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ABSTRACT

The distal arm of the fourth (“dot”) chromosome of Drosophila melanogaster is unusual in that it exhibits an
amalgamation of heterochromatic properties (e.g:, dense packaging, late replication) and euchromatic
properties (e.g., gene density similar to euchromatic domains, replication during polytenization). To
examine the evolution of this unusual domain, we undertook a comparative study by generating high-quality
sequence data and manually curating gene models for the dot chromosome of D. wirilis (Tucson strain
15010-1051.88). Our analysis shows that the dot chromosomes of D. melanogaster and D. virilis have higher
repeat density, larger gene size, lower codon bias, and a higher rate of gene rearrangement compared to a
reference euchromatic domain. Analysis of eight “wanderer” genes (present in a euchromatic chromosome
arm in one species and on the dot chromosome in the other) shows that their characteristics are similar to
other genes in the same domain, which suggests that these characteristics are features of the domain and are
not required for these genes to function. Comparison of this strain of D. virilis with the strain sequenced by
the Drosophila 12 Genomes Consortium (Tucson strain 15010-1051.87) indicates that most genes on the dot
are under weak purifying selection. Collectively, despite the heterochromatin-like properties of this domain,
genes on the dot evolve to maintain function while being responsive to changes in their local environment.

UKARYOTIC genomes are packaged into two major
types of chromatin: euchromatin is gene rich and

Supporting information is available online at http:/www.genetics.org/
cgi/content/full/genetics.110.116129/DCI.

The improved D. wvirilis dot chromosome sequence data and gene
annotations have been deposited with the NCBI Entrez Genome Project
Database under project ID 41283.
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has a diffuse appearance during interphase, while
heterochromatin is gene poor and remains densely
packaged throughout the cell cycle (GREwAL and ELGIN
2002). The distal 1.2 Mb of the fourth chromosome of
Drosophila melanogaster, known as the dot chromosome or
Muller Felement, is unusual in exhibiting an amalgam-
ation of heterochromatic and euchromatic properties.
This domain has a gene density that is similar to the
other autosomes (BARTOLOME ef al. 2002; SLAWSON et al.
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2006). However, it appears heterochromatic by many
criteria, including late replication and very low levels of
meiotic recombination (WANG et al. 2002; ARGUELLO
et al. 2010). It exhibits high levels of association with
heterochromatin protein 1 (HP1) and histone H3 di-
and trimethylated atlysine 9 (H3K9me2/3), as shown by
immunofluorescent staining of the polytene chromo-
somes (RIDDLE and ELGIN 2006; SLAWSON et al. 2006).
This association with heterochromatin marks has
recently been confirmed by the modENCODE Project
[N. C. RippLE, A. MINODA, P. V. KHARCHENKO, A. A.
ALEKSEYENKO, Y. B. ScawArTZ, M. Y. TOLSTORUKOV,
A. A. GorcHAKOV, C. KENNEDY, D. LINDER-BASSO, J. D.
Jarre, G. SHANOWER, M. I. KUrODA, V. PIRROTTA, P. J.
Park, S. C. R. ErciN, G. H. KARPEN, and the
modENCODE Consortium (http://www.modencode.
org), unpublished results]. To understand this unique
domain and to examine the evolution of a region with
very low levels of recombination, we have undertaken
a comparative study using the dot chromosome of
D. virilis, a species that diverged from D. melanogaster 40—
60 million years ago (POWELL and DEsSALLE 1995). We
sequenced and improved the assembly of the D. virilis
dot chromosome and created a manually curated set of
gene models to ensure that both the assembly and the
gene annotations are at a quality comparable to those in
D. melanogaster. We then compared the sequence
organization and gene characteristics of the distal
portion of the D. wvirilis dot chromosome with the
corresponding region from the D. melanogaster dot
chromosome.

In addition to examining the long-term dot chromo-
some evolution, we also investigated the short-term dot
chromosome evolution by comparing the genomic
sequences from two different strains of D. virilis. Agen-
court Biosciences (AB) has previously produced a whole
genome shotgun assembly of Tucson strain 15010-
1051.87, while we have sequenced Tucson strain 15010—
1051.88 of D. virilis [the Genomics Education Partnership
(GEP) assembly]. The AB assembly has been improved
by the Drosophila 12 Genomes Consortium and re-
leased as part of the comparative analysis freeze 1
(CAF1) assembly (DrosopPHILA 12 GENOMES CONSORTIUM
et al. 2007).

Using the GEP and CAF1 assemblies from D. virilis, and
the high-quality D. melanogaster assembly and its gene
annotations from FlyBase (CrosBY el al. 2007), we
compared the gene properties and sequence organiza-
tion of the dot chromosomes and reference euchromatic
and heterochromatic domains. The dot chromosomes
from D. melanogaster and D. virilis are distinct from the
heterochromatic and euchromatic regions of the two
genomes, both in organization (e.g., repeat density) and
in characteristics of the genes (e.g., size, codon bias). The
two dot chromosomes resemble each other by most
criteria and differ onlyin the types of repetitive sequences
present and in relative gene order and orientation.

Despite the very low rate of meiotic recombination,
comparison of the two D. virilis strains shows that dot
chromosome genes are under weak purifying selection.
Our analysis of genes that are present in a euchromatic
chromosome arm in one species and on the dot chro-
mosome in the other (the “wanderer” genes) shows that
this set of genes evolves to maintain function while
responding to the changes in the local chromosomal
environment.

MATERIALS AND METHODS

Analysis overview: Sequence analyses were implemented
using custom scripts and programs written in Perl, Ruby, R,
and Bash shell scripts. Data were stored in subversion re-
positories, MySQL databases, and plain text files. Graphical
and statistical analyses were done using R from the R Project
for Statistical Computing and Microsoft Excel. Sequence
analysis was carried out on a quad-core server with 8 GB of
RAM running openSUSE 11.1. The custom repositories,
databases, and scripts are available from the authors upon
request.

Sequencing of D. virilis fosmid clones: The D. virilis fosmid
library [Berkeley Drosophila Genome Project (BDGP)-
DviFO1] was obtained from the BACPAC Resource Center at
Children’s Hospital Oakland Research Institute (http:/
bacpac.chori.org/home.htm). Strategies used for isolating,
sequencing, and finishing the D. virilis clones were previously
documented (SLAwSON et al. 2006). All fosmids were im-
proved to the quality standards used for the mouse genome
and verified by restriction digests (see supporting informa-
tion, File S1 for details). The nucleotide sequences and
predicted protein sequences reported here have been de-
posited into the National Center for Biotechnology Infor-
mation (NCBI) Entrez Genome Project Database under
project ID 41283.

Curation strategy: The curation strategy has been docu-
mented previously (SLAWSON et al. 2006). Evidence tracks,
which were used to create the gene models, included results
from multiple gene predictors (Genscan, Twinscan, Gen-
eid, SGP2, SNAP) (BURGE and KARLIN 1997; KORF el al.
2001; PARRA et al. 2000, 2003; Korr 2004), splice site
predictors (Genesplicer) (PERTEA et al. 2001), and BLAST
searches [WUBLAST 2.0MP-WashU (May 4, 2006), http:/
blast.wustl.edu] against annotated proteins in D. mela-
nogaster (FlyBase 5.16) (CRrRosBY et al. 2007). Student
annotations were loaded into the Apollo Genome Annota-
tion Curation Tool for final quality control and analysis
(LEwIs et al. 2002).

Repeat analysis: RepeatMasker (version open-3.2.7) was run
at the most sensitive settings (-s) using the cross_match
(version 0.990329) search engine (http:/www.repeatmasker.
org). Three repeat libraries were used in the analysis: the
Drosophila repeats library in Repbase (release 14.03), the
Superlibrary (repeats in Repbase release 14.03 with novel
repeats identified by PILER-DF), and the species-specific
RepeatModeler (beta open-1-0-3) libraries (http:/www.
repeatmasker.org/RepeatModeler.html). RepeatRunner was
run using the Superlibrary and the default repeat protein
database from the RepeatRunner package with default param-
eters (JURKA et al. 2005; SMITH et al. 2007). RepeatModeler was
run on the CAFl D. wirilis assembly and release 5 of the
D. melanogaster assembly using the de nmovo repeat finder
RECON (release 1.06) and RepeatScout (release 1.05) with
default parameters (Bao and Eppy 2002; PrICE et al. 2005). The
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repeats found by PILER-DF are available through the FlyBase
FTP server (ftp:/ftp.flybase.net/genomes/aaa/transposable_
elements/PILER-DF/). The species-specific RepeatModeler
libraries are available in File S2 (D. melanogaster) and File S3
(D. virilis).

Tandem repeats were identified using Tandem Repeats
Finder (version 3.2.1) (Benson 1999), with the following
parameters: matching weight = 2, mismatch penalty = 7, indel
penalty = 7, match probability = 80, indel probability = 10,
MinScore = 50, and maxPeriod = 2000.

Analysis of gene sizes, coding exon sizes, and intron sizes:
In addition to our manual annotations, gene models for the
most comprehensive isoform (i.e., the isoform with the
largest coding region) in D. melanogaster (release 5.16), and
D. virilis GLEAN-R (ELSIK et al. 2007) models (release 1.2),
were extracted from the precomputed GFF files downloaded
from FlyBase (see File SI for analyses that justify the use of
GLEAN-R models). D. virilisheterochromatic genes were not
considered due to the small number of documented gene
models available. To determine the intron size without
repeats, intronic sequences were extracted from each model
and repetitive sequences were identified using RepeatMasker
with the species-specific RepeatModeler library. The un-
masked bases were used to calculate the distribution of
intron sizes with repeats removed. The significance thresh-
old (alpha = 0.05) has been adjusted using the conservative
Bonferroni correction to compensate for multiple pairwise
comparisons (i.e.,, 15): only raw P-values less than 3.33£-03
(i.e., 0.05/15) are considered to be statistically significant in
these analyses (Kolmogorov-Smirnov and Wilcoxon rank
sum tests).

Codon bias analysis: In addition to our manual annotations,
coding regions for the most comprehensive isoform in
D. melanogaster and the GLEAN-R D. wvirilis models were
extracted from the translation sequence files downloaded
from FlyBase. The effective number-of-codons (Nc) statistic
(WriGHT 1990) was calculated using the chips program in the
EMBOSS package.

Synteny analysis: Each gene found on the D. melanogaster
and D. wirilis dot chromosomes and in the euchromatic
reference regions was assigned a unique identifier with its
relative orientation. This set of unique identifiers was analyzed
using GRIMM with default parameters for the unichromoso-
mal genome through the GRIMM Web interface (TESLER
2002).

D. wvirilis strain comparisons: The GEP dot chromosome
was broken into nine smaller contigs on the basis of the
locations of the gaps; these were aligned against the corre-
sponding regions in the CAF1 dot chromosome using the
global alignment algorithm stretcher in the EMBOSS pack-
age with default parameters (RICE et al. 2000). JalView was
used to inspect and edit the alignments (WATERHOUSE el al.
2009).

K, /K, analysis: A custom BioPerl (STAjICH et al. 2002) script
used ClustalW (version 1.83) (LARKIN et al. 2007) to generate
the global alignments and codeml in the PAML package
(version 3.14) to calculate the K,/K; ratios (YANG 2007).

RESULTS

The improved D. virilis dot chromosome assembly:
We previously reported the analysis of 18 D. wurilis
fosmids, 11 (372,650 bp) from the dot chromosome
and 7 (273,110 bp) from the major euchromatic chro-
mosome arms (SLAWSON et al. 2006). We have since
isolated, sequenced, and improved 29 additional dot

chromosome fosmids, bringing the quality of the whole
region to the quality standards used for the mouse
genome (see File S1 for these criteria). (Undergraduate
students carried out the sequence improvement and
annotation under the sponsorship of the GEP.) Collec-
tively, the 40 overlapping fosmids assemble into
1,240,624 nonoverlapping base pairs from the D. virilis
dot chromosome; only eight gaps remain with an
estimated total gap size of 14,728 bases (Figure S1). This
improved assembly is orthologous to the banded region
of the dot chromosome of D. melanogaster. A custom
version of the University of California Santa Cruz (UCSC)
Genome Browser, available at http://gander.wustl.edu
(D. wirilis Manuscript assembly), is used to host the
sequence data and evidence tracks used in this study
(KeENT et al. 2002). We identified 81 genes on the dot
chromosome of D. wvirilis; 74 have putative orthologs
among the 83 genes on the D. melanogaster dot chromo-
some (FlyBase Release 5.16).

In situhybridization results using several fosmids from
the GEP assembly (SrawsoN et al. 2006) place the
centromere to the left of the GEP D. virilis dot chromo-
some scaffold and the telomere to the right. The CAF1
scaffold_13052 is anchored in the same relative orienta-
tion (SCHAEFFER ¢! al. 2008). Although the entire CAF1
scaffold_13052 consists of 2,019,633 bases, the initial
600,000 bases and the final 200,000 bases have very poor
quality. These regions collectively account for 244,702
out of 246,340 (99.3%) of the gap bases in the scaffold
and show no sequence homology to the banded portion
of the D. melanogaster dot chromosome. Since we cannot
discount the possibility that these regions of the CAFI
scaffold_13052 have been misassembled, we only ana-
lyzed the region that spans from the most proximal to
the most distal annotated genes (from 600,384 to
1,826,586 bp). A dot plot analysis shows that this region
corresponds to the portion of the GEP strain dot
chromosome we have sequenced and annotated and
that the two strains of D. virilis have a high degree of
sequence similarity (Figure S2).

