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Abstract

Two Drosophila pseudoobscura genomic clones have sequence similarity to the Drosophila melanogaster amylase region that maps
to the 53CD region on the D. melanogaster cytogenetic map. The two clones with similarity to amylase map to sections 73A
and 78C of the D. pseudoobscura third chromosome cytogenetic map. The complete sequences of both the 73A and 78C
regions were compared to the D. melanogaster genome to determine if the coding region for amylase is present in both
regions and to determine the evolutionary mechanism responsible for the observed distribution of the amylase gene or
genes. The D. pseudoobscura 73A and 78C linkage groups are conserved with the D. melanogaster 41E and 53CD regions,
respectively. The amylase gene, however, has not maintained its conserved linkage between the two species. These data
indicate that amylase has moved via a transposition event in the D. melanogaster or D. pseudoobscura lineage. The predicted
genes within the 73A and 78C regions show patterns of molecular evolution in synonymous and nonsynonymous sites that
are consistent with previous studies of these two species.

Conserved synteny occurs when two or more homologous
genes are located on the same chromosome in two or more
species. Conserved linkage occurs when two or more
homologous genes are syntenic and are in the same order
on the chromosome in two or more species (Ehrlich et al.
1997). The genes within the Drosophila genome are organized
into six chromosomal elements or syntenic groups that have
been conserved during evolution (Ashburner 1989; Muller
1940; Sturtevant and Novitski 1941). The hybridization of
conserved DNA probes to the polytene chromosomes of the
salivary chromosomes of Drosophila have supported the
conserved synteny of the six chromosomal elements (Ranz et
al. 1997, 2001; Segarra and Aguade 1992; Segarra et al. 1995,
1996; Steinemann 1982; Steinemann et al. 1984), but have
suggested that paracentric inversions have provided a power-
ful mechanism to break up conserved linkage groups (Ranz
et al. 2001).

The third chromosome of Drosophila pseudoobscura is
polymorphic for more than 30 gene arrangements that were
generated through a series of overlapping paracentric

inversions. The a-amylase gene maps to the third chromo-
some of D. pseudoobscura (Yardley 1974) and was cloned to
test hypotheses about the origin of paracentric inversions
and how evolutionary forces have maintained the gene
arrangements (Aquadro et al. 1991). The a-amylase region
was cloned from D. pseudoobscura (Aquadro et al. 1991) using
DNA clones that contained the Drosophila melanogaster

amylase region (Gemmill et al. 1985). The putative amylase
clones that were isolated from the D. pseudoobscura genomic
library mapped to two different locations on the D.

pseudoobscura third chromosome. The first clone family
mapped to section 73A (Aquadro et al. 1991), while the
second family of clones mapped to section 78C (Bernhardt
1997).

The 73A region encodes one to three amylase genes
(Aquadro et al. 1991; Brown et al. 1990; Popadic et al. 1996)
depending on which of the 30 gene arrangements is
examined. The common ancestor of D. pseudoobscura gene
arrangements is postulated to have had three a-amylase
genes, and several descendant gene arrangements sub-
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sequently lost genes through deletion events (Popadic et al.
1996). Only a single gene, Amy 1, is associated with all gene
arrangements and is the only gene that produces a functional
AMY protein (Hawley et al. 1990). The D. melanogaster

amylase region is located at section 53CD on the
cytogenetic map (Flybase Consortium 1999) and encodes
two functional amylase genes, a proximal and distal amylase
(Bahn 1967; Boer and Hickey 1986; Levy et al. 1985).
Phylogenetic analysis shows that the duplication events of
the D. melanogaster and D. pseudoobscura a-amylase genes
occurred after the two species diverged (Figure 1) (Brown
et al. 1990). What was not clear is whether the 78C
cytogenetic region of D. pseudoobscura also encodes a func-
tional a-amylase gene.

