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tree; Kent et al. 2002). BEDTools was used to identify intersections
and unions among genomic features and to manipulate BED files
(Quinlan and Hall 2010). Custom scripts were used to facilitate data con-
version and analysis. The analyses were run on a Dell Precision T5400
Linux server (with 8 Xeon processors and 8GB of RAM) and a MacBook
Pro laptop (with an Intel Core i7 processor and 8GB of RAM). Some of
the analyses were run in parallel using GNU Parallel (Tange 2011).

Immuno� uorescent staining of polytene chromosomes
The D. erecta (140212 0224.01), D. mojavensis (150812 1352.22), and
D. grimshawi (152872 2541.00) stocks were obtained from theDrosophila
Species Stock Center at the University of California, San Diego. The
protocol for the immunofluorescent staining of polytene chromosomes
from Drosophila third instar larval salivary glands has been described
previously (Stephens et al. 2004). An anti-H3K9me2 rabbit polyclonal
antibody (Upstate 07-441) was used at a dilution of 1:250. Secondary
antibody labeled with Alexa-Fluor 594 (red) was used at a 1:750 dilution
(Invitrogen, catalog number A-11012). Formaldehyde fixation times
were 12 min, with the exception of D. grimshawi salivary glands, which
were fixed for 10 min before squashing and staining.

Sequence improvement
The D. mojavensis and D. grimshawi CAF1 assemblies produced by
the Drosophila 12 Genomes Consortium were retrieved from the
AAA: 12 Drosophila Genomes web site (http://rana.lbl.gov/drosophila/).
The placements of the fosmid end reads were specified in the reads.
placed file in each CAF1 assembly. The F and D element scaffolds
were partitioned into a list of overlapping fosmids based on the
reads.placed file for each species. This set of fosmids was obtained
from the Drosophila Genomics Resource Center at Indiana University
and used as templates for sequencing reactions. However, because many
of the fosmid clones used to construct the original D. grimshawi CAF1
assemblies were unavailable from the Drosophila Genomics Resource
Center, we could only improve approximately 90% of the D. grimshawi
F element. Hence the analysis of this region was performed on a mosaic
of the original CAF1 assembly and improved regions.

The overall sequence improvement protocol has previously been
described (Slawson et al. 2006; Leung et al. 2010). Reads placed in
each fosmid region were retrieved from the National Center for Bio-
technology Information Trace Archive (http://www.ncbi.nlm.nih.gov/
Traces/home/) and assembled using the Phred, Phrap, and Consed
software package (Ewing and Green 1998; Gordon et al. 1998). In
collaboration with the Genome Institute at Washington University,
we improved each fosmid project by identifying and resolving misas-
semblies as well as designing additional sequencing reactions to resolve
gaps and low quality regions. These fosmid projects were improved to
a sequence improvement standard similar to the one used by the mouse
genome project (Mouse Genome Sequencing Consortium et al. 2002).
To ensure the correctness of the final assembly, inconsistent mate pairs
within each fosmid project were resolved and restriction digests were
used to confirm the final assembly. Each fosmid was digested with four
restriction enzymes (i.e., EcoRI, EcoRV, HindIII, and SacI). The frag-
ment sizes of the in silico digests of the final consensus sequence must
be in congruence with the fragment sizes of at least two of the actual
restriction digests to meet the standard. Each fosmid project was com-
pleted by at least two students independently; experienced undergrad-
uates worked with the Genomics Education Partnership (GEP) staff to
reconcile the results and produce the final consensus sequence.

To identify differences between the CAF1 and improved sequen-
ces, the CAF1 sequence was soft-masked using WindowMasker with
default parameters. The improved sequences were compared against

the original CAF1 sequence using MegaBLAST (Morgulis et al. 2008)
with an E-value threshold of 1e-5. The UCSC Chain and Net protocol
(Kent et al. 2003) was then applied to the MegaBLAST alignments.
The Net alignments were converted into PSL and BED formats to
facilitate analysis of the differences between the two assemblies.