In addition to improving the D. virilis dot chromo-
some assembly, we also created manually curated gene
models for this region using results from several gene
predictors and homology to the putative D. melanogaster
orthologs. For each gene, we have consistently anno-
tated the most comprehensive isoform (z.e., the isoform
in D. melanogaster with the largest coding region). Our
analysis has focused only on the coding regions because
we cannot definitively annotate the untranslated regions
in the D. virilis gene models, due to the sparse amount of
expression data available.

As previously reported, the manually curated Repbase
library has a strong bias toward repeats that are found in
D. melanogaster (SLAWSON et al. 2006). To alleviate this
bias, we generated three repeat libraries on the basis of
the genomic assemblies of the two species. The first,
Superlibrary, is a library of all previously reported
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Repeat Density for Different Regions of Drosophila Chromosomes
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repeats, combining annotated repeats from the Dro-
sophila Repbase Update with novel repeats in the 12
Drosophila species found by the de novo repeat finder
PILER-DF (EpGAR and MYERs 2005; SMITH et al. 2007).
Two species-specific repeat libraries were created
with RepeatModeler (http://www.repeatmasker.org/
RepeatModelerhtml) and these later libraries were
each used to analyze their respective genomes. However,
despite our efforts to minimize bias in the repeat li-
braries, one cannot completely eliminate it using these
approaches. The D. melanogaster assembly includes
additional sequences from the Drosophila Hetero-
chromatin Genome Project (HoskiNs et al. 2007).
Because there has been no corresponding effort to
improve the heterochromatic regions in D. virilis, the
D. melanogaster repeat libraries may be more compre-
hensive than those for D. virilis.

Collectively, the improved assembly, the manually
annotated gene set, and the custom repeat libraries
provide a unique resource to study the organization and
evolution of the Drosophila dot chromosome. Using these
resources from D. wvirilis and the high-quality sequence
and annotations available for D. melanogaster; we seek to
characterize the properties of this unique genomic region
and to identify the forces that impact the evolution of this
domain and the genes that reside within it.

Defining the euchromatic and heterochromatic
reference regions: To analyze the differences between
the dot chromosomes and other regions of the Dro-
sophila genome, we selected euchromatic and hetero-

chromatic reference regions from both D. melanogaster
and D. wvirilis for comparative study. We also utilized
previously improved and annotated fosmids from eu-
chromatic regions of the D. virilis genome and the
corresponding regions from D. melanogaster (SLAWSON
et al. 2006) to ensure that the reference regions we
picked are representative of “typical” euchromatic
regions in the two genomes.

Using the previously defined heterochromatin-
euchromatin boundary for chromosome (chr) 3L
(Muller D element) of D. melanogaster (HOSKINS et al.
2007), we extracted a 1.25-Mb region distal to that
boundary (toward the telomere) as a representative
euchromatic region (chr 3L: 21,705,576-22,955,575),
and the adjacent proximal 1.25-Mb region (toward the
centromere) as a representative heterochromatic re-
gion (chr 3L: 22,955,576-24,205,575). Because there is
no defined heterochromatin—euchromatin boundary
for the D. virilis CAF1 assembly, we selected a scaffold
(scaffold_13049) mapped to the Muller D element and
identified heterochromatic and euchromatic domains on
the basis of differences in gene and repeat density (Figure
S3). The changes in these parameters near the boundary
were more gradual in D. virilis than in D. melanogaster.
Therefore, we picked a region ~625 kb distal to the
boundary to ensure that its properties reflect those of
typical euchromatin in D. virilis. We also selected a 0.8-Mb
region (from the boundary to the end of scaffold_13049)
as arepresentative heterochromatic region. Both of these
regions are high quality (12 gaps, total estimated gap size
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Distribution of Repeat Classes using RepeatMasker with the
RepeatModeler Library
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13,612 bases in the euchromatic region; 12 gaps, total
estimated gap size 37,211 bases in the heterochromatic
region). Using these sequences as reference points, we
asked whether the dot chromosomes more closely
resemble the heterochromatic or the euchromatic
domains for each property under investigation.

The dot chromosomes have a repeat density interme-
diate between that found in euchromatin and that in
pericentric heterochromatin: A well-established charac-
teristic of heterochromatin is a high level of repetitive
DNA (GreEwAL and ErLcIN 2002). The D. melanogaster
dot chromosome is unusual in that, while its gene
density is similar to the other autosomes, its repeat
density is much higher than the other nonpericentro-
meric regions in the D. melanogaster genome (BERGMAN
et al. 2006). To determine whether the D. wvirilis dot
chromosome has a similar repeat density, we used
RepeatMasker with three custom repeat libraries (de-
scribed above) to analyze it and the reference hetero-
chromatic and euchromatic regions.

Results from RepeatMasker using the Repbase library
initially suggested that the dot chromosome of D.
melanogaster has a higher repeat density than that of D.
virilis. However, the D. melanogaster and D. wvirilis dot
chromosomes show similar overall repeat densities
(Figure 1, Table S1) when we used the more compre-
hensive repeat libraries (i.e., RepeatRunner with the
Superlibrary or RepeatMasker with the species-specific
RepeatModeler libraries). These findings suggest that
the Repbase library has a strong bias toward repeats in
D. melanogaster.

Both dot chromosomes show repeat densities (26—
28%) that are higher than the euchromatic reference
regions (9-13%) and lower than the heterochromatic
reference regions (66-68%) (Figure 1). This difference
is consistent with our previous report based on a limited
set of D. wirilis fosmids (SLAWSON et al. 2006). The
euchromatic reference region from D. virilis has a
slightly higher repeat density (13%) than that from D.
melanogaster (9%). This difference in the euchromatic
reference regions is most pronounced when we use the
least biased (RepeatModeler) species-specific libraries.
Due to the difficulties of accurately defining repeat
boundaries and heuristics used by repeat-finding algo-
rithms (Bao and Eppy 2002), we cannot discern
whether these small differences in repeat density are
significant. However, our results are consistent with
those obtained by the Drosophila 12 Genomes Consor-
tium, which reported a higher overall repeat density in
the D. virilis genome assembly compared to D. mela-
nogaster (DROSOPHILA 12 GENOMES CONSORTIUM el al.
2007). The CAF1 and GEP dot chromosomes show a
similar overall repeat density (27 vs. 28%), even though the
CAF1 dot chromosome is unfinished while the GEP dot
chromosome is improved to the mouse genome standard.

We used the classifications from the species-specific
RepeatModeler libraries to analyze the distribution of
different classes of repeats, since these libraries have the
least bias. The D. melanogaster dot is enriched in DNA
transposons and retroelements, and the D. virilis dot is
enriched in simple repeats and low complexity sequen-
ces (Figure 2, Table S2). The difference in total repeat


http://www.genetics.org/cgi/data/genetics.110.116129/DC1/17
http://www.genetics.org/cgi/data/genetics.110.116129/DC1/18

1524 W. Leung et al.
Distribution of Tandem Repeats Identified by
Tandem Repeats Finder (TRF)
o5 Heterochromatic E uchromatic
. ‘0 A
4.0% | A\ DOt 4 A A Fic : : :
AL IGURE 3.—Distribution
® 3.5% = ™~ of tandem repeats identi-
g fied by Tandem Repeats
& Finder (TRF). A higher
g 2:5%1 density of tandem repeats
2 Lo%. is identified in all three re-
& gions (heterochromatic ref-
 1.5% -
o erence, dot chromosome,
S 1.0% and euchromatic refer-
- ence) in the D. wirilis ge-
' nome compared to the
0.0% - ‘ corresponding regions in
& & ) & & & & the D. melanogaster genome.
Q_eg\ Q_és Q@ Q@ Q@ QS:Q\ Q_@Q\ The D. melanogaster dot
& & o & o o & chromosome has a higher
‘0‘\ ‘Q‘z\ N R W 0@0 0“'\} density of tandem repeats
“\&\z %\0\\2’ :}gﬁ" 0(8\. ?g\)' \)\\d‘ 0\\@‘ compared to its heterochro-
¢ < & & S o W matic and euchromatic ref-
@f}'@ d?{" P),a(\ A\‘\\ \@\" é@" ((\)" erence regions.
og "9\ ((\ Qo . OQ‘O \(JY
\@5\ ,\(\\\ Q 0 \3‘(\ “\6
@ ) A O
((\ Qr WM
o o o

Species: Muller Element

density between the dot chromosomes and the euchro-
matic regions can be attributed to the higher density of
DNA transposons and retroelements on the dot chro-
mosomes. In contrast, the difference in total repeat
density between the heterochromatic reference regions
and the dot chromosomes can primarily be attributed to
an increase in retroelements. Given the high density of
simple and low complexity sequences in D. virilis, we
next investigated tandem repeats using Tandem Re-
peats Finder (TRF) (Benson 1999). We found that all
domains in D. virilis have higher densities of tandem
repeats compared to the corresponding regions in D.
melanogaster (Figure 3, Table S3).

The dot chromosomes have larger genes, reflecting
larger introns, compared to euchromatic domains: The
higher repeat density on the dot chromosomes suggests
the possibility of larger genes as a consequence of larger
introns. A cumulative distribution plot of gene sizes
(limited to the region from the start codon to the stop
codon) show larger gene sizes on the D. melanogasterand
D. wvirilis dot chromosomes compared to the euchro-
matic reference regions (Figure 4A; summary statistics
in Table S4). Side-by-side boxplots show that the median
gene size and the interquartile range (IQR) are larger
on the dot chromosomes compared to the euchromatic
reference regions (Figure S4A). The nonparametric
Kolmogorov—Smirnov (KS) test shows that this differ-
ence in gene size is statistically significant (see raw
P-values in Table S5). The difference in the distribution
of gene sizes between the dot chromosome and the

heterochromatic reference region was not statistically
significant, which might be partially attributed to the
smaller number of genes (21) documented in the latter
domain. The distribution of gene sizes between the
genes on the D. melanogaster and the D. virilis dot
chromosomes is not significantly different (KS test raw
Pvalue = 0.91). Similarly, we found no significant
differences (raw Pvalue = 0.60) in the distribution of
gene sizes between the manually annotated gene
models for the GEP strain and the computationally
predicted GLEAN-R gene models for the CAF1 strain.
Thus the dot chromosome genes from the two species
are similar to each other, and significantly larger than
euchromatic genes.

To investigate factors that might contribute to the
differences observed in gene size, we examined the size
distributions of both the individual coding DNA
sequences (CDSs) that make up the translated exons
for each gene and the introns. The cumulative distri-
bution plot of CDS sizes shows that the CDSs on the dot
chromosome tend to be smaller than those in the
euchromatic reference regions and larger than those
in the D. melanogaster heterochromatic reference re-
gion (Figure 4B, summary statistics in Table S6).
Differences in CDS sizes between the euchromatic
reference regions and the dot chromosomes are
statistically significant using the KS test (see boxplots
in Figure S4B, raw P-values in Table S7). There are no
significant differences in CDS sizes between the GEP
and CAF1 D. virilisdot chromosomes or between the D.
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Ficure 4.—Distribution of gene sizes, coding exon sizes, intron sizes, and intron sizes without repeats. The graphs show em-
pirical cumulative distribution plots for these features on the D. melanogaster and D. virilis dot chromosomes as well as the euchro-
matic and heterochromatic reference regions. (A) Genes on the dot chromosomes (from the start codon to the stop codon) are
larger than genes from the euchromatic reference regions. (B) Coding exons on the dot chromosome tend to be slightly larger
than coding exons in the heterochromatic reference region and slightly smaller than the coding exons in the euchromatic ref-
erence regions. (C) Introns on the dot chromosome are significantly smaller than the introns in the heterochromatic reference
region and larger than introns in the euchromatic reference region. (D) Removing the repeats from introns reduces but does not
eliminate this difference.

melanogaster and GEP D. virilis dot chromosomes (raw differences in gene sizes observed between euchromatic
Pvalues = 0.99 and 0.72, respectively). Because CDSs and dot chromosome domains.
on the dot chromosomes are generally smaller than To ascertain whether the difference in intron sizes
those in the euchromatic reference regions, the larger could be explained by the higher repeat density in the
overall gene size on the dot chromosomes must reflect dot chromosomes and the heterochromatic reference
larger intron sizes. regions compared to the euchromatic reference re-
The cumulative distribution plot of intron sizes shows gions, we analyzed the size of the introns after repeats
that the introns on the dot chromosomes are generally are removed. The cumulative distribution plot (Figure
larger than the introns in the euchromatic reference 4D) suggests that the differences in intron sizes are
regions, but smaller than the introns in the heterochro- generally less pronounced (increase in Pvalue) but
matic reference region (Figure 4C, summary statistics in remain statistically significant (summary statistics in
Table S8). The one-sided Wilcoxon rank sum tests show Table S10, boxplot in Figure S4D, Wilcoxon rank sum
these differences to be significant (see boxplotin Figure tests of significance in Table S11). The exception is the
S4C, raw Pvalues in Table S9). There is no significant comparison between the introns for the D. melanogaster
difference in intron sizes between the D. melanogaster dot chromosome and the euchromatic reference re-
and the D. virilisdot chromosomes (raw P-value = 0.90). gions from both D. melanogaster and D. virilis, where the

Hence differences in intron sizes contribute to the raw P-values rose above the threshold considered to be
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statistically significant (from 2.18E-03 to 6.90£-02 and
3.32F05 to 3.61F-03, respectively). Therefore, the higher
repeat density within introns is one of the factors that
contribute to the larger intron sizes observed on the dot
chromosomes and in the heterochromatic reference
region compared to the euchromatic reference regions,
but is not the sole factor that leads to this result.