There are two broad explanations for why two regions
of the third chromosome in D. pseudoobscura are similar to
a-amylase. First, one of several a-amylase copies was moved
to a new location through a paracentric inversion. The
a-amylase gene appears to be capable of repeated duplication
events and diversification to new functions (Bahn 1967; Boer
and Hickey 1986; Brown et al. 1990; Da Lage et al. 1998;
Levy et al. 1985; Popadic et al. 1996). A newly discovered
divergent amylase gene, amylase-related, raises the possibility
that the 78C region may harbor a dispersed member of the
gene family (Da Lage et al. 1998). In this case we might
expect to see a break in conserved linkage groups that flanks
a copy of the a-amylase gene at the 73A and 78C cytogenetic
locations when the D. pseudoobscura and D. melanogaster

genomes are compared. The second alternative is that
a duplicate a-amylase gene moved via a transposition event.
Duplication and transposition of the exuperantia locus in the
D. pseudoobscura lineage led to one copy on the third
chromosome (exu1) and a second copy on the X
chromosome (exu2) (Luk et al. 1994). In the case of the a-
amylase genes, we might expect to see a duplicate a-amylase
gene inserted into a linkage group that is conserved between
D. pseudoobscura and D. melanogaster.

This article presents a nucleotide sequence comparison
of the 73A and 78C sections of the D. pseudoobscura third
chromosome with the conserved linkage groups from the
D. melanogaster genome. We will show here that the D.

pseudoobscura 73A and 78C linkage groups are conserved with
the D. melanogaster 41E and 53CD regions, respectively. The
a-amylase gene, however, has not maintained its conserved
linkage between the two species. These data suggest that the
a-amylase locus has shifted its location via a nonreplicative
transposition event in either the D. pseudoobscura or D.

melanogaster lineage.

Materials and Methods

Nucleotide Sequences of the D. pseudoobscura 73A and
78C Regions

A 12.6 kb clone that maps to section 78C on the D.

pseudoobscura cytogenetic map was digested with the EcoRI

Figure 1. Comparison of the 53CD region of D. melanogaster with the 78C region of D. pseudoobscura. A horizontal line represents

the sequence of each species. The shaded boxes indicate conserved sequence blocks between the two species. Conserved

blocks shown above the line indicate that the sequence is on the positive DNA strand and shown below the line indicate that

the sequence is on the opposite strand. The lines between the two sequences help to line up the conserved sequences between the

two species. Gene regions are shown on the plus strand (black arrow) and minus strand (gray arrow). The central section of

the sequence is inverted in D. pseudoobscura and is indicated by circular arrows. Three randomly repeated sequences are drawn

as blocks with arrows on the D. pseudoobscura sequence. The original D. melanogaster plasmid clone that was used to isolate the

F6 clone is shown above the D. melanogaster sequence and indicated by pDM3.8.
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restriction endonuclease into four fragments 2.9 kb, 3.8 kb,
1.5 kb, and 4.6 kb in length. These EcoRI fragments were
subcloned into the plasmid sequencing vector pWSK29
(Wang and Kushner 1991) using the methods described in
Bernhardt (1997). A total of 97 oligonucleotide primers
(18 bp each) were used to sequence across each plasmid
subclone in both directions. Three polymerase chain reaction
(PCR) products that straddle the three internal EcoRI sites
were sequenced to confirm that the order of the four EcoRI
fragments was correct. An additional six primers were used
to sequence the PCR fragments. Sequences were determined
on an ABI Model 373 DNA Stretch automated sequencer
at the University of Georgia or a Beckman CEQ2000
automated sequencer at Penn State. The sequences were
assembled with the GCG (Madison, WI) nucleotide
sequence analysis software. In addition, a 73 kb contig from
D. pseudoobscura 78C was obtained (Contig1060; Human
Genome Sequencing Center 2003) to determine the degree
of conserved linkage of the 78C region with its counterpart
in theD. melanogaster genome. A 185 kb scaffold sequence for
the 73A region was obtained from the first freeze assembly
of the D. pseudoobscura whole genome shotgun (Contig6731_
Contig3011; Human Genome Sequencing Center 2003).

Nucleotide Sequence Analysis

The 12 kb sequence of the 78C clone was submitted to the
GenBank (Benson et al. 2002) database (accession no.
AF476111). We used BLAST (Altschul et al. 1997) to
compare the three D. pseudoobscura sequences (185 kb
sequence for the 73A region and the 12.6 and 73 kb
sequences for the 78C region) with the GenBank database
(Benson et al. 2002). All searches of GenBank were limited
to the 1.7 million sequence accessions currently available for
D. melanogaster. The statistical significance of matches was
determined based on the E value of the alignment score. The
E value is a measure of the number of sequences in
GenBank expected to have an alignment score less than or
equal to the observed accession (Altschul et al. 1997). We
chose an E value cutoff of 5 3 10�9, which is the E value
whose expected number of random matches to the 1.7
million D. melanogaster sequences is 0.01.