Repeat analysis
WindowMasker (Morgulis et al. 2006) was run on the different analysis
regions using default parameters and the results were converted into
BED format using custom Perl scripts. Tallymer (Kurtz et al. 2008) was
used to estimate k-mer frequencies in the different analysis regions.
Each genome assembly was indexed using mkindex and the occratio
program was used to determine the distributions of unique k-mers. The
count of each 13-mer was generated using the search program in
Tallymer. Tandem repeats were identified using Tandem Repeats
Finder (Benson 1999) with the following parameters: Match = 2,
Mismatch = 7, Delta = 7, Match Probability = 80, Mismatch Prob-
ability = 10, Minscore = 50, and MaxPeriod = 2000. Simple repeats
and low complexity regions were identified using tantan (Frith 2011)
with default parameters (-r = 0.005), and the results were reported in
BED format (-f 3). The distribution of dinucleotide repeats was de-
termined using a Perl script that iterates from a dinucleotide repeat
size of 22 100. Each dinucleotide repeat was searched against the
analysis regions and the (potentially overlapping) matches were tab-
ulated and plotted using Microsoft Excel.

Transposon analysis
The protocols used to construct and classify the species-specific
transposon libraries are described in File S1. The Drosophila RepBase
repeat library (release 17.07) was obtained from RepBase (Jurka et al.
2005). The ReAS repeat library (version 2) was obtained from the FlyBase
FTP site at ftp://ftp.flybase.net/genomes/aaa/transposable_elements/
ReAS/v2/consensus_fasta/.

RepeatMasker (Smit et al. 1996) (version open-3.4.0) was run on
the analysis regions using the cross_match search engine at the most
sensitive (-s) setting, without masking low complexity or simple
repeats (-nolow). Transposon fragments identified by RepeatMasker
were converted into BED format using custom scripts for subsequent
analysis. Overlapping transposon fragments identified by RepeatMasker
were merged together using BEDTools only if the overlapping
repeats had the same repeat class. Repeat density was calculated
using a sliding window of 1 kb with a step size of 500 bp.

Gene annotations
This comparative analysis used the high-quality D. melanogaster gene
annotations (release 5.50) produced by FlyBase as reference (Marygold
et al. 2013). The annotation protocol has been described previously
(Shaffer et al. 2010). GEP students annotated each fosmid by using
computational evidence organized on an instance of the UCSC Genome
Browser (Kent et al. 2002) set up by the GEP staff. The computational
evidence included sequence similarity to D. melanogaster proteins as
well as predictions from multiple ab initio and evidence-based gene
predictors. For species with RNA-Seq data, additional evidence tracks
such as RNA-Seq read coverage, splice junction predictions from
TopHat (Trapnell et al. 2009) and assembled transcripts from Cufflinks
(Trapnell et al. 2010) were also made available. See File S1 for additional
details on the protocol used to construct the RNA-Seq transcriptome
and predicted protein libraries for each species.

The GEP has developed a set of annotation guidelines (Annotation
Instruction Sheet) to standardize the treatment of annotations that are
ambiguous because of insufficient evidence. These annotation guidelines
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and additional resources supporting the GEP annotation protocol are
available on the GEP web site (http://gep.wustl.edu).

Each annotation project was completed independently by at least
two GEP students. The GEP staff supervised students who reconciled
the submitted annotations using the Apollo Genome Annotation
Curation Tool (Lewis et al. 2002). These reconciled gene annotations
were mapped back to the improved genomic scaffolds and were in-
corporated into the GEP UCSC Genome Browser (available through the
“GEP Genes” track, http://gander.wustl.edu). The GEP staff reviewed
these gene models in the context of all the available evidence tracks to
resolve any remaining annotation issues.

The D. erecta, D. mojavensis, and D. grimshawi GLEAN-R gene
annotations (Release 1.3) produced by the Drosophila 12 Genomes
Consortium were compared to the annotations produced here. The
GLEAN-R annotations were obtained from FlyBase (available at http://
flybase.org/static_pages/downloads/bulkdata7.html) and converted into
BED format using custom scripts. We used BLAT (Kent 2002) with
default parameters to map the D. mojavensis and D. grimshawi
GLEAN-R gene predictions against the improved assemblies because
the underlying genomic sequences for these two species have changed
due to the sequence improvements reported here. Utilities in BEDTools
(Quinlan and Hall 2010) and custom scripts were then used to compare
the GLEAN-R predictions with our gene annotations.