Dot chromosome genes exhibit low codon bias: The
effective Nc is a simple metric for measuring the usage
of synonymous codons (WRIGHT 1990); its value ranges
from 61 (all synonymous codons are used equally) to 20
(1 codon used exclusively for each amino acid). Genes
with high codon bias have a low Nc while genes with low
codon bias have a high Nc.

Side-by-side boxplots of Nc show that genes on the dot
chromosome have a significantly lower codon bias than
genes in the euchromatic reference regions (Figure 5,
summary statistics in Table S12). Two-sided KS tests
show that this difference is statistically significant (see
raw Pvalues in Table S13). Genes on the D. virilisand the
D. melanogaster dot chromosomes also have a statistically
significant different codon bias (raw Pvalue = 1.53
I-06). Side-by-side boxplots of Nc show that genes in the
D. melanogaster heterochromatic domain appear to have
an intermediate distribution of codon usage between
that seen for the dot chromosome genes and that seen
for euchromatic genes, with the former but not the
latter difference being statistically significant (raw
Pvalues = 3.421-05, 2.011-04 compared to raw Pvalues =
3.611-02, 5.37F02). Our observations of low codon
bias on the dot chromosomes are consistent with pre-
vious reports on codon bias in Drosophila (SINGH e? al.
2005; DrosoPHILA 12 GENOMES CONSORTIUM ¢ al.
2007) and may reflect the low level of recombination
in this domain (see DISCUSSION).

Differences in gene order and orientation between
the dot chromosomes of D. melanogaster and D. virilis
indicate rearrangements within the chromosomes:
Because we have assembled the D. virilis dot chromo-
some from a set of overlapping fosmids, each finished to
high quality and verified by restriction digests, we can
approach an analysis of synteny (gene order and
orientation) with confidence. Specifically, we can esti-
mate the minimum number of inversions (i.e., the
reversal distance) required to transform the D. mela-
nogaster dot chromosome into the D. virilis dot chromo-
some using the program GRIMM (TEsLER 2002) and can
identify genes that are located on the dot chromosome
in one species and on another chromosome in the other.
Using the set of 74 genes that can be found on both the
D. virilis and D. melanogaster dot chromosomes, GRIMM
predicts that a minimum of 33 inversions are required to
transform the gene order and relative orientation on the
D. melanogaster dot chromosome into that observed on
the D. virilis dot chromosome (Figure 6).

To determine whether this number of inversions is
unusual, we utilized the GLEAN-R ortholog assign-

Distribution of Codon Bias for Different Drosophila Chromosomes
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FiGure 5.—Side-by-side boxplots of codon bias (as mea-
sured by effective number of codons [Nc]). Genes on the
dot chromosomes exhibit lower codon bias than those in
the euchromatic reference regions. The boxplots also show
that genes on the D. virilis dot chromosome have lower codon
bias than genes on the D. melanogaster dot chromosome. The
box in each boxplot represents the interquartile range (IQR)
and is the difference between the third (Q3) and first (Q1)
quartile (IQR = Q3-Q1). Outliers are defined by Nc values
that are more than 1.5 X IQR below Q1 or 1.5 X IQR larger
than Q3 and are represented as dots in the boxplots. The
smallest and largest values that are not outliers are shown
as whiskers in the boxplots.

ments from FlyBase for D. virilis and calculated the
ratio of the reversal distance to the number of genesin a
euchromatic domain. We first ascertained whether the
GLEAN-R ortholog assignments are adequate for this
type of analysis by comparing the dot chromosome
GRIMM results obtained with the manually curated
dataset (GEP assembly) to results obtained using the
GLEAN-R ortholog assignments (CAF1 assembly). Of
the 69 genes on the D. melanogaster dot chromosome
where GLEAN-R ortholog assignments are available in
D. virilis, 66 remain on the D. wvirilis dot chromosome.
GRIMM estimated that a minimum of 27 inversions are
needed to transform the gene order and orientation for
this subset of genes from that of D. melanogaster to that of
D. virilis. This reversal distance to gene ratio (27/66 =
0.41) is similar to the ratio obtained using the complete
set of genes (33/74 = 0.45), establishing that the
GLEAN-R ortholog assignments are adequate for this
type of analysis.

For the 1906 genes found (using the GLEAN-R
ortholog assignment) on both the D. melanogaster and
D. virilis Muller D elements (~25-Mb region), GRIMM
estimated that a minimum of 385 inversions is required
to transform the gene order and orientation from that
of D. melanogasterto that observed in D. virilis. Hence the
reversal distance to gene ratio (385/1906 = 0.20) on the
Muller D element is much lower than the ratio observed
on the Muller FFelement (dot chromosome).
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One optimal rearrangement scenario
Step Description
L
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Omesnogasten) [C,, 123 & 5 6 7 8 5101192 1314 15 1607 181920 20 22 2326 252627 262930 3132 3334 35 3637 3830 40 41 42 43 44 45 46 AT 48 49 .50 51 525354 S5 56 7 5059 60 61 62 6) 64 €566 6768 €9 J0TV T2 TI MG,
1 Reversal C., 123 4 5 6 7 8 9101112 1314 15 167 181920 2122 2324 2526 27 282930 3132 3334 35 3637 3039 40 41 42 43 4 45 46 4T 4B 4950 51 5253 54 S5 56 57 58 50 60 6162 6 64 65 66 67 68 63 F0T1 7273 MG,
2 Reversal Cp, 123 4 5 8 7 5 5101192 1314 15 64T 181920 2122 2024 252627 26-29-30 M 32 33 35 3607 3830 40 41 42 A3 44 45 .48 47 48 49 -50 -51 52 -53 .54 55.56 57 .58-50 6D 41 62-8) G4 6568 67T 62 697071 F2.73 WC,,
3 Reversal S, 123 4 5 l'-TG 810 -1 212 1314 15 16 17 181920 2122 23 -24 25.26-27 262930 31 .32 3334 35 3537 38 .39 40 41 42 43 44 45 45 47 45 49 50 -51 52 .53 .54 5556 57 58 .59 60 6162 63 64 65 66 67 68 63 70T 7273 M,
4 Revensal C, 123 4 5 6 7 8 97012 1314 15 1697 181920 2122 2024 2526 27 282930 3132 3334 35 3637 3630 40 41 42 43 44 45 46 47 48 4950 51 5253 54 S5 56 57 58 .59 60 6162 63 64 65 66 67 66 69 J0 N1 2.TI MC,
5 Reversal C,, 123 € 5 6 7 8 9 101112 131275 1647 181920 21 22 2324 252627 262930 31 32 3334 35 3637 3630 40 41 42 43 44 45 46 4T 48 4950 51 5253 54 5556 57 59 50 60 61 6263 64 65 66 67 68 69 J0T1 N2.TI MG,
6 Reversal C., 123 4 8 6 7 8 5101112 13,1415 167 181920 2122 2024 252627 282930 3132 3334 36 3637 3030 40 41 42 43 44 45 48 4T 48 4950 51 525354 $5 56 57 68 .59 60 6162 -6 64 65 65 67 68 63 J0 TN 7273 MG,y
7 Reversal C,, 123 4 5 6 -7 9 9 101112 131415 16 \,“-19-202‘-222‘3-2!25-26-??26-29-&1!-32333‘35363730-384041 42 43 44 45 46 47 48 49 -50 -51 52 -53-54 5556 57 5050 60 67626 G4 6566 6768 G FOT1 V2T WC,
L] Reversal Cr, 123 4 5 6 7 8 9 101112 131415 16 \’-!I-IQ;Z‘-D?&-NIS-K-??18-?9-&3*-32333436353)30-39404‘ 42 43 44 45 46 47 48 40 -50 -51 52 -53 -54 5556 57 50 -50 60 61 62-6) G4 65 66 6768 G JOTY 2T WC,
5 Reversal C, 123 4 S 6 7 8 8101112 131415 16 171819 20 21 22 2324 2526 27 282930 3132 3334 35 38 97 3839 40 41 42 43 44 45 4B AT 4B 4950 51 5253 54 55 56 57 58 .59 60 6162 63 64 65 66 67 63 63 J0 TN 7273 MG,
10 Reversal C,, 123 4 5 8 7 & 9 0192 131495 16 1T 819 20 2022 2324 252627 262930 332 33034 35 36 I7 3830 40 41 42 4D 44 45 46 4T 49 49 .50 51 525354 5556 57 5850 60 61 62.8) 64 65 66 67 68 69 0T 7273 MG,
11 Reversal Cry 123 4 5 6.7 8 9101192 139495 46 \T.!I-|9m?‘ﬁ-?‘?b-ﬂ-ﬂ28-29-30!!-)233!‘35353’3.-39‘04"2‘3“‘54‘4’-‘94950-5'5253-51555657-53534&4‘!2!3uls“!?-e&w-w"‘ 2.7 MUC,
12 Reversal C,, 123 4 5 6 7 8 5101112 131415 16 171819 20 21 23 2224 262 27 26 2930 31 32 333 35 36 37 3640 I 41 42 43 44 45 46 47 48 45 S0 61 52 53 G4 5 56 $7 68 59 60 6162 63 64 65 66 67 68 69 J0 11 22 M3 M T,
13 Reversal C,, Y23 4 5 6 .7 8 5 101192 131495 16 171819 20 2020 2224 252627 20-29-30 1 02 334 35 36 U7 38 40 30 42 41 4D 44 45 45 47 40 49 -50 -51 52 -53 .54 55 .56 57 .58 -50 60 61 62 -6) B4 65 66 67 68 69707V 2.7 WG,
14 Reversal Crp, 123 4 5 8 -7 8 9 101192 13-115 16 171819 20 2123 2224 25-26-27 2629030 M1 32 JI-M 35 36 IT 38 40 39 42 41 43 44 45 45 4T 48 49 -50 -51 52-53 -84 5556 57 50 -50 60 6! 62 83 E‘ﬁﬁ? 68 607071 72-T3 WG,
15 Revertal C, 123 4 5 67T B 7 101112 131415 16 171819 20 2123 2224 2526 27 282930 3132 3334 35 36 7 36 40 39 42 41 43 44 45 46 47 48 4950 51 5253 54 S5 56 57 58 .59 60 6162 6 64 66 65 67 68 69 F0 71 7273 MC,
16 Reversal crs 423 4 5 8 9 8 7T 101192 139415 16 1T .08 19 20 21 .23 22 .24 25.26 .27 2829 .30 31 32 33.34 35 36 37 38 40 39 42 41 43 44 45 46 49 4B 47 .50 51 52 .53 .54 55 .58 57 .58 .50 60 6! 62 81 B4 66 65 6T £8 69 7O 7273 HC“
1T Reversal C, 123 4 5 8 8 8 7101112 131415 16 171819 20 2123 2224 2526 27 282930 3132 3334 35 36 37 36 40 39 42 41 43 44 45 46 49 48 47 S0 .51 525354 S5 56 57 68 .69 60 6162 83 64 66 65 67 68 12 7170 63 .73 MG,
18 Reversal Ch-\Z-!-G-SJ-I 8 7 40 -1 2 133495 46 171819 20 2123 2224 252627 262030 3132 3334 35 36 37 30 40 39 42 41 A3 44 45 46 40 4B 47 -50 51 5253 54 5555 57 55 .50 60 61 628 B4 66 65 €7 H8 T2 71 N0 69T T,
19 Reversal C,, 128 3 4 5 6 9 T 101192 131415 16 171810 20 2023 2224 252627 2062930 31 32 3324 35 36 I7 38 40 29 42 41 4D 44 45 45 40 4B 47 50 .51 5253 .54 55 .56 57 .58 50 60 61 62 6] 64 66 65 67 68 .72 .71 70 69T W C,
20 Reversal C., 128 3 477 8 6 5 101112 131415 16 171819 20 2123 2224 2526 27 282930 3132 3334 35 36 37 38 40 3942 41 43 44 45 46 49 4B 475051 5253 -S4 5556 57 58 59 60 6162 63 64 66 65 67 68 72 7170 69 73 M C,
21 Reversal Cp, 128 3 4.7 9 & 515 11312 1190 18 9T-18.19 20 2123 2224 25.28-27 262930 M1 32 - 25 36 I 30 40 042 41 A3 4 4548 49 49 47.50 .51 5253 .54 5556 57595060 £102.8) G408 L5 GT HR-T21 70 89T M,
22 Reversal cfﬁ 428 3 4 .7 4 8 515 W3 12 11210 18 1718 .19 20 21 .23 22 .24 25.26 .27 37 36 35 M .33 32.31 30 29.28 38 40 39 42 4) A3 44 4S 48 49 48 47 .50 .51 52 .53 .54 S5 .58 57 .58 .50 80 8" 62 .8 84 66 85 €7 68 .72 .71 70 .69 .73 HC,‘
2 Reversal C, 128 3 4 7 9 6 515 1413 12 1110 16 171819 20 2123 2224 2526 30 40 38 28 29 30 31 7 03 34 35 3 7 7 42 41 43 44 45 46 49 48 4750 51 525354 5556 57 66 50 60 61 62 60 64 66 45 67 6472 71 706973 M C,,
4 Reversal C,, 128 3 472625 2822 2321 20 19 1817 16 1011 12 131415 5 6 0 7394038 282930 3132 3334 35 36 37 2742 41 43 44 45 45 49 48 475051 5253 54 5556 57 55 50 60 6162 63 64 66 65 67 6872 71 106973 M G,
25 Reversal c’h" 28 3 4 2625 2422 23-21-20 19 1817 96 101112 131415 5 6 O 739 4038 28 -29 30 3132 33 34 35 36 37 2T 62 BY 6059 58 5T 56 55 54 53 52 51 50 47 48 49 45 45 44 43 41 42 B) 64 66 65 67T 68 -72 71 70 69 .73 T(C,‘
26 Reversal C,, 128 3 474 71 6970 71 72 68 67 65 66 64 63 42 41 43 44 45 46 43 4B 47 50 57 5253 54 5556 57 -5 506061 622707 -6 H I 32 -M M0 20926 3 40 39 7 9 6 515 M3 2 NM0 T B0 W N DR M BHWC,
27 Revensal Cr, 1287271 TO 6373 74 4 -3 6867 6560 64 63 42 41 43 44 4546 49 40 47 50 51 525354 5556 5750 506061 G2-TW-MAH N RN N VB MR T A6 55 M 2N WITA010 0N DR-MBANC,
28 Reversal C,, 128768 85 67 89 3 474 73 69 70 71 72 64 6342 41 43 44 45 46 49 48 7 50 51 52 .51 54 55 .56 57565960 61 622737 36 3514 33 3231 20 2928 3 40 I 7 9 B 5 15 W4 13 1210 617089 20 21 202 W BMC,
2 Revensal Ty 128 647271 70 6973 74 4 3 667 65 66 63 42 41 4 44 45 46 45 40 47 50 5 5250 54 5556 750 50606 622707 M6 D5 MDD WM D0 2926 M 40 X9 7 9 6 5 15 143 2 M0 W80 W DWW BMWC,
2 Reversal C,, 128 647271 20 637330 3 282930 31 32 3334 35 36 37 27 62 61 60 59 58 57 56 55 54 53562 51 50 47 48 40 46 45 44 43 414263 66 65 67 68 3 76 W 7 9 6 515 43 2N 67810 X0 N 222 BB,
3 Reversal C., 128 647271 70 6973 4030 202930 3132 3334 35 36 37 27 62 61 60 60 90 ST 56 65 54 53 62 51 50 A7 4840 46 45 44 43 4142 63 661 12 13 W 15 5 6 9§ 799 74 4 3 68 676510 16171819 20 21 2322 2 252 C,,
32 Reversal Cp, 128 647271 706073 40-35 282030 3132 33-34 35 36 37 27 62 61 €0 59 58 5T 5655 54 5352 5120 10 181718 1065 67 68 3 47 I 7 9 6 505 W13 12 1168 63 4241 4344 454649 48 AT S0 N DR M B-WC,
B m" Cpr, 74 4 3 6387 65-10 16 17 -18-19 20 51 5253 54 55.56 5756 59 60 61 6227 W - 35 M-I VI W 2020 WHTIEITOTI 7284 8 2 139 7 9 8 515 W13 12 1168 634241 4344 454649 48 4T 50 N1 BN -U B-WC,

