correlated with
all others with respect to time-course expression data;
however, we do see interesting patterns of high corre-
lation values between various pairs of genes that span a
block, despite being negatively correlated with others.
We explore the possibility that some genes might be
‘‘trapped’’ within larger blocks and might be conserved
in terms of position despite not being correlated with
other genes in the block (see discussion).

Inference of rearrangement phylogeny: We em-
ployed the NGP method (Bhutkar et al. 2007a) to
generate a phylogenetic clustering based on maximiz-
ing exclusive shared NGPs (see materials and meth-

ods). Our results expand on earlier analysis (Bhutkar
et al. 2007a) that used a subset of the available species.

The NGP approach leverages data both at the micro-
inversion and at the macro-inversion levels as it analyzes
the conservation and disruption of adjacent gene pairs
(in a given mutual orientation). As a result, this analysis
takes into account fine-scale changes to gene order that
were ignored in our earlier inference of synteny blocks.
The results of the phylogenetic clustering agree with the
currently understood Drosophila phylogeny (Figure 8)
except for the placement of D. willistoni (see discus-

sion). The NGP algorithm was also used to compute
rearrangement breaks across various branches of the
inferred phylogeny. As opposed to the rearrangement
rates calculated with respect to synteny with D. mela-
nogaster gene order (see discussion), the NGP ap-
proach estimates total rearrangement breaks from the
root of the genus Drosophila tree and also includes
breaks from micro-inversions within syntenic blocks.
Such a derivation from an inferred ancestral state leads
to estimating rearrangement rates with a larger set of
comparative markers rather than just comparing with
D. melanogaster. We find these rearrangement rates to be
higher in the subgenus Sophophora than those calcu-
lated using synteny data (based on macro-inversions;
see discussion). This is consistent with earlier results
(Bhutkar et al. 2007a) suggesting greater rearrangements

Figure 8.—Rearrangement phylogeny and es-
timated number of fixed chromosomal rear-
rangement breaks based on the NGP method
(Bhutkar et al. 2007a), using ancestral adjacen-
cies derived from D. melanogaster gene annota-
tion. Each inferred break corresponds to a
gene adjacency that existed at the immediate an-
cestor and was disrupted in that lineage. Paracen-
tric inversions are assumed to be the dominant
mechanism resulting in disruption of ancestral
adjacencies and in shuffling the order of genes
along a chromosome. This analysis includes
macro-inversions as well as micro-inversions that
shuffle the order and mutual transcriptional ori-
entation between genes. Total counts of fixed
breaks from the genus Drosophila root to each
extant species (leaf node) are shown to the right
of the figure. An. gambiae was used as the out-
group species to resolve ambiguities at the
Drosophila genus root, wherever possible. Rear-
rangement counts for the subgenus Drosophila
were found to be lower than those for the subge-
nus Sophophora. The low-coverage mosaic as-
sembly for D. simulans was excluded from this
analysis. See discussion for notes regarding
the placement of D. willistoni.
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in the subgenus Sophophora than the subgenus
Drosophila. It is also consistent with higher rates of
rearrangement observed in the subgenus Sophophora
(Papaceit et al. 2006; Gonzalez et al. 2007) andwith the
estimated distribution of intraspecific polymorphisms
(Sperlich and Pfriem 1986). We obtain comparable
results running the NGP approach with the D. mela-
nogaster or D. virilis gene set as the starting point (data
not shown).

We also used the inversion and breakpoint distances
inferred from linkage chain analysis to estimate the
branch lengths for the established Drosophila phylog-
eny (inversion tree shown in Figure 9). Inversion rates
are presented as the number of inversions per second
codon position change per 250 second codon position
sites. Again, the rates of rearrangement are higher on
the Sophophora lineages than on the Drosophila
lineages even though the divergence times from the
common ancestor for the two groups are estimated to be
similar (Drosophila 12 Genomes Consortium 2007)
(S. Kumar, personal communication). We tested
whether the estimated branch lengths for the different
Muller elements were heterogeneous. A chi-square test
of homogeneity rejects the hypothesis that the numbers
of inversions are the same for all chromosomes on all
branches of the tree (x2

¼ 77.49; d.f. ¼ 40, P, 0.0001).
Four branches on the tree contributed disproportion-
ately to the rejection of homogeneity.Muller C on theD.
pseudoobscura lineage and Muller D on the D. willistoni

lineage had significant excesses of inversion events.
Muller D on the D. mojavensis lineage and Muller C on
the D. virilis lineage had significant deficiencies of
inversions. The excess of inversions in D. pseudoobscura
onMuller C is interesting because this chromosome has
.30 gene arrangements segregating withinD. pseudoobs-
cura populations. This could suggest that this chromo-
some has experienced a recent elevation in inversion
rate compared to the other chromosomes. The eleva-
tion of inversion rates on Muller D in D. willistoni is also
interesting because Muller D fused with Muller A to
become X-linked. Rearrangements on the X would be
expected to be exposed to selection in hemizygous
males.