Analysis of gene characteristics
The GEP gene annotations are in BED format, and most of the gene
characteristics (e.g., gene size, coding exon size) were determined
using BEDTools (Quinlan and Hall 2010) and custom scripts. When
calculating the coding exon sizes for the first and last coding exons,
only the translated portion of the exon was included even though the
transcribed exon may be larger because of untranslated regions. The
gene characteristics of the most comprehensive isoform for each gene
were imported into R (version 3.0.2) for subsequent analysis and
visualization of the results.

Violin plots of the different gene characteristics were generated by
the vioplot function in the R vioplot package. The Kruskal-Wallis Rank
Sum Test was performed using the kruskal.test function in R (R Core
Team 2013). The kruskalmc function in the pgirmess package was used
to perform the multiple comparison tests after Kruskal-Wallis.

Codon bias analysis
The Effective Number of Codons (Nc) and the Codon Adaptation
Index (CAI) for each gene in the analysis regions were determined
using the chips and the cai programs in the EMBOSS package (Rice
et al. 2000), respectively. Typically, highly expressed genes are used as
the reference set when calculating CAI because they are under the
strongest translational selection and would typically show a strong
preference for a subset of transfer RNAs (Rocha 2004). Because ex-
pression data were unavailable for some of the species used in this
study, we used the program scnRCA (O’Neill et al. 2013) to analyze all
of the GLEAN-R predictions to construct the species-specific refer-
ence gene set that exhibits the dominant codon bias for each species.
The scnRCA parameters used to construct the reference gene sets
were as follows: -i r -g true -d 2.0 -p 1.0 -m -1.

The codon frequency table for each species was created by analyzing
the species-specific reference gene set with the cusp program in the
EMBOSS package. The species-specific codon usage tables were then
used in the cai program (via the -cfile parameter) to calculate the CAI
value for each gene. The violin plots and Kruskal-Wallis Tests were
created using the same procedure as described in the “Analysis of gene
characteristics” section.

Heat maps of codon bias for each gene in the analysis regions were
created using the heatmap.2 function in the R package gplots. The
dendrograms next to the heat maps were created using Ward hierar-
chical clustering with Euclidean distance.

Nc vs. CAI scatterplots
The codon bias statistics for each gene were calculated as described above
and the results were imported into R to produce the Nc vs. CAI scatter-
plots. We then applied locally estimated scatterplot smoothing (LOESS)
to identify the major trends in the scatterplots (Cleveland and Devlin
1988). The span parameter for the LOESS regression line was determined
by generalized cross-validation (criterion = gcv, family = symmetric)
using the loess.as function in the R package fANCOVA.

Melting temperature metagene profile: Because the transcription
start sites have not been identified in D. erecta, D. mojavensis, and
D. grimshawi gene annotations, we used the coding span (i.e., from
start codon to stop codon, including introns) and the 2 kb upstream
and downstream of the coding spans as a first approximation for this
analysis. The melting temperatures were determined by the dan tool in
the EMBOSS package using a sliding window of 9 bp (windowsize = 9)
and a step size of 1 (shiftincrement = 1) with the following parameters:
dnaconc = 50, saltconc = 50, mintemp = 55. The results were converted
into BigWig format (Kent et al. 2010) for subsequent analysis.

Melting temperatures for the coding spans were normalized to 3 kb
using bigWigSummary (part of the Kent source utilities). Melting
temperatures for the normalized 3 kb region and the 2 kb flanking
regions were imported into R and the standard graphics plot function in
R was used to produce the metagene profiles.