F1GURE 6.—One possible gene rearrangement scenario predicted by GRIMM. A minimum of 33 inversions is required to trans-
form the D. melanogaster dot chromosome (top) into the D. virilis dot chromosome (bottom). Lines between each inversion step in
the GRIMM output indicate the list of genes that is inverted in each step in one optimal rearrangement scenario. Alternative
rearrangement scenarios may exist that would also result in this minimum number of inversions.

To confirm this striking difference between the dot
chromosome and other elements, we determined the
size of the syntenic blocks by visual inspection. The
majority of the syntenic blocks on the dot chromosome
are small, with an average block size of 1.9. We found 14
syntenic blocks with block sizes of at least 2; the largest
syntenic block is 9. In contrast, the syntenic blocks on
the Muller D element are much larger, with the largest
syntenic block being 42 and an average block size of 8.8.
The smaller syntenic blocks on the dot chromosomes are
consistent with its higher rate of gene rearrangements.

Genes that have moved between the dot and euchro-
matic domains show a shift in gene characteristics that
reflects the local chromatin environment. Our manual
annotations identified three potentially novel genes on
the D. virilis dot chromosome: A putative paralog of
D. melanogaster CG16719 (CG1671%-alpha), a putative pa-
ralog of D. melanogaster ell-5A (ell-5A-beta), and a novel
gene (GEPOOI). See File S1 for additional details on the
annotation of these proposed novel genes.

We also identified four putative orthologs on the D.
virilisdot chromosome that are located elsewhere in the
D. melanogaster genome: One gene on the D. melanogaster
Muller D (chr 3L) element (CG5262), two on Muller B
(chr 2L) element (CG5367 and 7ho-5), and one on
Muller C (chr 2R) element (CG4038). Conversely, nine
genes annotated on the D. melanogasterdot chromosome
cannot be found on the D. virilis dot chromosome. Of
these, four (CGI11076, CG11077, CG1732, and CG9935)
can be mapped to other D. virilis Muller elements in the
CAF1 assembly. Of the remaining five, JY-alpha is an

incomplete gene on the D. melanogaster dot chromo-
some and cannot be definitively mapped onto the D.
virilis CAF1 assembly. Three other proposed genes
(CG11231, CGI11260, and CG32021) are likely to be
remnants of repetitive elements that have been in-
correctly annotated as genes. The remaining gene,
CG33797, cannot be mapped to the D. virilis CAF1
assembly by sequence similarity. Hence CG33797 could
be a D. melanogaster specific gene; it could be present in
other species but in regions that are not part of the
CAF1 assembly (e.g., in gaps or heterochromatic re-
gions), or it could be an error in the D. melanogaster
annotation. See File SI for details on the annotation of
these missing genes.

Thus among the above cases there are eight genes
from D. melanogaster and D. virilis that can be unambig-
uously determined to reside on the dot chromosome in
one species and on a non-dot chromosome in the other
species (Figure 7). We can ask whether these wanderer
genes (CG11076, CG11077, CG1732, CG4038, CG5262,
CG5367, rho-5, and CG9935) show altered properties in
the two species as a consequence of residing in the dot
chromosome or in a euchromatic domain (Table 1).
Consistent with the overall characteristics of the dot
chromosome genes reported above, when these genes
are found on the dot chromosomes of either species
they have a larger average gene size (3099 bp vs. 2375
bp), a larger average intron size (1476 bp vs. 756 bp), a
lower codon bias (Nc = 56.1 wvs. 51.7), and a higher
surrounding repeat density (19.4 vs. 6.0%). Thus these
wanderer genes have evolved to maintain function in
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Ficure 7.—FEight “wanderer” genes can be mapped to the
dot chromosome in one species and to a euchromatic region
in the other species. The Muller elements are identified by
schematic chromosomes that are color coded and labeled
A-F. Blue dots indicate genes on the D. virilis dot chromosome
that are mapped to a different Muller elementin D. melanogast-
er Pink dots indicate genes on the D. melanogaster dot chromo-
some that are mapped to a euchromatic arm in D. virilis.

their new local environment while acquiring the char-
acteristics of genes in that environment.

Comparison of two different strains of D. virilis
shows transposon movement and small indels: Previous

studies have demonstrated that the lack of crossing over
in the D. melanogaster dot chromosome results in a less
effective adaptive response to selection (Marais and
CHARLESWORTH 2003; HADDRILL et al. 2007). To see
whether the same evolutionary pattern exists in the
D. virilis dot chromosome, we compared the genomic
sequences of the GEP and CAFI strains. Because the
ancestral sequence cannot be determined without a
third outgroup, sequences found only in either the GEP
(Tucson strain 15010-1051.88) or the CAF1 (Tucson
strain 15010-1051.87) strains are labeled as indels
(insertions or deletions).

Sequence comparison of the GEP and CAF1 strains
of D. wirilis shows that >70% of the indels are small
(<10 bp) (Figure 8). All of the large indels (>1000 bp)
have sequence similarity with LTR retroelements and
DNA transposons in the Superlibrary (Table 2). Because
the long terminal repeats of an LTR retroelement are
identical at the time of integration, the age of an LTR
insertion event can be estimated using the percent
identity of the terminal repeats (SANMIGUEL et al. 1998;
LaMB et al. 2007). The long terminal repeats can be
identified in six of these indels (four in the GEP strain
and two in the CAF1 strain): Five have perfect sequence

TABLE 1

Characteristics of wanderer genes on the dot and non-dot chromosomes

No. of Coding gene Total gene Total intron Repeat Codon GC

Gene Species exons size (aa) length (nt) size (nt) density (%) bias (Nc) content
A. Wanderer genes on the dot chromosome
CG11076° D. mel. 1 280 840 0 11.22 61.000 0.40
CG11077¢ D. mel. 1 168 504 0 8.10 50.493 0.40
CG1732 D. mel. 10 636 4676 2774 34.86 57.385 0.36
CG4038’ D. vir. 3 208 960 336 10.78 57.410 0.40
CGH262 D. vir. 4 505 2016 501 1.44 58.310 0.34
CGH367 D. vir. 5 336 3401 2394 39.40 57.647 0.35
rho-5’ D. vir. 6 1531 5458 867 54.564 0.45
CG9935 D. mel. 10 669 6940 4939 30.00 51.936 0.35
Average 5.00 541.63 3099.38 1476.38 19.40 56.093 0.38
B. Wanderer genes on other Muller elements (euchromatic regions)

CG11076¢ D. vir. 2 317 1008 55 0.00 47.906 0.43
CG11077¢ D. vir. 1 169 507 0 0.00 46.021 0.40
CG1732 D. vir. 11 635 4140 2243 27.18 58.412 0.35
CG4038 D. mel. 3 237 1105 393 2.52 49.557 0.41
CG5262 D. mel. 4 509 2011 484 0.99 54.573 0.40
CGH367 D. mel. 5 338 1467 454 2.35 52.942 0.36
rho-5 D. mel. 6 1429 4722 438 0.68 46.912 0.49
CG9935 D. vir. 10 688 4039 1981 14.48 56.968 0.36
Average 5.25 540.25 2374.88 756.00 6.03 51.661 0.40

Characteristics of the set of eight genes from D. melanogaster and D. virilis that can be unambiguously mapped to the dot chro-
mosome (A) in one species and to a non-dot chromosome (B) in the other species show that this set of genes has conformed to its
local environment. The genes on the dot chromosomes for both species show lower average codon bias, higher repeat density,
larger introns, and larger gene size compared to the genes in the other (euchromatic) regions. Note that the gene model
for CG4038 is nested within the gene model for 740-5 in the D. virilis dot chromosome (A). Therefore, the repeat density for
rho-5 has been omitted to avoid double counting the repeats found in this region. D. mel., D. melanogaster; D. vir., D. virilis.

“CG11076 and CG11077 appear to have moved as a pair.

The gene model for CG4038is nested within the gene model for rho-5in D. virilis; therefore, the repeat density for this region is
only counted once.
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Frcure 8.—Distribution of indel sizes for the D. virilis dot
chromosomes. (A) Examples of large insertions and deletions
in the GEP and CAF1 strains in the JalView overview window.
Gaps (white spaces) in the overview window represent indels
in either D. virilis strain. The arrows indicate large indels that
are in either the GEP strain (top) or the CAF1 strain (bot-
tom). (B) The cumulative distribution of indel sizes shows
that the majority of the indels in the two strains of D. wvirilis
are <10 bp.

identity and one has 99.7% (2113/2120 bp) sequence
identity (Table 2, Figure S5). While we cannot generate
an accurate estimate of the age of these large LTR indel
events (because of the small number of mismatches),
these large indels likely reflect recent evolutionary events
while others (e.g., where no terminal repeats can be iden-
tified) may be older.

The six indels with identifiable long terminal re-
peats have sequence similarity to five different consen-

sus sequences in the Superlibrary (Ulysses_I, duvir.
2.37.centroid, dvir.2.53.centroid, dvir.5.67.centroid, and
dvir. 35.83.centroid). Four of the five consensus sequen-
ces belong to the Gypsy family of LTR retrotransposons
(see File S1 for the annotation of these consensus
sequences). Hence our analysis suggests a recent in-
vasion of Gypsy LTR retrotransposons into the two D.
virilis genomes and that insertion and excision of
transposons is an integral part of the evolution of the
dot chromosomes in D. virilis.