We can ask what branches contribute to the reusage of
breakpoints by using the number of inversions and
breakpoints that map to each branch on the phylogeny
to estimate r (Sankoff and Trinh 2005) (Table 4).
Several trends emerge from the data. First, internal
branches have higher breakpoint reusage values than
terminal branches on all chromosomes (internal r ¼

1.642, terminal r ¼ 1.444). This suggests that break-
points uniquely used are on the more derived lineages.
Second, the Sophophora lineages tend to be reused
at a higher rate than the Drosophila lineages on all
chromosomes (Sophophora r ¼ 1.502, Drosophila r ¼
1.278). This is consistent with the overall higher rear-
rangement rates on the Sophophoran vs. Drosophila
branches, which is inferred to lead to higher reusage

Figure 9.—Phylogeny of
seven Drosophila species
with the branch lengths
based on inversion distan-
ces from pairwise linkage
chain analysis. Each set of
colored bars indicates the
inversion rate for the five
Muller elements for each
branch. The triangles
pointing up indicate that
the number of inversions
on this branch was greater
than expected while the tri-
angles pointing down indi-
cate that the number of
inversions was greater than
expected. The expected val-
ues were determined on
the basis of a chi-square test
of homogeneity. The inver-
sion rates were scaled to
the second-codon position
rate of change per 250 sites.
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estimates. Finally, Muller A has a higher rate of reusage
than the autosomal elements (Muller A r ¼ 1.652,
autosomes r ¼ 1.438).

Heterochromatin sequences and rearrangements:
Similar to anchoring scaffolds to the euchromatic
portion of the genome (on the basis of majority hits
from D. melanogaster gene markers in a candidate
assembly—see materials and methods), we were able
to assign a number of scaffolds, in individual species, to
heterochromatic portions of the genome (Schaeffer
et al. 2008). We also find heterochromatic genes
localized toward the edges of large terminal euchro-
matic scaffolds, as expected. For example, in the D.
ananassae synteny report, 15 D. melanogaster heterochro-
matic genes have strong homologous placements at the
edge of scaffold 12911 (GenBank accession no.
CH902623.1), which is a terminal scaffold anchored
on Muller E toward the centromere (Schaeffer et al.
2008). Additionally, this data set allowed us to identify
genes that are heterochromatic in D. melanogaster but
are found in largely euchromatic portions of other
genomes, suggesting rearrangements involving hetero-
chromatic sequences. These genes are included in the
synteny table for each species (see supplemental
material).

Inference of repetitive sequences in breakpoint
sequences: Analysis of the sequences within the break-
points of D. pseudoobscura revealed an enrichment for
repetitive sequences (Richards et al. 2005). We asked
whether the breakpoints in linkage chains of size greater
than two had repetitive sequences as detected from a
high degree of interbreakpoint matching. Breakpoints
in linkage chains greater than two did not show a
significant difference in the level of interbreakpoint
matching than breakpoints in linkage chains of two.

DISCUSSION

Syntenic blocks and rearrangement rates: An analysis
of the distribution of syntenic blocks between various
species (Figure 4) shows correspondence with the
Drosophila phylogeny. Evolutionarily close species to
D. melanogaster (D. sechellia and D. erecta, for example)
show larger blocks of synteny where the distribution

includes blocks in excess of 900 genes in each case. The
distant species of the subgenus Drosophila, by contrast,
do not include blocks in excess of 90 genes and the
distribution is biased toward lower block sizes. The
rearrangement process can be analyzed in terms of
the number of conserved blocks of synteny in species at
different evolutionary distances (Figure 10). Depend-
ing on the choice of estimated divergence times we find
the breakup of syntenic blocks to approximate an
exponential process or a linear process over time. With
divergence estimates based onmutational clock analysis
(Tamura et al. 2004) the number of synteny blocks
approximates an exponential process over time (R 2

¼

0.9432 with the best fit through the data values although
a linear model has R 2

¼ 0.9549; however, it does not fit
the data values as well as the exponential model). With
alternate divergence estimates (Russo et al. 1995) the
data best fit a linear model.
We also looked at the distribution of the size of