The alignment of sequences was achieved with the
MEGALIGN program within the LASERGENE package of
DNA sequence analysis software (Madison, WI). Molecular
evolutionary sequence analysis was completed with DnaSP
3.50 (Rozas and Rozas 1999) and MEGA 2.0 (Kumar et al.
2001).

Results

Sequence of the 78C Region of D. pseudoobscura

The complete sequence of the clone from theD. pseudoobscura

78C region is 12,592 bp in length. There is a slight A/T bias
in the sequence, but the difference is not statistically
significant from a 50:50 ratio of A/T (50.6%) to G/C
(49.6%) with a chi-square goodness-of-fit test (v2 ¼ 1.64,
df ¼ 1, P ¼ .19).

GenBank Searches

The 12.6 kb sequence from 78C of D. pseudoobscura matched
eight D. melanogaster accessions with an E value less than 53
10�9. All of these accessions map to section 53CD on the D.

melanogaster cytogenetic map. Two accessions, AC099032 and
AC007520, were genomic sequences from D. melanogaster

BAC clones of 163 and 171 kb, respectively. One accession,
AE003804, was a 260 kb genomic scaffold assembled in the
Drosophila genome project (Adams et al. 2000). The other five
accessions matched short cDNA or genomic sequences in
the region.

The 12.6 kb sequence from 78C may not provide
a complete picture of the degree of conserved linkage
between D. melanogaster and D. pseudoobscura because this
cloned sequence is relatively small. We used this 12.6 kb
sequence to identify a 73.7 kb contig from the D.

pseudoobscura whole genome shotgun assembly (Contig1060;
Human Genome Sequencing Center 2003). Contig1060
matched 40 D. melanogaster accessions with an E value less
than 5 3 10�9, including the two BAC clones (AC099032
and AC007520) and the genomic scaffold (AE003804) found
with the shorter 78C sequence. This BLAST search also
found a match to an additional 158 kb BAC clone
(AC005713). Thirteen of the matched accessions were
between the cytosolic leucine tRNA genes CR30234 and
CR30235 in the 78C region and similar tRNA genes of D.

melanogaster at four locations in the genome. The last 23
matched accessions were to short cDNA or genomic clones
in the 78C region. The 260 kb genomic scaffold AE003804
was used in all comparisons of the D. pseudoobscura 78C
region with the 53CD conserved linkage group of D.

melanogaster.
The 185 kb sequence (Contig6731_Contig3011) from D.

pseudoobscura 73A matched 123 GenBank (Benson et al. 2002)
accessions within the D. melanogaster database (E values less
than 53 10�9). Six accessions either matched the first 94 kb
or the last 91 kb of Contig6731_Contig3011 due to a break in
conserved linkage in the sequence. Three D. melanogaster

accessions—AE003811, AC008343, and AE003810—map
to 51E on chromosome 2R in D. melanogaster and match
sequences in the first 94 kb of Contig6731_Contig3011.
The other three D. melanogaster accessions—AC007054,
AE003785, and AC009847—map to 41D of chromosome
2R in D. melanogaster and match sequences in the last 91 kb of
Contig6731_Contig3011. We used the D. melanogaster

accession AE003785 for comparisons to D. pseudoobscura

Contig6731_Contig3011 because the three a-amylase genes
map within the last 91 kb of this genomic scaffold. The other
117 accessions match short cDNAs or genomic sequences.

Comparison of 53CD in D. melanogaster with
78C in D. pseudoobscura

The cytological section 78C in D. pseudoobscura corresponds
to cytological position 53CD on the D. melanogaster map
based on the conserved linkage shared between the two
regions. The comparison of theD. melanogaster and 12.6 kbD.
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pseudoobscura sequences found 48 segments with an average
similarity of 90% that were distributed uniformly across the
region (Figure 1). The sizes of the conserved domains varied
from 22 to 131 bp. The 25 and 10 conserved sequences at the
59 and 39 ends of the aligned regions match directly, while the
matching central domain matches on the complementary
DNA strand. These data suggest that the central region has
inverted since the two species diverged.