Indel to mismatch ratios in the two D. virilis strains:
The global alignments also reveal many base mis-
matches between the two strains of D. virilis (Table 3).
A total of 88.6% of the mismatched bases (3141/3547)
in the CAF1 dot chromosome have phred scores =30
(i.e., with an estimated error rate of <1 in 1000 bases)
(Figure S6). Therefore the majority of the mismatches
are genuine differences between the two strains. Pre-
vious work used a non-LTR retrotransposon (Helena) to
estimate the neutral mutation rates in D. virilis; an
estimate of 0.16 deletions per substitution with a 95%
confidence interval of 0.09-0.26 deletions per substitu-
tion was obtained (PETROV et al. 1996). An extension of
this analysis using five different non-LTR retrotranspo-
sons that are “dead-on-arrival” generated a neutral
mutation rate of 0.174 deletions per substitution (95%
confidence interval: 0.133-0.244) (BLUMENSTIEL et al.
2002). The two strains of D. wvirilis used here show an
overall indel-to-mismatch ratio of 0.247 on the dot
chromosome compared to 0.200 on the random set of
fosmids (previously finished and annotated in SLAWSON
et al. 2006) from the other chromosome arms (Table 3).
We also found that indels and mismatches are nonun-
iformly distributed across the D. virilisdot chromosome,

TABLE 2

List of indels >1 kb in the two strains of D. virilis

Repeat Best hit to % terminal

Strain Strain difference ID length Superlibrary Repeat class LTR length repeat identities
GEP gep_contig9_155839 6811 dvir.2.37.centroid LTR 412 100.0
GEP gep_contig9_314579 6809 dvir.2.37.centroid LTR 412 100.0
GEP gep_contig4_259601 6437 dvir.35.83.centroid LTR 427 100.0
GEP gep_contigh_83074 5409 dvir.5.67.centroid LTR 227 100.0
GEP gep_contigh_186788 2539 dvir.16.2.centroid DNA NA NA

GEP gep_contig4_40674 2489 dvir.16.2.centroid DNA NA NA

GEP gep_contigh_139357 1704 dvir.35.83.centroid LTR NA NA

GEP gep_contig4_166960 1616 Helitron-1N1_DVir DNA/Helitron NA NA
GEP gep_contigh_136754 1422 dvir.35.83.centroid LTR NA NA

GEP gep_contig8_155919 1343 dvir.3.94.centroid LTR NA NA

GEP gep_contigh_135417 1329 dvir.35.83.centroid LTR NA NA
GEP gep_contigh_138182 1167 dvir.35.83.centroid LTR NA NA
CAF1 caf_contig8_177230 10,606 Ulysses_I LTR/Gypsy 2120 99.7
CAF1 caf_contigh_181062 6394 dvir.2.53.centroid LTR 412 100.0
CAF1 caf_contig8_53382 2123 dvir.21.15.centroid LTR NA NA

Analysis of indels >1 kb in the two strains (GEP and CAF1) of D. virilis shows that most of the large indels have sequence sim-
ilarity to LTR retrotransposons and DNA transposons. All of the indels >3 kb are classified as LTR retroelements in the Super-

library; five of the six terminal repeats that can be identified have perfect sequence identity.
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TABLE 3

Indels to mismatch ratios on the dot chromosome and random fosmids from other chromosomes
for three different types of sequences (overall, coding exon, and introns)

Type Region No. mismatches No. indels No. indels/no. mismatches
Overall Dot chromosome 3547 877 0.247
Random fosmids 2125 424 0.200
Coding exons Dot chromosome 282 22 0.078
Random fosmids 87 6 0.069
Introns Dot chromosome 1335 289 0.216
Random fosmids 419 53 0.126

The intronic regions are used as a proxy to estimate the neutral mutation rate on the dot chromosomes and
the random fosmids. Higher ratios of indels to mismatches were observed on the dot chromosomes in all three
types of sequences compared to the random fosmids, which suggests less effective selection on the dot chro-

mosome compared to other euchromatic regions.

with higher numbers of indels and mismatches near the
centromere (Figure S7).

The ratio of indels to substitutions will change de-
pending on the region’s functional constraints (CHEN
et al. 2009): Coding regions have lower indel-to-
substitution ratios because purifying selection removes
indels that lead to frameshifts (TAYLOR et al. 2004). To
determine whether the same constraints exist in the
D. virilis dot chromosome, we first identified the anal-
ogous coding regions in the CAF1 strain by mapping our
manually curated coding exons from the GEP strain onto
the CAF1 dot chromosome. A total of 593 out of 594
exons showed full-length alignment (see File S1 for
analysis of exons that show partial or poor alignments)
with an average percentage of sequence identity 0of99.9%
and a standard deviation of 0.3%. After filtering mis-
matches that were caused by errors in the alignment or
in the consensus sequence, we found a higher indel-
to-mismatch ratio on the coding exons of the dot chro-
mosome (0.078) compared to the random set of fosmids
(0.069) (Table 3). To estimate the neutral mutation rate
in both regions, we also analyzed the indel-to-mismatch
ratios within introns. The dot chromosome again shows a
higher indel-to-mismatch ratio (0.216) compared to
random set of fosmids (0.126) (Table 3).

Collectively, our analysis shows that the dot chromo-
some has an elevated indel-to-mismatch ratio compared
to the random set of fosmids from the other D. virilis
chromosomes. The higher indel-to-mismatch ratio may
reflect less effective selection on the dot chromosome
compared to other regions of the D. virilis genome.

K,/K, analysis shows weak purifying selection for
most of the genes on the dot chromosome: We
calculated the ratio of the number of substitutions per
nonsynonymous site to the number of substitutions per
synonymous site (K,/ K, ratio) as a metric for the degree
of functional constraint (i.e., purifying or directional
selection) (HUrsT 2002). Among the 76 genes on the
GEP strain that can be mapped unambiguously onto the
CAF1 strain, 22 genes had no base mismatches within
the coding region, 48 genes had fewer than 10 mis-

matches, and the remaining 6 genes had more than 10
mismatches. Among the 54 genes with at least 1 mis-
match, 20 genes contained only synonymous substitu-
tions and 12 genes contained only nonsynonymous
changes. For the 22 genes that contained both synon-
ymous and nonsynonymous changes, the median K, /K
ratio is 0.302 and the mean is 0.398. The K,/K; ratio
ranged from a maximum of 1.094 for CG32016 (which
suggests that the gene is under no selective constraint)
to the minimum of 0.047 for CG11093 (which suggests
that the gene is under purifying selection). Therefore,
despite the unique environment of the dot chromo-
some, most of the genes on the D. virilis dot chromo-
some are undergoing purifying selection (see Table S14
for the K, /K ratio of each gene).

To determine whether the K,/K, ratio on the dot
chromosome is unusual, we also analyzed the genes on
the set of random fosmids that we have previously
annotated (SLAWSON et al. 2006). Of the 20 partial and
complete genes found on these fosmids, 17 can be
mapped unambiguously onto the CAF1 assembly. For 9
of these genes that contain both synonymous and non-
synonymous changes, the median K, /K; ratiois 0.137 and
the mean is 0.250 (Table S15). The higher K, /K ratio on
the dot chromosome compared to this random set of
fosmids suggests that selection is less effective on the dot
chromosome than in the euchromatic regions of the
genome.

DISCUSSION

In this study, we have generated a high-quality D. virilis
dot chromosome sequence and manually curated gene
models to examine the characteristics and evolution of
the dot chromosome in different Drosophila species
(D. melanogaster and D. virilis) and in different D. virilis
strains (GEP and CAF1). Our analysis consistently shows
that the D. melanogaster and D. virilis dot chromosomes
are more similar to each other than to the reference
heterochromatic and euchromatic regions of both
species.
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Dot chromosomes have distinct distribution of
repetitive elements: The total repeat densities of the
D. melanogasterand D. virilis dot chromosomes are similar,
intermediate between that of euchromatin and hetero-
chromatin (Figure 1). The main difference is in the types
of repeats present, with the D. melanogaster dot enriched
in DNA transposons and retroelements (Figure 2, Table
S2). Previous studies using position effect variegation
(PEV) in D. melanogaster as a readout of chromatin
packaging have characterized the dot chromosome as
largely heterochromatic and have also suggested that
both proximity to certain transposable elements (e.g., the
DNA transposon 1360) and overall repeat density may
both play a role in heterochromatin formation and
maintenance (SUN et al. 2004; HAYNES et al. 2006; RIDDLE
et al. 2008). If, as has been suggested, transposable
elements are a better target for heterochromatin forma-
tion in Drosophila (HuisiNGa et al. 2006), differences in
the distribution of classes of repeats may alter effective
heterochromatin formation on the two dot chromo-
somes under some circumstances. This difference in
repeat type, one of the few observed, might explain the
difference reported earlier in polytene chromosome
immunofluorescent staining, where the D. wvirilis dot
chromosome fails to show the prominent association
with HPla and H3K9me2/3 seen in D. melanogaster
(JAMES et al. 1989; SLAWSON et al. 2006). However, genes
on the D. viridisand D. melanogaster dot chromosome have
similar characteristics (e.g., large size, low codon bias),
which argues that these genes have evolved in a similar
heterochromatin-like domain in both species and must
be similarly packaged in germ line cells.

Our analysis also shows a higher abundance of tan-
dem repeats in the D. virilis dot chromosome, as well as
euchromatin and heterochromatin (Figure 3). The ma-
jority of the tandem repeats identified here by TRF
overlap with simple and low complexity repeats identi-
fied by RepeatMasker, in agreement with previous find-
ings of SCHLOTTERER and HARR (2000). The expansion
of these types of low complexity sequences both on the
dot chromosome and in the euchromatic and hetero-
chromatic reference regions may have contributed to the
larger euchromatic genome size in D. virilis compared to
D. melanogaster (150 Mb vs. 110 Mb; MORIYAMA et al. 1998),
albeit recognizable tandem repeats only account for a
small percentage of the two genomes.

Gene characteristics reflect the low levels of re-
combination: Another well-established property of het-
erochromatic domains is a lack of recombination
(GrREwAL and ELGIN 2002) . Previous reports have shown
low levels of recombination on both the D. melanogaster
and D. virilis dot chromosomes (CHINO and KikkawA
1933; BRIDGES 1935; WANG et al. 2002; ARGUELLO e al.
2010). Work by others has found that both veryshortand
very long introns are associated with regions of low
recombination (CARVALHO and CLARK 1999; COMERON
and KrREITMAN 2000). An earlier study by HADDRILL et al.

(2007) also found that a lack of recombination could be
correlated with an increase in gene length. Therefore, if
both the D. melanogaster and D. virilis dot chromosomes
have low levels of recombination, they should have
similar distributions of intron sizes, as we have observed.
The higher density of repetitive elements on the dot
chromosomes contributes to the larger gene and intron
sizes on the dot chromosomes compared to the euchro-
matic reference regions (Figure 4, A and C). However,
recognizable repetitive elements within introns are not
the sole factor leading to larger gene and intron sizes,
because the differences in intron sizes between the dot
chromosomes and the euchromatic reference regions
remain statistically significant even after recognizable
repeats are removed (Figure 4D).

Codon usage bias has previously been shown to be
negatively correlated with protein length and positively
correlated with levels of recombination (PoweLL and
MoriyamMa 1997; HADDRILL et al. 2007). The positive
correlation between codon bias and recombination rate
can be attributed to the Hill-Robertson effect (i.e.,
regions with a low rate of recombination show less
effective response to selection) (HiLL and ROBERTSON
1966). Selection may be at work in the positive correla-
tion of codon bias with gene expression levels, observed
generally in D. melanogaster (DURET and MOUCHIROUD
1999). Differences in expression levels are unlikely to be
amajor contributor to differences in codon bias between
the dot chromosomes and the euchromatic reference
regions, since Betancourt and colleagues (using expres-
sion data generated by ZHANG ¢t al. 2007) have previously
shown that the difference in gene expression levels for
the dot and non-dot loci are not statistically significant in
D. virilis (BETANCOURT et al. 2009).

Our codon bias results (Figure b) are consistentwith the
low rate of recombination reported for the heterochro-
matin-like D. melanogaster dot chromosome and suggest a
similar evolution of the D. wirilis dot chromosome. Our
findings further suggest that the rate of recombination
may be amore important determinant of codon usage bias
on the dot chromosomes than protein length or level of
expression. The codon bias in the D. melanogaster hetero-
chromatic reference region is higher (lower Nc value)
than the codon bias in the D. virilis dot chromosome, even
though the pericentric heterochromatin has a signifi-
cantly higher repeat density and is thought to have a
similar low level of recombination.

Gene order and orientation indicate a high rate of
inversions in a domain with low recombination: While
the recombination rate is significantly lower, we observe
an approximately twofold higher rate of gene rearrange-
ments on the dot chromosome compared to a euchro-
matic domain (Figure 6); this higher rate may reflect the
higher repeat density, assuming that these elements
promote inversions (CasaLs and NAvArro 2007).
BHUTKAR et al. (2008) have previously observed a higher
rate of gene rearrangements on the Muller A element
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(X' chromosome) compared to Muller elements B-Fand
suggested that the rate of gene rearrangement may play
arole in the evolution of the X chromosome. The higher
rate of inversions on the dot chromosome compared to
the Muller D element suggests that, similar to the Muller
A element, gene rearrangements may play an important
role in the evolution of the dot chromosome.

Wanderer genes exhibit the properties common in
the domain they inhabit: Despite the large number of
gene rearrangements, ~90% of the genes (74/83) can be
found on both the D. melanogaster and D. wvirilis dot
chromosomes. Our results are consistent with the pre-
vious findings by BHUTKAR et al. (2008) who estimated
that 95% of the genes in Drosophila are localized to the
same Muller element across different Drosophila species.
We identified eight wanderer genes that are present in a
euchromatic domain in one species and heterochromatic
(dot chromosome) in the other (Figure 7). These genes
exhibit the characteristics of other genes in the same
environment (Table 1), which suggests that character-
istics such as gene size, codon bias, and repeat density are
properties of the domain, and are not required for either
set of genes to function per se. Our results are consistent
with a previous study of the /f gene cluster in different
Drosophila species, which shows that genes that transi-
tion from a euchromatic domain to a heterochromatic
domain will reflect the properties of their local environ-
ment (Z.e., increase in gene size due to accumulation of
transposable elements in the heterochromatic domain)
(YasuHARA et al. 2005). The movement of genes from one
chromosome to another is widely observed in Drosophila
(DrosorHILA 12 GENOMES CONSORTIUM et al. 2007), but
the mechanism remains obscure; these events do not
appear to be the consequence of recombination or of
retroviral action through a cDNA.