chromosomal segments (in kilobases) that contain
various syntenic blocks, in the context of chromosomal
breakagemodels. The random breakagemodel was first
proposed by Ohno (1973) and later formalized by
Nadeau and Taylor (1984). It has since been explored
further by a number of other studies (Nadeau and
Sankoff 1998a,b; Schoen 2000; Waddington et al.
2000). We attempted to test the suitability of the
Nadeau–Taylor model to our synteny data. The distri-
bution of the lengths of syntenic segments is expected to
be exponential under this model. We analyzed the
distribution of the lengths of syntenic segments (in
kilobases) between D. melanogaster and D. virilis (across
all Muller elements after synteny blocks were merged
across assembly scaffold gaps wherever possible). Only
scaffolds anchored to chromosomes were considered
(Schaeffer et al. 2008). We also checked to make sure
that the large number of small blocks (,10, 20, or 30
kb) was not an artifact of assembly fragmentation. Only
blocks on corresponding Muller elements were consid-
ered (transpositions were filtered out) and singleton
gene blocks were similarly ignored. The results do not fit
an exponential curve, but they fit a power law, which is a
straight line on a log–log graph (Figure 10c). This
suggests that the distribution of breakpoints on a
chromosome is not random for these species. A large
number of small syntenic segments bias the distribution
and there seem to be a number of large conserved
segments across species (as we discuss later). These
observations are similar to other studies of insects and
mammals (Pevzner and Tesler 2003; Zdobnov and
Bork 2007).
We also investigated the distribution of synteny blocks

(in number of genes) in individual chromosomes of
each species (Figure 11). In general, we observe Muller
element A to be themost fragmented with respect to the
D. melanogaster gene order across all species (except
D. sechellia). In the subgenus Drosophila, for example,

TABLE 4

Breakpoint reusage for the five major Muller elements on
different branches of the Drosophila phylogeny

Branch A B C D E Total

Internal 1.955 1.589 1.508 1.455 1.658 1.642
External 1.566 1.394 1.387 1.429 1.403 1.444
Sophophora 1.678 1.428 1.430 1.459 1.464 1.502
Drosophila 1.362 1.273 1.207 1.114 1.323 1.278
Total 1.652 1.438 1.417 1.437 1.460 1.492
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Muller elements B–E show similar sizes of average block
sizes with Muller A being the outlier. The total number
of blocks on each Muller element, the maximum block
size, and total number of genes in these blocks are
generally in line with the phylogenetic distribution of
these species and the increased fragmentation ofMuller
A (see supplemental material).

There are two explanations for why Muller A has a
high inversion rate. The first possibility is that scaffold
order for Muller A is artificially shuffled due to assembly
errors. DNA for these genomic sequencing projects was
derived from males and females so that the X would be
expected to have three-quarters the sequence coverage
of the autosomes, leading a greater number of scaffolds
for the X. The other one-quarter sequence coverage
would be sequences for the Y chromosome. More
scaffolds may lead to greater potential for misordering
of the contigs and artificially elevated inversion rates
and breakpoint reusage. Lower sequence coverage of
the X can be ruled out because the metacentric X of

D. pseudoobscura includes genes from Muller A and D.
Thus, one would expect both arms of the X in these
species to suffer from the misassembly and scaffold-
ordering problem. Linkage chain analysis of Muller D
involving comparisons of D. pseudoobscura does not show
evidence for significant excess of breakpoint reusage.

The second explanation for the elevated rate of
breakpoint reusage could be that selection for X-linked
variation is enhanced inmales. Muller A has the greatest
number of inversions vs. any of the autosomes even
when chromosome length is used to standardize the
number of rearrangements. This elevation of inversion
rate could inflate the inversion rate and the levels of
reusage. This result raises the intriguing possibility that
the evolution of Muller A is being enhanced by adaptive
fixations of rearrangements. If selection in males is
driving up the rate of rearrangement on the X, then this
suggests that rearranged chromosomes harbor recessive
alleles within inversions that contribute to local adapta-
tion (Kirkpatrick and Barton 2006).

Figure 10.—Synteny dis-
ruption over evolutionary
time. (a) Synteny disruption
based on divergence esti-
mates from Tamura et al.
(2004). The horizontal axis
shows total independent evo-
lutionarytimebetweenD.mel-
anogaster and a given species
(which is twice the time since
their last common ancestor).
The vertical axis shows the
number of inferred synteny
blocks with respect to the D.
melanogaster gene order. An
exponential model fits this
data set well. A linear model
(with comparable R2 value)
is also shown but it does not
containthedatapointsaswell
astheexponentialmodel.(b)
Synteny disruption based on
divergence estimates from
Russo et al. (1995). A linear
model fits this data set best.
(c) An example of the distri-
bution of synteny block
lengths (in kilobases) be-
tween D. melanogaster and D.
virilis. The vertical axis (log
scale) shows the frequency
ofvariously sizedsyntenic seg-
ments (in kilobases on the
horizontal axis; log scale). A
power law fits this distribu-
tionwell, suggesting a bias to-
ward a large number of small
segmentswith fewerwell-con-
served larger segments. See
text for a discussion of possi-
ble chromosomal breakage
models.
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This data set also lends itself to an analysis of rates of
chromosomal evolution within the genus Drosophila.
Using the number of syntenic blocks between species as
a lower bound of the chromosomal disruptions during
their total time of divergence, we calculated the rates in
terms of disruptions per megabase per MY (Ranz et al.
2001; Gonzalez et al. 2002; Bartolome and Charles-
worth 2006). Rates were calculated for two estimates of
the divergence time between Drosophilids (Russo et al.
1995; Tamura et al. 2004) for each chromosome in each
species (Table 5). These represent the first such attempt
to calculate these rates across these species on the basis
of direct counts of rearrangement events on the whole-
genome scale. Taking Muller element E as an example
(Table 5), we find rearrangement rates higher than
those estimated before (Ranz et al. 2001; Gonzalez et al.
2002; Bartolome and Charlesworth 2006) but
largely within the same order of magnitude depending
on the estimates of divergence time, chromosome size,