Distance–Distance plots of gene characteristics
To determine whether any subset of F element genes has characteristics
that differ from those of the group of genes as a whole, we constructed
Distance–Distance plots for each F element separately using the rrcov
package in R. Eight characteristics of the most comprehensive isoform
of each gene were used in this analysis: coding span (bp from start to
stop codon, including introns); intron repeat size (total size of all trans-
poson fragments within introns); size of coding regions (sum of all
coding exons in bp); number of coding exons; median size (in bp) of
coding exons; median size (in bp) of introns; and Nc and CAI (calcu-
lated as described previously).

Using these eight gene characteristics, we calculated the classical
Mahalanobis distance (MD) for each gene. MD measures the difference
between the characteristics of each gene and the centroid (which is
derived from the multivariate distribution of the characteristics of all
F element genes). Unlike Euclidean distances, MD accounts for the
variance of each gene characteristic and the covariance among the eight
gene characteristics. The magnitude of MD corresponds to the
dissimilarity of the characteristics of each gene compared to the
centroid (i.e., large MD indicates that the gene has very different
characteristics compared to the rest of the genes in the dataset).

However, because MD is sensitive to extreme outliers, we also
calculated the robust Mahalanobis distance (RD) using the Stahel-Donoho
estimator (sde). This robust estimator mitigates the impact of outliers
on MD by assigning a weight to each gene based on its outlyingness
(calculated using projection pursuit; (Van Aelst et al. 2012). Hence a scat-
terplot of MD vs. RD (i.e., Distance–Distance plot) can be used to identify
additional outliers that were masked by classical MD.

To create the Distance–Distance plots, the gene characteristics were
normalized using the scale function in R because the different variables
have values that differ by orders of magnitude (e.g., gene span vs. CAI).
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The CovRobust function in the rrcov package was used to calculate the
robust distances (with the parameter “sde”). Plots of the RD vs. the MD
were produced using the generic plot command in R (with the param-
eter “which=‘dd’”). Points were considered to be outliers if their values
were greater than the square root of the 97.5% quantile of the x2

distribution with 8 degrees of freedom (i.e., 4.19).

Whole-genome alignments
To facilitate analysis of the wanderer genes (genes present on the F
element in one species and on another Muller element in a different
species), we produced a set of whole-genome alignments for D. mela-
nogaster, D. yakuba, D. erecta, D. mojavensis, D. virilis, and D. grimshawi.
(The Chain and Net alignments are available on the GEP UCSC Genome
Browser, http://gander.wustl.edu.) Repeats in each genome were soft
masked and the genome assemblies were aligned against each other using
LAST (Kiełbasa et al. 2011) with default parameters followed by the
UCSC Chaining and Netting protocol (Kent et al. 2003).

RESULTS

Improved F and D element assemblies and
gene annotations

Sequence improvement: Previous studies have shown that theDrosophila
F elements have a greater repeat density than the other autosomes
(Leung et al. 2010), which could lead to a greater frequency of gaps
and misassemblies. These assembly issues could introduce substantial
bias into the analysis of genome characteristics (Salzberg and Yorke
2005). Quality assessments (see File S1) of the CAF1 assemblies (Dro-
sophila 12 Genomes Consortium et al. 2007) led us to improve the D.
mojavensis F element, the D. grimshawi F element, and the D. moja-
vensis euchromatic reference region from the D element to a quality
standard that is similar to those used for the mouse genome project. As
part of this sequence improvement standard, we resolved inconsistent
mate pairs within each assembly and confirmed each assembly using
restriction digests (see the section Materials and Methods for details).
These experimental data provided additional confirmation of the accu-
racy of the final F element assemblies, and enabled us to perform
genomic analysis of the F elements with high confidence, ensuring
accuracy (in particular) in the repeat and gene movement analyses.

Collectively, sequence improvement of the D. mojavensis and
D. grimshawi analysis regions covered a total of approximately
3.8 Mb (1.7 Mb from the D. mojavensis F element, 1.1 Mb from
the D. grimshawi F element, and 1.0 Mb from the D. mojavensis D
element), closing 72 of 86 gaps and adding a total of 44,468 bases (Table
S2A). Alignments between the CAF1 and the improved regions identi-
fied a total of 309 changes; 127 (41.1%) of these changes are single base
substitutions, insertions, or deletions, while the remaining changes are
more substantial (Table S2B). Detailed alignments between the CAF1
and the improved regions are available through the “D. mojavensis
CAF1 Difference” and “D. grimshawi CAF1 Difference” tracks on the
GEP UCSC Genome Browser (http://gander.wustl.edu).