Strain differences indicate that indels contribute
significantly to change: Comparison of the GEP and
CAF1 strains of D. virilis shows a large number of differ-
ences (e.g., base mismatches, insertions, and deletions).
These differences include a few large indels of transpos-
able elements (primarily LTR and DNA transposons;
Table 2), although the majority of the indels are short
(Figure 8). We found that most of the large indels with
conserved long terminal repeats can be classified as mem-
bers of the gypsy family, which suggests a recent invasion
of gypsy elements into the genomes of D. wvirilis. Our
results are consistent with previous reports that show
gypsy retroelements to be actively transcribed in D. virilis
and are also consistent with reports that show variation in
the distribution of gypsy elements in different strains of
D. virilis (M1zrROKHI and Mazo 1991; MEJLUMIAN el al.
2002).

Previous studies have suggested that indels play an
important role in the evolution of eukaryotic genomes,
and have postulated that indels account for the majority
of the sequence differences in closely related DNA
samples (BRITTEN ef al. 2003). Our analysis shows that

the total number of mismatches exceeds the number of
indel events in this case (Table 3). However, as each
indel on average introduces a difference of two or more
bases (including large transposon insertions and dele-
tions), these types of events contribute more to the
difference between the dot chromosomes (a total of
81,715 indel bases for the two strains combined), as
postulated (BRITTEN et al. 2003).

Strain differences point to weak purifying selection
in the dot chromosome domain: Previous studies on
polymorphisms within the coding regions of D. mela-
nogaster have shown much lower levels of both non-
synonymous and synonymous changes on the dot
chromosome compared to the genome average
(BERRY et al. 1991; SHELDAHL et al. 2003). Analysis of
the K, /K, ratio observed here suggests that most of the
genes on the D. virilis dot chromosome are undergo-
ing weak purifying selection compared to the genes on
a random set of fosmids from other, euchromatic
regions. Analysis of D. americana, a species closely
related to D. wirilis, also suggested weak purifying
positive selection on the dot chromosome, presum-
ably a consequence of its lower level of recombination
(BETANCOURT et al. 2009).

Future studies: The dot chromosome is unusual
compared to other gene-rich (euchromatic) regions of
the Drosophila genome because of the high density of
repetitive elements. However, in this regard the dot
chromosome actually resembles a typical euchromatic
region of a mammalian genome, where one observes
repeat densities of ~30-40%, with remnants of trans-
posable elements interspersed within and between
genes that are actively transcribed. How is gene activity
maintained in the midst of repetitious elements, ele-
ments that are thought to serve as targets for hetero-
chromatin formation and gene silencing? Future
investigation should examine the transcription start
sites of the dot chromosome genes through a compre-
hensive study of the distribution of histone modifica-
tions and chromosomal proteins surrounding these
regions. In conjunction with the publicly available data
released by the modENCODE Project for D. melanogaster
[N. C. RippLE, A. MINODA, P. V. KHARCHENKO, A. A.
ALEKSEYENKO, Y. B. ScawaArTZz, M. Y. TOLSTORUKOV,
A. A. GorcHAKOV, C. KENNEDY, D. LINDER-BASSO, J. D.
JAFFE, G. SHANOWER, M. I. KURODA, V. PIRROTTA, P. J.
Parg, S. C. R. ErciN, G. H. KARPEN, and the
modENCODE Consortium (http:/www.modencode.
org), unpublished results]. a comparative study with
mapping data from multiple Drosophila species may
reveal common sequence motifs that regulate gene
expression and chromatin packaging in this genomic
environment. The unique properties of the dot chro-
mosome provide an opportunity to examine the impact
of chromatin packaging on the evolution of genomes
and the control of gene expression, making it worthy of
further study.
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FIGURE S1.—Improved D. virilis (Tucson strain 15010-1051.88) dot chromosome on the custom UCSC Genome Browser
(http://gander.wustl.edu; D. virilis assembly). The improved dot chromosome consists of 1,240,624 non-overlapping base pairs of
high quality sequence with 8 remaining gaps (estimated total gap size: 14,728 bases). The D. virilis custom genome browser
contains evidence tracks for gene annotations, recognizable repeats, and UCSC Net alignments referenced to the D. melanogaster
genome assembly.
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Comparison of Two Strains of D. virilis
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FIGURE S2.—Dot plot comparison of the dot chromosomes from two strains of D. virilis. A dot plot alignment comparing the
dot chromosome of the GEP strain (Tucson strain 15010-1051.88) (X-axis) with the dot chromosome of the CAF1 strain (Tucson
strain 15010-1051.87; 1,226,203 bases with 7 gaps estimated at 1,638 bases) (Y-axis) shows that the two D. virilis dot chromosomes
have a high degree of sequence identity. Regions of sequence identity are shown by a dot; thus the diagonal lines in the dot plot
indicate that the two chromosomes are essentially collinear.
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FIGURE S3.—Defining the heterochromatic and euchromatic reference regions for D. melanogaster and D. virilis. (A) The
heterochromatic-euchromatic boundary for D. virilis scatfold_13049 has been assigned for this analysis based on changes in repeat
density and gene density. (B) Schematic of reference regions used in the sequence analysis. For D. virilis, the euchromatic
reference region from scaffold_13049 spans from 22,575,001 to 23,825,000 bp and the heterochromatic reference region from
scaffold_13049 spans from 24,450,001 to 25,233,164 bp. For D. melanogaster, the euchromatic reference region from chr3L spans
from 21,705,576 to 22,955,575 bp and the heterochromatic reference region spans from 22,955,576 to 24,205,575 bp.
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FIGURE S4.—Side-by-side boxplots of size distributions for genes, exons, introns, and introns without repeats. Results for
various features on the D. melanogaster and D. virilis dot chromosomes as well as the euchromatic and heterochromatic reference
regions are shown. The box in each boxplot represents the interquartile range (IQR) and 1s the difference between the third (Q3)
and first (Q1) quartile (IQR = Q3-Q1). The line within each box in the boxplot represents the median. Outliers are defined as
sizes that are more than 1.5*IQR below Q1 or 1.5*¥IQR larger than Q3 and are represented as dots in the boxplot. The smallest
and largest values that are not outliers are shown as “whiskers” in the boxplots. (A) Side-by-side boxplots of gene sizes (from the
start codon to the stop codon) show that genes on the dot chromosomes are larger than genes from the euchromatic reference
regions. (B) Side-by-side boxplots show that coding exons on the dot chromosome tend to be larger than coding exons on the
heterochromatic reference region and smaller than the coding exons on the euchromatic reference regions. (C) Side-by-side
boxplots of intron sizes show that introns on the dot chromosome are smaller than the introns in the heterochromatic reference
region and larger than introns in the euchromatic reference region. (D) Side-by-side boxplots of intron sizes after the repeats are
removed show a decrease in intron size differences among the dot chromosomes and the euchromatic reference regions,
suggesting that repeats within introns are one of the factors that lead to larger intron sizes on the dot chromosomes.
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FIGURE S5.—Large indels occur in the dot chromosome from two strains of D. virzlis. Example of a large indel (a Ulysses_I
LTR retrotransposon) identified in the GEP strain of the D. virilis dot chromosome when compared to the CAF1 strain. Dot plot
of this 10 kb LTR retroelement aligned against itself shows the locations of the 2kb long terminal repeat (highlighted by the red

squares).
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Distribution of Quality Scores for Mismatched Bases in WGS Assembly
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FIGURE S6.—Consensus quality scores for mismatched bases in the CAF1 strain of the D. virilis dot chromosome. Distribution
of the consensus quality scores for the mismatched bases in scaffold_13052 of the CAF1 assembly shows that the majority of the
mismatched bases are of high quality. 88.6% have a phred quality score of 30 or higher, indicating that consensus error is unlikely
to be a major cause of mismatches observed between the two strains of D. virilis.
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FILE S1

Additional Materials, Methods, and References

D. virilis finishing quality standards:

The fosmid assemblies were generated using the phred/phrap/consed package (EWING et al. 1998; GORDON et al. 1998). All fosmids
were improved to the quality standards used for the mouse genome: single stranded regions have a minimum phred score of 30 (1
error in 1000 bases) and double stranded regions have a minimum p#red score of 25
(http://genome.wustl.edu/platforms/sequence_improvement/mouse_finishing rules). Regions with high quality discrepancies
were resolved by manual inspection and manipulation of the assembly. The integrity of each fosmid assembly was verified by
comparing the i silico restriction digests of the assembly with real restriction digests of the fosmid generated using four different
enzymes, with at least two matches required. Additional PCR reactions were used to close gaps not covered by the fosmid
library. These PCR-only regions were also finished to the mouse genome standard.

Use of GLEAN-R models:

In addition to providing the genomic assembly, the 12 Genomes Consortium also released a set of GLEAN-R gene predictions
for the D. virilis CAF1 assembly (DROSOPHILA 12 GENOMES CONSORTIUM et al. 2007; ELSIK et al. 2007). To determine if the
GLEAN-R gene models are adequate for this type of genome-level analysis, we compared the GEP gene models with the
corresponding GLEAN-R models in the CAF1 assembly of the dot chromosome. Based on the FlyBase ortholog assignment, 69
of the 81 genes annotated in the GEP strain have corresponding GLEAN-R models. Comparison of each GEP model with the
corresponding GLEAN-R model shows that they have a mean percent identity of 90% and a median percent identity of 98%,
which suggests that the GLEAN-R models on the dot chromosome were mostly congruent with our manually annotated models
(data not shown). Hence the GLEAN-R gene predictions from the dot chromosome and the euchromatic reference regions in the
CAF1 strain of D. virilis were included in the analyses reported here.

Curation of three novel genes found on the D. virilis dot chromosome:

A. CG16719-alpha

CG16719 is a gene nested within CG6767 in D. melanogaster 3L, (Muller D element) It contains a conserved domain DUIF1042.
There is only one other annotated gene in the D. melanogaster genome (CG12395) that also contains this conserved domain and its
putative ortholog can be mapped to scaffold_13042 (Muller A element) in D. virelis. The putative ortholog for CG16719 is
mapped to scaffold_13049 (Muller D element) in the D. virilis CAF1 assembly, but also has significant alignment with the D. virilis
dot chromosome. Given that this gene on the D. virilis dot chromosome aligns significantly better to CG16719 than CG12395, we
classified this gene on the D. virilis dot chromosome as a putative paralog of CG16719.

B. elF-5A4-beta

There are two regions (scaffold_13049 and scaffold_13052) in the D. virilis CAF1 assembly that shows significant homology to the
D. melanogaster eIF-54 and both regions contained the conserved IF5A domain. Limited EST evidence from D. virilis suggests that
both copies of the genes are expressed. However, the gene on the D. virilis dot chromosome (scaffold_13052) has weaker sequence
homology to the D. melanogaster eIF-54. Hence we conclude that the gene on the D. virilis dot is likely a paralog of the D.
melanogaster elF-5A.

C. GEP001

The novel GEP00I gene contains a conserved Deme6 domain (pfam10300); conserved predicted orthologs are present in D.
grimshawi, D. willistons, Anopheles gambiae (ref| XP_311530.4) and Culex quinquefasciatus (ref| XP_001851338.1) but a presumptive
ortholog could not be found by TBLASTN searches against the D. melanogaster genome assembly (data not shown; see browser at
http://gander.wustl.edu [D. virilis Manuscript assembly]).

Genes on the D. melanogaster dot chromosome that cannot be definitively mapped onto the D. virilis CAF1
assembly:

A. JYalpha

The gene model for fYalpha is incomplete on the D. melanogaster dot chromosome. A more comprehensive gene model (CG40625)
is available in the unassembled region (arm U) of the D. melanogaster assembly. Using this model, we found that CG40625 maps to
a 100kb scaffold (scaffold_12949) in the D. virilis CAF1 assembly that has not been assigned to a Muller element. Hence, we
cannot conclusively determine if this gene is on the same or different Muller elements in D. melanogaster and D. virilis.

B. CG11231 and CG11260

CG11231 and CG11260 can be mapped to multiple scaffolds in the D. virilis CAF1 assembly. BLASTP searches against the non-
redundant protein database (nr) showed that CG77231 had weak sequence similarity to reverse transcriptase in D). melanogaster and
A. gambiae. A BLASTP search of CG11260 against the nr protein database showed that it contained a conserved integrase core
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domain. Hence our analysis suggests that these two gene annotations in the D. melanogaster genome may in fact be remnants of
repetitive elements that have been annotated as genes.

C. CG32021

For the gene CG32021, a BLASTP search against the nr protein database showed only a single high quality (e-value < 1le-5) hit, to
the annotation in D. melanogaster. Examination of the region surrounding CG32021 in the D melanogaster genome identified flanking
Transib and 7360 transposable element sequences. Given the close proximity of repetitive elements and lack of support from any
other species, CG52021 is unlikely to be a real gene and may instead be a repetitive element.

D. CG35797

(CG33797 cannot be mapped definitively to the D. virilis CAF1 assembly using TBLASTN. CG33797 is a short (255nt) gene that is
nested within CG11152 on the D. melanogaster dot chromosome and contains a conserved Arl6 domain. 7BLASTN searches of this
protein in D. melanogaster against the entire D. viriis CAF1 assembly detected a single significant hit to scaffold_12875. However,
additional investigation revealed that the aligned region is limited to the conserved Arl6 domain and that this region of the CAF1
assembly in D. virilis most likely contains a putative ortholog to CG7735 (another protein in D. melanogaster that contains the Arl6
domain). We also extracted the region that encompassed the putative ortholog to €G117152 (Dvir\GJ15974) and searched this
region against the D. melanogaster protein CG33797 using TBLASTN with more sensitive parameters. This TBLASTN search did
not reveal any significant alignments. There are three possible explanations for why this gene is missing from the D. virilis CAF1
assembly: it could be a species-specific gene, found only in D. melanogaster; it could be present in other species but in regions that
are not part of the CAF1 assembly (e.g. in gaps or heterochromatic regions); or it could be an error in the D. melanogaster
annotation. Given the available evidence, we favor the latter explanation.