The D. melanogaster sequence has two a-amylase genes,
Amy-p and Amy-d, which are divergently transcribed on the
chromosome (Figure 1). In addition, there are four predicted
genes located within the D. melanogaster region—CG15611,
CG10956, CG15605, and CG15918. In contrast, the 78C
region of D. pseudoobscura lacks both a-amylase genes and the
predicted CG10956 gene. D. pseudoobscura does have
CG15605 and parts of CG15611 and CG15918, but a larger
contig from the whole genome shotgun shows that CG15611
and CG15918 are conserved in this region. In addition, the
intron-exon structure of these three genes is conserved. The
region occupied byAmy-d and CG10956 inD. melanogaster has
been reduced from 3845 to 537 bp in D. pseudoobscura, while
the region occupied by Amy-p in D. melanogaster has not
changed significantly in size in D. pseudoobscura.

The CG15605 gene appears to have duplicated in D.

pseudoobscura lineage based on dot plot analysis and on
translated BLAST searches with the 78C region sequence.
This second copy of CG15605 is on the opposite strand from
the D. melanogaster homologue of the CG15605 gene, is
located near the central microinversion, and appears to be
a pseudogene (see below).

One might argue that the 12.6 kb sequence from D.

pseudoobscura 78C is too small to infer the degree of conserved
linkage between the two species. Comparison of Contig1060
from the D. pseudoobscura genome project with the D.

melanogaster 53CD region shows that the conserved linkage
extends over at least 73.7 kb (Figure 2).

Comparison of 41E in D. melanogaster with
73A in D. pseudoobscura

The conservation of genes between 41E in D. melanogaster

and 73A in D. pseudoobscura is shown in Figure 3. Six genes
map to the D. melanogaster 41E region: CG7791, gp120,

BEST:CK02137, Or42a, CG14468, and Or42b. Amylase is
absent from 41E of D. melanogaster. Five of the six genes
found in D. melanogaster map to the 73A region of D.

pseudoobscura: CG7791, gp120, BEST:CK02137, Or42a, and
Or42b. The CG14468 gene is not detected in D. pseudoobscura

and the Or42a gene has duplicated into a proximal and distal
copy, Or42a-p and Or42a-d. The direction of transcription of
these five genes is the same in the two species with the
exception of the Or42a genes, which have reversed their
orientation in one of the species. Two complete a-amylase
genes, Amy 1 and Amy 2, and a partial amylase gene, Amy 3,
are inserted into the D. pseudoobscura 73A region between the
BEST:CK02137 and the Or42a-p genes, which led to an
expansion of the region. A short segment, 613 bp in D.

melanogaster and 691 bp in D. pseudoobscura, is conserved
between the two species and is located between
BEST:CK02137 and the Or42a genes in D. melanogaster and
between Amy 2 and Amy 3 in D. pseudoobscura. All genes had
similar intron-exon structure except for CG7791, which has
two introns in D. melanogaster and three introns in D.

pseudoobscura.

Molecular Evolutionary Comparisons of
Genes in D. melanogaster and D. pseudoobscura

We estimated the frequency of synonymous and non-
synonymous changes between the two species for the genes
in the two chromosomal regions (Figures 1 and 3) (Li et al.
1985). The complete sequences of the CG15611 and
CG15918 predicted genes were obtained from Contig1060

Figure 2. Comparison of the 53CD region of D. melanogaster with the 78C region of D. pseudoobscura. A horizontal line

represents the sequence of each species. The beginnings and ends of the coding sequences are shown for genes on the plus

(white boxes) or minus DNA strands (black boxes). The arrows between the two sequences help to line up the conserved

genes between the two species. ‘‘CG’’ prefixes indicate predicted protein encoding genes and ‘‘CR’’ prefixes indicate cytosolic

tRNA genes that are 100% conserved between the two species.

467

Schaeffer et al.� Comparative Genomics of the Amylase Region



(Human Genome Sequencing Center 2003). Estimates of

synonymous and nonsynonymous changes between D.

melanogaster and D. pseudoobscura amylase genes have been
published previously (Brown et al. 1990). Synonymous sites

have changed more frequently than nonsynonymous sites in

the nine compared genes in the two chromosomal regions.