and sets of species chosen for comparison. For example,
our whole-genome direct-count results for rates (Muller
E) calculated using the D. melanogaster–D. pseudoobscura
species pair show 0.071–0.157 disruptions/Mb/MY
(Table 5) for divergence estimates from Tamura et al.
(2004) and Russo et al. (1995), respectively. Earlier
studies estimated lower rates for Muller E in using
this pair of species: 0.013 (support limits 0.007–0.029)
(Bartolome and Charlesworth 2006), 0.014 (60.060)
(Ranz et al. 1997), and 0.0848 (Ranz et al. 2001)
disruptions/Mb/MY using various divergence estimates.
The last estimate is based on a chromosome size of
22 Mb and divergence estimate of 30 MY between these
species, using which our analysis gives a rate of 0.165
disruptions/Mb/MY. The higher end of our estimates
is found to be of the same order of magnitude as the
lower end of estimates (0.4–1.0 disruptions/Mb/MY)
reported previously for yeast (Coghlan and Wolfe

2002), similar to (but higher than) earlier analysis

Figure 11.—Distribution of the aver-
age size (in number of genes) of synteny
blocks across the Muller elements (A–E)
of various species based on the D. mela-
nogaster euchromatic gene order. The
vertical axis shows the average size of
the blocks (log scale). Outside the mela-
nogaster subgroup Muller A shows a
trend of being more fragmented than
the other arms. Species: D. sec, D. sechel-
lia; D. sim, D. simulans; D. yak, D. yakuba;
D. ere, D. erecta; D. ana, D. ananassae; D.
pse, D. pseudoobscura; D. per, D. persimilis;
D. wil, D. willistoni; D. vir, D. virilis; D. moj,
D. mojavensis; D. gri, D. grimshawi.

TABLE 5

Chromosomal rearrangement rates across various Drosophilids for Muller element E

Species
No. synteny

blocks
Chr. (kb) D. mel,

species
Divergence
A, B (MY)

A: estimated
rearrangement rate

(disruptions/Mb/MY)

B: estimated
rearrangement rate

(disruptions/Mb/MY)

D. sechellia 12 27,894, 27,691 5.4, 2.3 0.03983 0.04013 0.09352 0.09421
D. simulans 18 27,894, 27,519 5.4, 2.3 0.05975 0.06056 0.14028 0.14219
D. yakuba 23 27,894, 28,834 12.6, 6.1 0.03272 0.03165 0.06759 0.06538
D. erecta 11 27,894, 28,221 12.6, 6.1 0.01565 0.01547 0.03232 0.03195
D. ananassae 183 27,894, 33,167 44.2, 20 0.07421 0.06242 0.16401 0.13794
D. pseudoobscura 218 27,894, 30,794 54.9, 24.3 0.07118 0.06447 0.15693 0.14215
D. persimilis 224 27,894, 31,655 54.9, 24.3 0.07314 0.06445 0.16125 0.14209
D. willistoni 341 27,894, 31,708 62.2, 36.3 0.09827 0.08645 0.16839 0.14813
D. virilis 313 27,894, 35,495 62.9, 39.2 0.08920 0.07010 0.14313 0.11248
D. mojavensis 325 27,894, 34,148 62.9, 39.2 0.09262 0.07565 0.14861 0.12140
D. grimshawi 325 27,894, 34,503 62.9, 39.2 0.09262 0.07488 0.14861 0.12015

All rates were calculated using D. melanogaster as the reference species. Synteny blocks with respect to D. melanogaster (D. mel) are
used to estimate a lower bound for the number of chromosomal disruptions on Muller element E. Rates are calculated using two
estimates for chromosome sizes (one for D. melanogaster and the other for each individual species based on scaffolds mapped to
that chromosome) (Schaeffer et al. 2008) and two estimates for species divergence times: A (Tamura et al. 2004) and B (Russo
et al. 1995). For each divergence time estimate (A, B), two sets of rates are shown, first using the D. melanogaster chromosome size
and then second using the species’ estimated chromosome size.