Reconstruction of discrepant regions in the CAF1 assembly:

A 2kb region encompassing the discrepant coordinates was extracted from the CAF1 assembly. A megablast search was performed
against the D. virilis WGS database in the NCBI Trace Archive using this extracted region as the query with default parameters
and the e-value cutoff at le-10 (ZHANG et al. 2000). All the traces that showed sequence similarity to the region of interest were
downloaded from the NCBI Trace Archive. These traces were then assembled using the phredPhrap script and the resulting
assembly was examined using consed (EWING et al. 1998; GORDON et al. 1998).

Possible errors in the coding regions of the CAF1 dot chromosome sequence

A. CG33521

CG33521 shows an incomplete alignment (with 130/140 bases aligned) between the GEP and CAF1 strains. Reconstruction of
this discrepant region of the CAF1 assembly suggests that the differences in the last 10 bases of this region are genuine (see above
for details on the reconstruction process). Interestingly, there is an alternative canonical splice donor site near the end of the
alignment that would keep the rest of the model in the same reading frame (data not shown).

B. Thd1

The last coding exon of Thd1 had the least sequence identity between the two strains among all the dot chromosome exons we
have analyzed. Direct mapping of the exon from the GEP model to the CAF1 assembly shows that these differences introduce
two premature stop codons in the peptide translation for the CAF1 strain. Attempts to reconstruct this region of the CAF1
assembly using phred/ phrap/ Consed created a new consensus sequence that matched our GEP consensus sequence (data not
shown). Hence the large number of differences in this 7hd] exon is likely caused by errors in the CAF1 consensus sequence.
However, we should note that the CAF1 consensus is generated using a different technique (e.g. bases were called using the KB
base caller and the final assembly was generated by reconciling the Arachne and the Celera assemblies). Because each assembler has
unique strengths and weaknesses, we cannot rule out the possibility that the differences between the two strains of D. virilis are
genuine.
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Curation of four novel LTR retroelement that are recently active in the D. virilis dot chromosome

Curation strategy: The consensus sequences for each repetitive element were searched against the Drosophila Repbase repeat
library (version 15.04) using the CENSOR program (KOHANY e/ al. 2006) to identify regions with sequence similarity to known
repetitive elements. Each consensus sequence is also searched against a library of transposable element proteins (from the
RepeatRunner package) using BLASTX. Finally, InterProScan (ZDOBNOV and APWEILER. 2001) was used to identify conserved
protein domains in the consensus sequence for each repetitive element. These results are filtered, collected, and rendered using a
custom Perl script that utilizes the Bio::Graphics CPAN package. The range of each feature is also summarized in a table. The
Sim column in the table corresponds to the similarity between two aligned fragments as defined by CENSOR.

A. dvir.2.37.centroid
dvir.2.37.centroid#lTR
.

t 1 1 t t
0.0k 1.0k 2.0k 3.0k 4.0k 5.0k 6.0k
CENSOR hits
TVILTR Tvil TVILTR
- L g 4
TYILTR TVILTR
4 -

Sinilarity to TE proteins

GAGZ_DROME POL3_DROME ENYZ_DROME
I
gag polyprotein pol polyprotein

InterProScan results

env polyprotein

PF00077 PF00078 PS50994

—

Peptidase AZA Reverse transcriptase
The dvir.2.37.centroid consensus sequence has a high degree of sequence similarity with the repetitive element TV1. TV1 is an
LTR retroelement that is a member of the Gypsy family. The consensus sequence contains the gag, pol, and env polyproteins.
The order of peptidase, reverse transcriptase, integrase protein domains within the pol polyprotein is consistent with the
assignment of this consensus repetitive sequence as a member of the Gypsy family.

Integrase

Name Sim Start End  Strand Source Description
TVILTR 0.9925 18 151 + CENSOR LTR from TV1
TVILTR 0.9928 152 430 + CENSOR LTR from TV1

TVII 0.9804 431 6423 + CENSOR Internal portion of TV1
TVILTR 1.0000 6424 6556 + CENSOR LTR from TV1
TVILTR 0.9928 6557 6835 + CENSOR LTR from TV1

GAG2_DROME NA 846 1667 + BLASTX _TE gag polyprotein

POL3_DROME NA 1733 4916 + BLASTX_TE pol polyprotein

ENV2_DROME NA 4997 6386 + BLASTX_TE env polyprotein
PF00077 NA 1768 2053 + InterProScan Peptidase A2A
PF00078 NA 2497 2992 + InterProScan Reverse transcriptase
PS50994 NA 3989 4460 + InterProScan Integrase
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B. dvir.2.53.centroid
dvir.2.53.centroid#LIR

0.0k 1.0k 2.0k 3.0k 4.0k 5.0k 6.0k
CENSOR hits
TYILTR  T¥iI TYILTR
< EE————— —
TVILTR Vil
- . ________________________________________________________________________________|]
Sinilarity to TE proteins
ENYZ_DROME GAGZ_DROME
I
eny polyprotein gag polyprotein
POL3_DROME

pol polyprotein
InterProScan results

PS50994 PFO0078 PFO0077
< <
Integrase Reverse transcriptase Peptidase AZA

Similar to dvir.2.37.centroid, the dvir.2.53.centroid has high degree of sequence similarity with the repetitive element TV1. The
gag, pol, env polyproteins can be identified in the consensus sequence using BLASTX. The order of peptidase, reverse
transcriptase, and integrase protein domains within the pol polyprotein is consistent with the assignment of this consensus
repetitive sequence as a member of the Gypsy family.

Name Sim Start End  Strand Source Description
TVILTR 0.9928 21 299 - CENSOR LTR from TV1
TVILTR 1.0000 300 432 - CENSOR LTR from TV1

TVII 0.9833 433 1688 - CENSOR Internal portion of TV1

TVII 0.9765 1689 6005 - CENSOR Internal portion of TV1
TVILTR 0.9904 6006 6419 - CENSOR LTR from TV1

ENV2_DROME NA 470 1643 - BLASTX_TE env polyprotein

POL3_DROME NA 1456 4701 - BLASTX_TE pol polyprotein

GAG2_DROME NA 4767 5588 - BLASTX_TE gag polyprotein
PS50994 NA 2077 2548 - InterProScan Integrase
PF00078 NA 3440 3704 - InterProScan Reverse transcriptase
Pr00077 NA 4495 4666 - InterProScan Peptidase A2A

C. dvir.5.67.centroid
dvir.5.67.centroid#LTR

0.0k 1.0k 2.0k 3.0k 4.0k 5.0k

CENSOR hits
Gypsyl-LTR_DV Gypsyl-LTR_DV
| 4

Gypsyl-1_0V

Sinilarity to TE proteins
enb | CARBS152 .1 emb | CARBS152 .1

-
Dme 1\mdg3\0RF Dme 1\mdg3\0RF

InterProScan results
SMO0513 SSFS0630 PS50878 PS50994 PFO0665

B —_— —

SAP Peptidase aspartic Reverse transcriptase Integrase rve (Integrase)
The dvir.5.67.centroid consensus sequence has high degree of sequence similarity with the repetitive element Gypsyl. Gypsyl is
an LTR retroelement that is a member of the Gypsy family. BLASTX detected sequence homology with the open reading frame
within the mdg3 retroelement in D. melanogaster. In addition to the peptidase, reverse transcriptase, integrase protein domains,
InterProScan also detected a conserved SAP domain (which is a DNA binding domain) within the consensus sequence.
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Name Sim Start End Strand Source Description
Gypsyl-LTR_DV 0.9912 9 235 + CENSOR LTR from Gypsyl
Gypsyl-I_DV 0.9988 236 5185 + CENSOR Internal portion of Gypsyl
Gypsyl-LTR_DV 0.9912 5186 5412 + CENSOR LTR from Gypsyl
emb | CAA65152.1 NA 288 452 + BLASTX_TE Dmel\mdg3\ORF
emb | CAA65152.1 NA 1998 4884 + BLASTX_TE Dmel\mdg3\ORF
SM00513 NA 287 389 + InterProScan SAP
SSF50630 NA 1589 1862 + InterProScan Peptidase aspartic
PS50878 NA 2654 3194 + InterProScan Reverse transcriptase
PS50994 NA 3783 4305 + InterProScan Integrase
PF00665 NA 4317 4575 + InterProScan rve (Integrase)
D. dvir.35.83.centroid
dvir.35.83 .centroid#lTTR | | | | |
0.0k 1.0k 2.0k 3.0k 4.0k 5.0k 6.0k
CENSOR hits
BEL1-LTR_DV BEL1-LTR_DY
<
BEL1-1_DV

Sinilarity to TE proteins
emb |CAD32253.1

gag-pol polyprotein precursor

InterProScan results
PS50994

PFO5380
i S—
Integrase Peptidase_Al17
The dvir.35.83.centroid consensus sequence has high degree of sequence similarity with the repetitive element BEL1. BELI is a
LTR retroelement that is a member of the BEL family. BLASTX searches against the TE database revealed a gag-pol
polyprotein precursor within the consensus sequence. InterProScan detected two peptidase domains and a single integrase

domain within the consensus sequence.

PFOS585

Peptidase aspartic

Name Sim Start End Strand Source Description
BELI-LTR_DV 0.9953 2 428 - CENSOR LTR from BEL1
BELI1-I_DV 0.9964 429 6020 - CENSOR Internal portion of BEL1
BELI-LTR_DV 0.9953 6021 6447 - CENSOR LTR from BEL1
emb|CAD32253.1 1 453 5087 - BLASTX_TE gag-pol polyprotein precursor
PS50994 1 1048 1693 - InterProScan Integrase
Pr05380 1 2255 2720 - InterProScan Peptidase_A17
Pr05585 1 3848 4310 - InterProScan Peptidase aspartic
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FILE S2

Species-specific RepeatModeler libraries for D. melanogaster

File S2 is available for download as a text file at http://www.genetics.org/cgi/content/full/genetics.110.116129/DC1.
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FILE S3

Species-specific RepeatModeler libraries for D. virilis

File S3 is available for download as a text file at http://www.genetics.org/cgi/content/full/genetics.110.116129/DC1.
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TABLE S1

17 81

Total repeat density for different regions of D. melanogaster and D. virilis

Species: RepeatMasker + RepBase RepeatRunner + RepeatMasker + RepeatModeler
Muller Element (Drosophila) Superlibrary (Species-specific)
D. melanogaster:

Muller D Het. Region 65.7% 73.2% 68.1%

D. virilis (CAF1):

Muller D Het. Region 37.4% 55.3% 65.5%

D. melanogaster:

Muller F (Dot) 27.2% 30.8% 28.4%

D. virilis (GEP):

Muller F (Dot) 17.9% 24.2% 27.1%

D. virilhs (CAF1):

Muller F (Dot) 17.5% 23.1% 25.9%

D. melanogaster:

Muller D Euch. Region 8.7% 10.2% 8.9%

D. virlis (CAF1):

Muller D Euch. Region 9.3% 12.0% 12.6%

D. virilis (GEP):

Random Fosmids 6.6% 9.7% 9.1%

D. virlis (CAF1):

Random Fosmids 8.8% 11.4% 10.5%

Overall repeat densities for different regions of the D. melanogaster and D. virilis genomes; values used in Figure 1.
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TABLE S2

Repeat class distributions using RepeatMasker with the RepeatModeler library

Species: LTR DNA Other
Muller Element LINEs  elements Transposons Unclassified (Simple + Low Complexity)

D. melanogaster:

Muller D Het. Region 20.2%  32.5% 11.1% 3.1% 1.2%
D. virilis (CAF1):

Muller D Het. Region 11.6%  17.4% 18.9% 16.7% 1.0%
D. melanogaster:

Muller F (Dot) 3.4% 4.3% 16.5% 1.1% 3.1%
D. virilis (GEP):

Muller F (Dot) 2.7% 3.5% 11.2% 4.7% 5.1%
D. virilis (CAF1):

Muller F (Dot) 2.5% 2.1% 11.4% 4.7% 5.3%
D. melanogaster:

Muller D Euch. Region 1.7% 3.0% 2.5% 0.1% 1.6%
D. virlis (CAF1):

Muller D Euch. Region 1.0% 0.2% 3.6% 2.6% 5.3%
D. virilis (GEP):

Random Fosmids 0.1% 0.1% 1.0% 2.7% 5.1%
D. virilhs (CAF1):

Random Fosmids 2.2% 0.1% 0.8% 2.2% 5.2%

Presence of different repeat classes; values used for Figure 2.
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TABLE S3

Tandem repeats density for different regions of D. melanogaster and D. virilis

Species: Muller Element D. melanogaster D. virtlis

Muller D Het. Region 1.1% 3.8%

Muller F (Dot) 2.2% 3.3% (GEP) / 3.3% (CAF1)
Muller D Euch. Region 0.8% 3.7%

Tandem repeats densities; values used for Figure 3.
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TABLE S$4