Estimates of synonymous and nonsynonymous changes

between D. melanogaster and D. pseudoobscura have been

published previously (Brown et al. 1990). The surprising
result is that the number of nonsynonymous substitutions

per site is quite high in CG15605 and Or42b, with 35.7% and

48.8%, respectively, of the sites changing between the two

species. The frequency of synonymous and nonsynonymous

changes between the proximal and distal copies of the Or42a

gene within D. pseudoobscura is less than that observed
between D. melanogaster and D. pseudoobscura for the other

genes. Given that CG15605 was predicted with in silico

analyses, one might suggest that the high level of change in

nonsynonymous sites reflects a comparison of nonfunctional

DNA rather than protein coding regions. CG15605,

however, is likely to produce a functional gene because

a partial expressed sequence tag (EST) of CG15605 has been
isolated from a D. melanogaster 0–3-day-old testes-specific

cDNA library (Flybase Consortium 1999) and has been

detected with microarray analysis (Andrews et al. 2000).
A second CG15605 gene segment was identified in a dot

plot analysis and appears to be a pseudogene that we
designate CG15605w (Figure 1). This gene segment is found
only in D. pseudoobscura and not D. melanogaster. Several pieces
of evidence suggest that CG15605w is now a pseudogene.
First, the start codon is missing from CG15605w. Second,
the gaps assumed to maximize the similarity of the nucleotide

amino acid sequence alignment lead to frameshift mutations
in the amino acid sequence. Finally, the estimates of the
frequency of synonymous and nonsynonymous changes
show a nearly equivalent amount of change in the two classes
of mutation, with a slight bias for synonymous substitutions
(Table 1).

Discussion
Rearrangement of the Amylase Region Between
D. melanogaster and D. pseudoobscura

The 78C region of D. pseudoobscura and the 53CD section of
theD. melanogaster genome are conserved linkage groups. The
amylase genes, however, are no longer part of this conserved
linkage group because the D. pseudoobscura amylase genes are
now located within section 73A on the D. pseudoobscura

cytogenetic map (Aquadro et al. 1991). The amylase related
(Amyrel) gene is not located at the 78C region. The region
where the amylase gene is located in D. pseudoobscura (73A)
and 41E of D. melanogaster are conserved linkage groups. The
D. melanogaster pDm3.8 plasmid clone was able to hybridize
to the 73A and 78C regions ofD. pseudoobscura because the 59
region hybridized to conserved sequences at 78C, while the
39 region that contained amylase hybridized to the amylase
coding sequences at 73A.

The comparison of the D. pseudoobscura 73A and the 78C
regions with the conserved linkage groups of D. melanogaster

suggest that a transposition event rather than a paracentric
inversion was responsible for the relocation of the amylase
gene. If an inversion event had moved the amylase gene inD.

pseudoobscura, then we might expect parts of both the 73A and

Figure 3. Comparison of the 41D region of D. melanogaster with the 73A region of D. pseudoobscura. A horizontal line represents

the sequence of each species. The beginnings and ends of the coding sequences are shown for genes on the plus (white boxes) or

minus DNA strands (black boxes). Two amylase pseudogenes, Amy 2 and Amy 3, are indicated with gray boxes. The arrows

between the two sequences help to line up the conserved genes between the two species. ‘‘CG’’ prefixes indicate predicted protein

encoding genes.
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78C region to show conserved linkage with 53CD in D.

melanogaster. This was not the case. The D. pseudoobscura 78C
region had conserved linkage with the entire length of the D.

melanogaster 53CD region, except the D. melanogaster region
had two a-amylase genes and the D. pseudoobscura region had
none. The D. pseudoobscura 73A showed conserved linkage
with theD. melanogaster 41D region, except the D. melanogaster

region had no amylase genes and the D. pseudoobscura had
three amylase genes.

We were unable to directly infer if the transposition
occurred in the D. melanogaster or D. pseudoobscura lineage
from the comparison of these two genome regions. The
history of the amylase genes is confounded because these
loci are subject to frequent gene conversion events, which
can mask the relationships among genes (Popadic and
Anderson 1995; Zhang et al. 2002). Gene conversion will
tend to maintain the similarity of paralogous genes,
preventing the detection of the true history of duplicate
amylase genes. Thus we cannot infer with confidence the
ancestral copy of amylase in either species.