Rearrangement in Drosophila 1673



(Bartolome and Charlesworth 2006). Within sub-
groups, we observe discordant rearrangement rates in
species equidistant from D. melanogaster (D. yakuba and
D. erecta, for example), similar to those observed in a
smaller study (Vieira et al. 1997). We observe similar
rearrangement rate patterns across all chromosomes
(data not shown). Our observations for Muller ele-
ment A confirm earlier studies regarding a higher rate
of evolution for the D. melanogaster X chromosome
(Charlesworth et al. 1987). We find the average size
of synteny blocks to be lower, as mentioned before.
Additionally, we find rearrangement rates calculated for
this element to be higher than those for other elements
(Table 6).

We observed a major difference in the rate of
rearrangement between the Sophophora and the Dro-
sophila subgenera. This may result from differences in
polymorphism levels within species of these subgenera
(Sperlich and Pfriem 1986). Members of the obscura
and willistoni groups are quite polymorphic for para-
centric inversions (Da Cunha et al. 1950; Da Cunha
and Dobzhansky 1954; Dobzhansky and Sturtevant
1938; Valente and Morales 1985; Krimbas 1992;
Valente et al. 1993). Thus, the fixed rearrangement
differences may result from higher levels of rearrange-
ment polymorphism within these lineages. Another
factor that could explain the elevated fixation rates
within the Sophophora is that Sophophora have a
shorter generation time (Markow and O’Grady 2007)
compared to Drosophila species.

Alternatively, inferred ancestral gene adjacency dis-
ruption information from the NGP method was used
to infer rearrangement rates (see materials and

methods). These rates are within the same order of
magnitude as our results using syntenic block informa-
tion (supplemental Table S4).

Large conserved synteny blocks: Our list of multi-
species conserved blocks includes some previously
studied blocks. For example, members of the Osiris
gene family (Dorer et al. 2003) are inferred to be part of
large conserved blocks on Muller element E (block nos.
47 and 48, CG1154–CG31559 and CG15595–CG18048)

along with strong gene order conservation evidence
from various outgroup insect species (see supplemental
material). Additionally, these genes show a high level of
embryonic expression correlation, in D. melanogaster
(Tomancaket al. 2002), with other genes in their blocks.
These two blocks are conserved as a single large block in
all species (and hence the completeOsiris gene family of
20 genes is conserved as a contiguous block). However,
inD.willistoni, the intermediate genes (CG15597,CG15594)
betweenOsi12 andOsi13 could not be placed in syntenic
locations, resulting in these genes being reported as
part of two blocks (see materials and methods).

In an earlier study, Zdobnov and Bork (2007) as-
sumed random gene order between genomes and
estimated the probability of a minimal conserved syn-
tenic block (two orthologs next to each other with at
most a single gene separating them) for a data set of 4632
orthologs across various insect species. They reported
the probability to be in the range of P, 43 10�3 for two-
way synteny and P, 43 10�6 for three-way synteny. In a
data set of 8967 genes (Bhutkar et al. 2007a) that we
found strong orthology for across all Drosophila species,
if we assume random gene order between genomes we
estimate the probability of a gene having the same
neighbor in the other genomes as P , 1 3 10�4 for
two-way synteny and P , 1 3 10�8 for three-way synteny.

Analysis of the cross-genus conserved blocks suggests
various hypotheses for their conservation. We see
few cases of functional clustering on the basis of avail-
able Gene Ontology annotation (Gene Ontology

Consortium 2001), where all or some of the genes
in a block have similar annotation for molecular or
biological processes: for example (see supplemental
material for a list of genes in numbered blocks), Muller
A, block 294 (6 genes, CG9676–CG4678) and block 4 (7
genes, CG3796–CG3923); Muller B, block 169 (9 genes,
CG8419–CG8282, conserved through outgroup spe-
cies); Muller D, block 81 (3 genes, Cpr64Aa, Cpr64Ab,
Cpr64Ac; all involved in larval cuticle structure, con-
served through outgroup species, similar to block 112);
and Muller E, block 55 (13 genes, Taf1-Ccp84Aa, 8
involved in larval cuticle structure). On the other hand,

TABLE 6

Chromosomal rearrangement rates for four representative species across all Muller elements

Species Muller A Muller B Muller C Muller D Muller E

D. willistoni 0.12777 0.10045 0.08604 0.05916 0.10248 0.07007 0.08468 0.06637 0.09827 0.08645
D. virilis 0.11259 0.07619 0.08008 0.06208 0.09388 0.06950 0.07207 0.06244 0.08920 0.07010
D. mojavensis 0.11332 0.07772 0.07722 0.05239 0.09702 0.07308 0.07241 0.06138 0.09262 0.07565
D. grimshawi 0.11911 0.09897 0.07936 0.06601 0.09781 0.08420 0.07276 0.06860 0.09262 0.07488