Five-number summary statistics for the distribution of gene sizes

Region Minimum  lst Quartile ~ Median  3rd Quartile  Maximum
D. melanogaster: Muller D Het. Region 298.00 1251.00 2429.00  8648.00 146400.00
D. melanogaster: Muller F (Dot) 958.00 9542.00 6193.00  10740.00 49830.00
D. virilis (GEP): Muller F (Dot) 453.00 9409.00 5718.00  9928.00 51420.00
D. virilis (CAF1): Muller F (Dot) 168.00 1934.00 4999.00  8595.00 61000.00
D. melanogaster: Muller D Euch. Region 108.00 591.00 1062.00  2490.00 111600.00
D. virilis (CAF1): Muller D Euch. Region ~ 165.00 960.00 1792.00  3518.00 62850.00
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TABLE S5

Two-sided Kolmogorov-Smirnov tests on gene sizes (raw p-values)

D. melanogaster D. virtlis D. virtlis D. melanogaster D. virtlis
Dot Dot (GEP) Dot (CAF1) Euch. Reference Euch. Reference
D. melanogaster
Het. Reference 3.84E-02 6.54E-02 3.33E-01 4.85E-02 2.13E-01
D. melanogaster
Dot - 9.13E-01 2.40E-01 1.74E-12* 1.26E-10*
D. virtlis
Dot (GEP) - - 6.02E-01 1.58E-11* 5.45E-09*
D. virilis
Dot (CAF1) - - - 5.95E-09* 8.07E-07*
D. melanogaster
Euch. Reference - - - - 3.65E-03

p-values from the two-sided Kolmogorov-Smirnov (KS) tests indicate that the difference in gene sizes between the dot
chromosomes of D. melanogaster and D. virilis are not statistically significant. The differences between the gene sizes on the dot
chromosomes are systematically different from the gene sizes in the euchromatic reference regions. Asterisks (¥) indicate cells
with raw p-values below 3.33E-03 (0.05/15), considered to be statistically significant.
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TABLE S6

Five-number summary statistics for the distribution of coding exon sizes

Region Minimum st Quartile ~ Median  3rd Quartile  Maximum
D. melanogaster: Muller D Het. Region 93.00 125.00 172.00  271.00 2493.00
D. melanogaster: Muller F (Dot) 3.00 123.00 199.00  380.50 9471.00
D. virilis (GEP): Muller F (Dot) 3.00 123.00 201.00  433.00 9474.00
D. virilis (CAF1): Muller F (Dot) 9.00 120.20 196.50  403.80 9474.00
D. melanogaster: Muller D Euch. Region 3.00 150.50 9284.00  582.00 3328.00
D. virilis (CAF1): Muller D Euch. Region  3.00 130.50 93850  568.50 6779.00
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TABLE S7

Two-sided Kolmogorov-Smirnov tests on coding exon sizes (raw p-values)

D. melanogaster D. virtlis D. virtlis D. melanogaster D. virtls
Dot Dot (GEP) Dot (CAF1) Euch. Reference Euch. Reference
D. melanogaster
Het. Reference 2.48E-02 1.50E-02 3.51E-02 8.82E-06" 1.03E-04*
D. melanogaster
Dot - 7.23E-01 9.96E-01 7.02E-05* 6.17E-05*
D. virilis
Dot (GEP) - - 9.93E-01 1.38E-03* 5.72E-03
D. virtlis
Dot (CAF1) - - - 3.05E-04* 6.36E-04*
D. melanogaster
Euch. Reference - - - - 3.08E-01

p-values from the two-sided KS tests indicate that the coding exon sizes for the heterochromatic reference region are distinct
from the coding exon sizes on the euchromatic reference regions. The coding exon sizes in the dot chromosomes of D.
melanogaster and D. virilis are statistically different from the euchromatic reference regions. The coding exon sizes on the D.
melanogaster dot chromosome are not statistically different from the coding exon sizes on the D. virilis dot chromosome. Asterisks
(*) indicate cells with raw p-values below 3.33E-03, considered to be statistically significant.
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TABLE S8

Five-number summary statistics for the distribution of intron sizes

Region Minimum st Quartile ~ Median  3rd Quartile  Maximum
D. melanogaster: Muller D Het. Region 50.00 65.25 75250  4898.00 40110.00
D. melanogaster: Muller F (Dot) 47.00 61.00 20150  940.20 20170.00
D. virilis (GEP): Muller F (Dot) 48.00 68.00 14450  674.00 19550.00
D. virilis (CAF1): Muller F (Dot) 33.00 67.00 131.00  735.00 92960.00
D. melanogaster: Muller D Euch. Region 41.00 60.00 74.00 465.50 66250.00
D. virilis (CAF1): Muller D Euch. Region ~ 41.00 61.00 69.00 276.00 39000.00
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TABLE S9

One-sided Wilcoxon Rank Sum tests on intron sizes (raw p-values)

D. melanogaster D. virilis D. virilis D. melanogaster D. virihs
Dot Dot (GEP) Dot (CAF1) Euch. Reference Euch. Reference
D. melanogaster
Het. Reference 2.95E-05* 3.33E-04* 3.85E-04* 1.87E-06* 9.32E-08*
D. melanogaster
Dot - 8.96E-01 9.05E-01 2.18E-03* 3.32E-05*
D. virilis
Dot (GEP) - - 4.93E-01 3.66E-06* 1.21E-12*
D. virilis
Dot (CAF1) - - - 5.35E-06* 2.74E-12*
D. melanogaster
Euch. Reference - - - - 3.98E-01

—

p-values from the Wilcoxon Rank Sum tests (one-sided test with alternative="greater”) indicate that the intron sizes for the
heterochromatic reference region are systematically larger than the intron sizes on the dot chromosomes and the euchromatic
reference regions. The intron sizes in the dot chromosomes of D. melanogaster and D. virilis are systematically larger than the
euchromatic reference regions. However, the intron sizes on the D. melanogaster dot chromosome are not statistically different
from the intron sizes on the D. virilis dot chromosome. Asterisks (¥) indicate cells with raw p-values below 3.33E-03, considered to
be statistically significant.
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TABLE S10

Five-number summary statistics for the distribution of intron sizes after removing repetitive elements

Region Minimum  Ist Quartile Median  3rd Quartile  Maximum
D. melanogaster: Muller D Het. Region 2.00 61.50 561.00  2017.00 152900.00
D. melanogaster: Muller F (Dot) 2.00 59.00 176.00  621.00 267900.00
D. virilis (GEP): Muller F (Dot) 18.00 66.00 117.00  436.00 958400.00
D. virilis (CAF1): Muller F (Dot) 0.00 66.00 115.00  454.50 985600.00
D. melanogaster: Muller D Euch. Region 35.00 59.50 74.00 438.50 267400.00
D. virilis (CAF1): Muller D Euch. Region ~ 27.00 61.00 68.00 269.50 973100.00
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TABLE S11

One-sided Wilcoxon Rank Sum tests on intron sizes after removing repetitive elements (raw p-values)

D. melanogaster D. virtlis D. virtlis D. melanogaster D. virilis
Dot Dot (GEP) Dot (CAF1) Euch. Reference Euch. Reference
D. melanogaster
Het. Reference 2.97E-05* 3.07E-04* 3.20E-04* 1.07E-04* 5.08E-06*
D. melanogaster
Dot - 7.79E-01 7.54E-01 6.90E-02 3.61E-03
D. virtlis
Dot (GEP) - - 4.67E-01 1.22E-03* 1.24E-08*
D. virtlis
Dot (CAF1) - - - 2.13E-03* 5.07E-08*
D. melanogaster
Euch. Reference - - - - 2.84E-01

After removing repetitive elements from the introns, p-values from the Wilcoxon Rank Sum tests (one-sided test with
alternative="greater”) indicate that the intron sizes for the heterochromatic reference region are still systematically larger than
the intron sizes on the dot chromosomes and the euchromatic reference regions. However, the difference in intron sizes between
the dot chromosome and the euchromatic reference region in D. melanogaster is no longer statistically significant. In most cases
where the differences in intron sizes were statistically significant, the p-value increased when repeats are removed from the
introns. Our results suggest that the larger intron sizes on the dot chromosomes and the heterochromatic reference regions can
partly be attributed to repeats within introns. Asterisks (¥) indicate cells with raw p-values below 3.33E-03, considered to be
statistically significant.
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TABLE S12

Five-number summary statistics for the distribution of codon bias

Region Minimum st Quartile  Median  3rd Quartile  Maximum
D. melanogaster: Muller D Het. Region 41.40 49.52 52.28 54.52 61.00
D. melanogaster: Muller F (Dot) 45.52 51.65 53.92 56.15 61.00
D. virilis (GEP): Muller F (Dot) 44.10 54.90 56.55 57.70 61.00
D. virilis (CAF1): Muller F (Dot) 34.42 54.42 56.30 57.48 61.00
D. melanogaster: Muller D Euch. Region 97.99 45.10 49.39 54.53 61.00

D. virlis (CAF1): Muller D Euch. Region 32.23 45.44 49.14 52.86 61.00
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TABLE S13

Two-sided Kolmogorov-Smirnov tests on codon bias (raw p-values)

D. melanogaster D. virtlis D. virtlis D. melanogaster D. virilis
Dot Dot (GEP) Dot (CAF1) Euch. Reference Euch. Reference
D. melanogaster
Het. Reference 5.28E-02 3.42E-05* 2.01E-04* 3.61E-02 5.37E-02
D. melanogaster
Dot - 1.53E-06* 6.28E-06* 7.89E-08* 9.32E-10*
D. virilis
Dot (GEP) - - 7.50E-01 5.55E-16* < 2.2E-16*
D. virilis
Dot (CAF1) - - - 2.22E-14* < 2.2E-16*
D. melanogaster
Euch. Reference - - - - 6.01E-01

p-values from the two-sided KS tests indicate that the difference in codon bias between the dot chromosomes from D. virilis
and D. melanogaster and the differences between the dot chromosomes and the euchromatic reference regions are statistically
significant. Differences between the euchromatic regions of D. melanogaster and D. virilis are not statistically significant. Asterisks
(*) indicate cells with raw p-values below 3.33E-03, considered to be statistically significant.
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TABLE S14
Ka/Ks ratios for 22 genes with both synonymous and non-synonymous differences between the two strains of

the D. virilis dot chromosome

Putative Protein cDNA

D. melanogaster Gene Seq. Seq. Percent Percent

ortholog Length  Identity  Similarity ~ Gaps  ID ID Ka Ks Ka/Ks
CG32016-RB 3324 3318 3318 3 99.82 99.91 0.0009  0.0009 1.0943
Ephrin-RA 2035 2044 2044 6 99.41 99.76 0.0025 0.0023 1.0732
ci-RA 4338 4332 4332 3 99.86 99.93 0.0007  0.0007 1.0410
GEPOO1-RA 1746 1742 1742 0 99.48 99.77 0.0023  0.0023 0.9814
onecut-RA 3231 3217 3217 6 99.53 99.75 0.0022  0.0034  0.6468
pho-RA 1557 1555 1555 0 99.81 99.87 0.0010 0.0019  0.5402
Ank-RA 4899 4897 4897 0 99.94 99.96 0.0003 0.0008 0.3518
gw-RA 4185 4177 4177 3 99.78 99.86 0.0010 0.0028 0.3433
bip2-RA 4731 4724 4724 0 99.81 99.85 0.0009 0.0027 0.3432
Rfabg-RA 10035 10024 10024 0 99.85 99.89 0.0007 0.0021  0.3409
CG5262-RA 1518 1516 1516 0 99.80 99.87 0.0009 0.0027 0.3273
CG32000-RH 4383 4380 4380 0 99.93 99.93 0.0004 0.0013 0.2771
CG31999-RA 2769 2765 2765 0 99.78 99.86 0.0009 0.0035 0.2669
lgs-RA 4503 4500 4500 0 99.93 99.93 0.0003  0.0013  0.2513
CG33978-RA 13746 13724 13724 0 99.83 99.84 0.0008 0.0035 0.2441
CG32017-RB 1515 1512 1512 0 99.80 99.80 0.0009 0.0052 0.1747
zth2-RA 9621 9586 9586 12 99.78 99.76 0.0010 0.0066  0.1498
Actbeta-RA 2787 2771 2771 12 99.89 99.82 0.0005 0.0065 0.0724
Asator-RD 4248 4243 4243 99.93 99.88 0.0003 0.0042 0.0720

0
RhoGAP102A-RE 3231 3225 3225 0 99.91 99.81 0.0004 0.0065 0.0629
bt-RF 26898 26894 26894 0 99.98 99.99 0.0009 0.0178 0.0530
CG11093-RB 2325 2318 2318 0 99.87 99.70 0.0006 0.0118 0.0473
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TABLE S15
Ka/Ks ratios for 9 genes with both synonymous and non-synonymous differences between random fosmids in

two strains of D. virilis

Putative Protein cDNA

D. melanogaster Gene Seq. Seq. Percent Percent

ortholog Length  Identity  Similarity ~ Gaps  ID ID Ka Ks Ka/Ks
Oamb 1025 1004 1004 18 99.40 99.70 0.0029 0.0035 0.8179
CG33260 366 360 360 0 96.69 98.35 0.0150 0.0230  0.6507
CG14130 397 395 395 0 99.49 99.66 0.0020 0.0111 0.1823
CG1732 1821 1818 1818 0 99.83 99.83 0.0008 0.0043 0.1797
Bestl 2214 2199 2199 0 99.59 99.32 0.0025 0.0185 0.1368
CG10440 1059 1055 1055 0 99.72 99.62 0.0013 0.0111 0.1166
CG32521 1884 1878 1878 0 99.84 99.68 0.0007  0.0105 0.0682
CG9384 1770 1758 1758 0 99.66 99.32 0.0015 0.0239 0.0632
Egfr 4062 4053 4053 0 99.93 99.78 0.0003  0.0102  0.0305