The critical feature that will help us to polarize the
transposition event is not comparisons among amylase
sequences, but genomic sequences that include the genes that
flank amylase. While there are many Drosophila amylase
sequences in GenBank, we were unable to find amylase
sequences that include flanking gene sequences for species in
the genus Drosophila. The Anopheles gambiae genome does not
provide any help to resolve this issue either. The A. gambiae
genome has an amylase homologue, but none of the flanking
genes resemble the genes linked to amylase in either
D. pseudoobscura or D. melanogaster. It is tempting to think
that the transposition occurred in D. pseudoobscura because of
the duplication of the CG15605 predicted gene and
subsequent decay of the new gene’s coding sequence. This
arrangement appears to have reduced the size of the amylase
region in D. pseudoobscura. This is speculation at best and will
require additional sequence data from an outgroup species
within either the willistoni or saltans subgroups to determine
the ancestral location of the amylase gene region.

Transposable elements can mediate the movement of
genes from one genomic location to another through
duplicative or nonduplicative transposition events (Li
1997). The regions that flank amylase in D. melanogaster or
D. pseudoobscura are not associated with any obvious trans-
posable elements. What we do know about the transposition
event is that the movement of the amylase gene was
associated with small-scale rearrangements at both chromo-
somal locations. The D. melanogaster 53CD/D. pseudoobscura

78C region has a 2.2 kb segment that is inverted between the
two species. The odorant receptor gene Or42a was inverted
in the D. melanogaster 41E/D. pseudoobscura 73A region and
duplicated in the D. pseudoobscura lineage. The movement of
the amylase gene was also coupled with a deletion event of
the original gene copy.

It is unclear from the sequence comparison what
happened to the predicted gene CG10956. If CG10956 is
an essential gene, then we would hypothesize that this gene
also transposed to section 73A along with amylase. We found
no evidence for the CG10956 gene at 73A inD. pseudoobscura,
nor is there any evidence for this gene in the D. pseudoobscura

genome (Human Genome Sequencing Center 2003). Either
this gene is an artifact of the gene prediction analysis, the
gene was deleted since D. melanogaster and D. pseudoobscura

shared a common ancestor, or the gene experienced a rapid
accumulation of nucleotide changes so that it is no longer
similar to the D. melanogaster gene.

Future Prospects

Comparison of the 73A and 78C regions of D. pseudoobscura

with the conserved linkage groups of D. melanogaster revealed
tantalizing patterns that may be a prelude of what will be
revealed when the complete genomes of these two species
are compared. It will be of interest to see how many
predicted genes are conserved between these two species and
what new genes may be found as a result of the comparison.
We are curious to know how often paracentric inversions

Table 1. Synonymous and nonsynonymous substitutions per nucleotide site for genes in the 41E/73A and 53CD/78C regions of
D. melanogaster and D. pseudoobscura

Gene Bases Synonymous Nonsynonymous

41E in D. melanogaster versus 73A in D. pseudoobscura

CG7791 2115 (2091) 1.936 ^ 0.226 0.115 ^ 0.009
gp210 5649 (5622) 1.615 ^ 0.098 0.205 ^ 0.008
BEST:CK02137 1584 (1449) 1.485 ^ 0.172 0.256 ^ 0.018
Or42a versus Or42a-p 1182 (1152) 2.606 ^ 0.740 0.125 ^ 0.013
Or42a versus Or42a-d 1182 (1152) 2.060 ^ 0.356 0.096 ^ 0.011
Or42b 1242 (966) 1.668 ^ 0.296 0.488 ^ 0.034

53CD in D. melanogaster versus 78C in D. pseudoobscura

CG15611 1413 (1374) 0.944 ^ 0.092 0.096 ^ 0.010
CG15605 510 (441) 2.204 ^ 0.733 0.357 ^ 0.040
CG15918 1233 (1194) 1.457 ^ 0.180 0.107 ^ 0.011

Paralogous genes within D. pseudoobscura

Or42a-p versus Or42a-d 1182 (1152) 0.172 ^ 0.028 0.052 ^ 0.008
CG15605 versus CG15605w 507 (485) 1.329 ^ 0.321 0.982 ^ 0.100
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split predicted genes on the chromosome and if these
rearrangements lead to the loss or gain of function. These
two regions revealed genes that have duplicated to form new
functional genes or pseudogenes. One gene was found to
have an additional intron in one species. Comparative
genomics between these two model Drosophila species will
allow careful quantification of the rates of these types of
changes. Finally, the D. melanogaster–D. pseudoobscura com-
parison may provide valuable insights into how chromo-
somes evolve in nature through transpositions and
inversions.
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