All rates are calculated with respect to D. melanogaster as the reference species. Rates shown are calculated using divergence
estimates (Tamura et al. 2004) of 62.2 MY and 62.9 MY, respectively, for D. willistoni and the subgenus Sophophora species with
respect to D. melanogaster. The first number for each element uses the D. melanogaster chromosome size to estimate the rate and the
second number uses the size for each species based on the genome assembly (similar to Table 5). We observe chromosomal evo-
lution rates for Muller A (D. melanogaster chromosome X) to be consistently higher compared to other Muller elements.
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there are conserved blocks composed of genes with
seemingly unrelated functional (gene ontology, GO)
annotation: for example, Muller B, block 122 (7 genes,
CG9553–CG9098). We also explored expression corre-
lation of genes within a syntenic block, utilizing pre-
viously published embryonic gene expression studies in
D. melanogaster. We find �60% of these genes to have a
correlation coefficient.0 when compared to their pre-
ceding gene in a block. The percentage of genes that
have a positive average correlation coefficient with all
other genes in their block is also �60%. This is lower
than the �80% of genes that exhibit positive correla-
tion, reported in a previous study (Stolc et al. 2004)
utilizing full life-cycle expression data. Our analysis
might be limited by embryonic expression data. How-
ever, when we look at individual blocks we see various
patterns of expression correlation (Figure 12) within
the large conserved blocks on each Muller element. If
expression correlation is indeed a driving factor in block
conservation, these patterns might suggest islands of
strong expression correlation (or networks of strong
correlation)within conservedblocks. Itmight bepossible
that a number of genes that do not share any functional
or expressional commonality with other genes might be
trapped within these islands (or networks) and hence
might be part of these conserved blocks. The boundaries
between syntenic blocks may include gene expression
insulator sequences (Dorman et al. 2007). Another
attribute we studied, tissue specificity during different
stages of embryonic development, does not appear to be
a dominating common factor between genes in the same
block (see supplemental information).

We also looked at the prevalence of natural trans-
posons (Kaminker et al. 2002) and P-insertion elements
(Spradling et al. 1995; Bellen et al. 2004) in D.
melanogaster within such conserved blocks. We find both
classes of elements (insertion sites) within conserved
blocks across the size spectrum. We focused on the prev-
alence of P-element insertion sites in some of the large
blocks. Selecting the top two blocks (in length) from
each Muller we get 14 large blocks (there are multiple
blocks of the same size on the same Muller in some
cases) of which 8 either have no P-element insertion sites
that disrupt the spanof a gene orhave insertion sites that
disrupt genes only at the edges of these blocks (see
supplemental information). The remaining blocks have
a small number of genes (up to three) that are not on the
edges of these blocks that are disrupted by P-element
insertion sites. These observations raise the question of
whether genes in conserved blocks resist disruption by
insertion elements. Genes on the edges that seem to be
interrupted by insertion elements, as well as the few
genes within blocks that are interrupted, might be
trapped within the islands (or networks) of strong
expression correlationwithin these blocks. Further study
with gene expression data from multiple species would
be needed to explore this possibility.

It is possible that one or more of these hypotheses
might contribute to the strong conservation of gene
order across these species: Functional clustering and
expression correlation (islands or networks within
blocks)might in part be responsible for themultispecies
conservation. This analysis is limited by the availability of
expression data for various species. Further gene ex-
pression studies in the non-D. melanogaster species are
necessary to demonstrate that genes within these clusters
have maintained correlated regulation patterns.
In a previous study, Spellman and Rubin (2002)

identified 3199 genes in D. melanogaster that are part of
210 separate blocks of neighboring genes with similar
expression patterns (embryonic and adult). When we
compare these D. melanogaster results with our multispe-
cies data set, we find that .50% of the genes in 155 (of
210) of these D. melanogaster (Spellman and Rubin
2002) blocks are part of our multispecies conserved
blocks (.80% of the genes in 70 blocks). Overall, 1823
of the 3199 genes were found to exist in some
multispecies conserved blocks. One of the hypotheses
put forth by Spellman andRubin is that theremight be a
core set of genes that are adjacent as they might need to
be transcribed together, and the rest of the genes in a
blockmight just happen to get transcribed as chromatin
remodeling in that vicinity might enable this to happen.
A hypothesis resulting from their analysis is that if these
blocks containing genes with correlated expression
patterns are conserved across species, then there might
be an advantage to maintaining such gene adjacencies.
We observe many of these blocks to be conserved across
species, supporting the hypothesis that there might
indeed be an evolutionary advantage. Furthermore, we
find the boundaries of these blocks to include genes
beyond the Spellman–Rubin blocks in D. melanogaster,
implying that the edges of the blocks might contain
genes that are ‘‘along for the ride’’ (complementary to
the notion put forth by Spellman and Rubin for genes
beyond the core set of expression-correlated genes)
from a conservation perspective (and might not neces-
sarily be correlated from an expression perspective).
For example, block 413 (Figure 12) has a core set of 9
genes from CG13616 to CG13613 that are part of a
Spellman–Rubin block of correlated expression in
D. melanogaster. We find an additional 9 genes to be con-
served across species on either side of the block. Sim-
ilarly, for multispecies conserved block 280 (Figure 12)
we find 1 gene (CG31839) on one side and 9 genes
(CG15288–CG4501) on the other side of a core block
of 4 genes (CG8930–CG16873) in the Spellman–Rubin
D. melanogaster set. All of block 457 is found in both
data sets. However, interestingly, none of the multispe-
cies conserved block 47 (Osiris cluster in Figure 12) was
identified as a block of expression-correlated adjacent
genes in the Spellman–Rubin D. melanogaster set.
D. willistoni and the rearrangement phylogeny: The

currently understood placement of D. willistoni, a
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Figure 12.—Embryonic gene expression correlation within some of the larger multispecies conserved blocks for each Muller
element. Red squares indicate significant positive correlation (P, 0.05) and blue squares indicate significant negative correlation.
Block identifiers refer to their tags in the supplemental material. Although some blocks exhibit high levels of positive correlation
(like Muller E block 47, which contains the Osiris gene cluster; see discussion), others show different patterns. These plots raise
the possibility of islands and networks of positive gene correlation that might select for these genes to be conserved in their order
or proximity to each other (see discussion for details). For example, blocks 457 and 413 on Muller E have a major chunk each of
positively correlated genes devoid of any negative correlation in these chunks. Further, they show positive correlation with some
genes outside these chunks, which might hold the whole block together. Blocks 155 (Muller A) and 280 (Muller B) show patterns
where some negatively correlated genes might be trapped within blocks (for example bgm in block 280). We find areas of overlap
between our set of cross-species conserved blocks and blocks determined by Spellman and Rubin (2002) in a study based on
expression analysis in D. melanogaster. Areas of overlap are shown boxed (in dashed lines). See text for an analysis of the overlap
and discussion related to cross-species conservation and expression profiles.
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species of the subgenus Sophophora, is very close to
the split (62.9 MYA) between the two subgenera
(Sophophora and Drosophila) of the genus Drosophila
(Tamura et al. 2004). D. willistoni is known to have
extensive gene arrangement polymorphism on all
chromosomes (Da Cunha et al. 1950, 1959; Da Cunha
and Dobzhansky 1954; Valente and Araujo 1985,
1986; Valente et al. 1993, 2001, 2003; Rohde 2000;
Rohde et al. 2005) as observed from chromosomal
variability in natural populations.

As a result of its higher rate of intraspecific poly-
morphism and significantly large independent evolu-
tionary time compared to other species, computational
methods seem to demonstrate some ambiguity in its
phylogenetic placement. The ambiguity arises because
of the elevated level of sequence and gene-order
evolution that leads to a significantly long lineage
leading to D. willistoni. Most phylogenetic reconstruc-
tion software tends to force D. willistoni to be the out-
group on the basis of elevated evolutionary rates. For
example, gene trees with PHYLIP (Felsenstein 1989)
constructed using concatenated SRP54 and SRP19
amino acid sequences (genes thought to be under
minimal species-specific selection) for various species
(Drosophila 12 Genomes Consortium 2007) (rana.
lbl.gov/drosophila) do not match the currently ac-
cepted phylogeny (Powell 1997) (supplemental Figure
S2). Rearrangement-based trees are similarly affected as
a result of its early divergence from all other species in
our set. This also highlights one of the limitations of
such computational approaches in dealing with species
that have large divergence times and where we lack the
genome sequence of an evolutionarily close species for
comparison. The NGP clustering algorithm based on
maximizing exclusively shared NGPs suggests two solu-
tions for the placement of D. willistoni. The first solution
placesD. willistoni as an outgroup to all otherDrosophila
species (which are clustered with 687 NGPs). The
second solution clusters it with the subgenus Sopho-
phora species on the basis of 396 NGPs. The weaker
solution matches the currently accepted phylogenetic
partitioning of the genus Drosophila. Additionally, a
genome assembly error was uncovered in D. willistoni on
the basis of syntenic analysis (involving Muller elements
C and D) and the Muller elements E and F have un-
dergone fusion in these species. As a result of these
issues, we eliminated D. willistoni from the set of species
used to estimate rearrangement rates on the basis of the
micro-inversion-based method employed by the NGP
approach. Similarly, the low-coverage mosaic assembly
of D. simulans was also set aside for this NGP compar-
ison. In line with these observations, D. willistoni also
exhibits a higher rate of rearrangement compared to
other species (Tables 5 and 6).

Rearrangement breakpoints are reused: Pairwise
comparisons of gene order among the seven species in
the genus Drosophila using linkage chain analysis dem-

onstrate that there is a high degree of breakpoint re-
usage. All pairwise comparisons clearly reject a breakage
model that assumes that breakpoints are introduced
on the basis of a uniform distribution. This does
not, however, rule out the possibility that some other
distribution other than the uniform may underlie the
introduction of breakpoints. On the other hand, most
pairwise comparisons fail to reject a breakpoint hot/cold-
spot model using a uniform sampling of a subset of sites
along the chromosome. The hot- and cold-spot model
can be explained either by how inversion mutations are
introduced or by the process that new inversions are
fixed in populations. The mutation hypothesis suggests
that particular sites on the chromosome are more
susceptible to double-strand breaks either because of
repetitive sequences (Richards et al. 2005) or because of
transcriptional initiation of double-strand breaks.
Several mechanisms have been suggested for the

generation of genome rearrangements in Drosophila.
The first model of rearrangement was popularized with
the discovery of transposable elements in Drosophila
genomes (Engels and Preston 1984; Lim 1988). The
transposable-element model proposed that these re-
petitive sequences act as sites for ectopic exchange
within chromosomal arms, leading to rearrangement.
Sequences at inversion breakpoints have (Mathiopoulos

and Lanzaro 1995; Mathiopoulos et al. 1998, 1999;
Cáceres et al. 1999, 2001) and have not found repetitive
sequences at the breakpoints of gene arrangements
(Wesley and Eanes 1994; Andolfatto and Kreitman
2000; Anderson et al. 2005; Matzkin et al. 2005).
Several studies of rearrangement breakpoints have
shown that the gene duplications often accompany
the rearrangement event (Matzkin et al. 2005; Ranz
et al. 2007). Repeat sequences are observed at rearrange-
ment breakpoints; however, not all species have repeats
and we did not find evidence for an elevation of repeat
sequences in reutilized breakpoints. Extant breakpoint
sequences may not, however, reflect what repeats
existed at the time of the rearrangement events in an
ancestral lineage.
The second mutational mechanism is based on the

observation that derived inversions tend to be more
distal to the ancestral rearrangements (Novitski 1946).
Novitski (1946) thought that the sites of breakpoint
pairing in gene-arrangement heterozygotes would be
susceptible to new double-strand breaks, creating a
new arrangement with breakpoints more distal to the
ancestral ones. This model is consistent with observa-
tions of the coincidence or reusage of rearrangement
breakpoints on cytological maps within and among
species (Lemeunier and Ashburner 1976; Olvera

et al. 1979). Modest support for this model was found
in species with extensive inversion polymorphism as
well as from knowledge of ancestry of the different
karyotypes (Dobzhansky 1944; Novitski 1946). To
adequately test this model, we need to know if the
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sequence of rearrangement events that converted the
common ancestral gene order into the current gene
order used increasingly more distal breakpoints. At this
point, the history of inversion events on the different
Drosophila lineages is not clear. Thus, approaches that
infer the sequence of inversion down each lineage
may provide valuable insights about the mutational
mechanisms.

The fixation hypothesis leaves open the possibility
that all sites are free to be an inversion breakpoint, but
differential fixation of inversions leads to the appear-
ance of nonrandom distribution of breakpoints. Purify-
ing selection could remove new inversion mutations if
one or both breakpoints occur within the boundary of a
gene or disrupt regulatory sequences. Careful investi-
gation of the sequences at syntenic blocks is needed to
address this possibility. Another possibility is that
selection could remove inversions that break up co-
ordinately expressed genes. Positive Darwinian selec-
tion could promote the fixation of new chromosomal
inversions (Charlesworth and Charlesworth 1973;
Charlesworth 1974) by capturing sets of genes that
allow local adaptation (Kirkpatrick and Barton
2006), by capturing suites of epistatically interacting
genes (Dobzhansky 1950), or by a combination of both
mechanisms.

Concluding remarks: The Drosophila 12 genomes
project has provided a glimpse into the potential forces
that shape the organization of genes on chromosomes
and into the rates of chromosomal evolution. Micro-
and macro-inversions have acted to reorganize genes
within the genome. Purifying selection appears to be the
predominant force that acts on gene-order changes. An
important finding of this research is that information at
syntenic block boundaries carries information about
the past history of rearrangements and offers the
possibility to easily reconstruct that history. It also
highlights conservation of gene-ordered blocks across
species, their expression correlation, and the evolution-
ary process of gene-order scrambling.
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