An example of the improvement achieved is shown for the region
surrounding the GLEAN-R annotation GI14058-PA (a putative ortholog
of the D. melanogaster unc-13 gene) in D. mojavensis; this illustrates how
the improved assemblies enabled us to produce more accurate gene
models for the D. mojavensis F element (Figure 2).

Manual gene annotations: We also constructed manually curated
gene models, including all isoforms, for each of the analysis regions.
Because of the large evolutionary distance among D. melanogaster,

D. mojavensis, and D. grimshawi and the limited expression data
available, this analysis only focuses on the coding regions of genes.
(See the section Materials and Methods and File S1 for detailed de-
scription of the annotation protocol.) The manual annotation process
also allows us to identify potential annotation errors in D. mela-
nogaster (e.g., rdgC as described in File S1).

Collectively, we annotated a total of 878 genes (1619 isoforms). A
summary of the changes in the number of isoforms and coding exons,
as well as descriptions of other noncanonical features (e.g., novel GC
donor sites) compared with D. melanogaster (release 5.50) is available
in File S2. Overall, 58% (552/947) of the GLEAN-R gene predictions
match our annotation of the most comprehensive isoform (i.e., the
isoform with the largest coding region, Table S3A), and 85% (3648/
4287) of the coding exons predicted by GLEAN-R match the coding
exons in the most comprehensive isoform (Table S3B).

Although a similar percentage of the coding exons predicted by
GLEAN-R match our annotations in both the F and D elements
(80.7–82.8%), a substantially lower percentage of the GLEAN-R gene
models match our annotations on the D. mojavensis and D. grimshawi
F elements (32.1% and 39.1%, respectively) than on the D elements
(57.6% and 58.0%, respectively). Many of the differences between the
GLEAN-R predictions and our annotations on the D. mojavensis and
D. grimshawi F elements can be traced to improvement of the un-
derlying sequence (e.g., unc-13 in Figure 2). Hence, the lower percentage
of GLEAN-R gene models that match our annotations can primarily be
attributed to the higher rate of assembly problems in the CAF1 assem-
blies for the D. mojavensis and D. grimshawi F elements. Our results
show that manual sequence improvement and gene annotation can
improve over half of the gene models in regions with high repeat density.

F elements consistently show high repeat density but
vary in repeat composition
The most striking difference between the D. melanogaster F element
and the other autosomes is its high density of repeats, primarily
remnants of transposable elements (Bergman et al. 2006; Riddle et al.
2009). To obtain an overview of the repetitive element landscape of
F elements in the four Drosophila species, we analyzed the types and
distribution of repeats using four different approaches: WindowMasker,
tantan, Tandem Repeats Finder, and RepeatMasker with species-specific
transposon libraries (Figure 3). (Detailed repeat statistics are available in
File S3 and File S4.)

WindowMasker analysis shows the F elements have high repeat
density: To obtain an overview of the total repeat content, we tabulated
the total number of bases masked by WindowMasker for each of the
analysis regions. Unlike other repeat finding tools, WindowMasker relies
only on the genomic sequence to identify over-represented sequences that
correspond to low complexity sequences, simple repeats, or transposable
elements, which makes it an ideal tool for analyzing the repeat contents of
genomes without comprehensive repeat libraries (Morgulis et al. 2006).
The results show that F elements consistently exhibit higher repeat den-
sities than their corresponding euchromatic reference regions (D elements)
in all four species (Figure 3A). D. mojavensis and D. grimshawi have
higher repeat densities than D. melanogaster and D. erecta in both the F
elements and the D elements. In fact, the D. mojavensis and D. grimshawi
D elements have repeat densities that are similar to those of the
D. melanogaster and D. erecta F elements.

To better understand the composition of the repeats identified by
WindowMasker, we used Tallymer (Kurtz et al. 2008) to analyze the
frequency of short sequences (i.e., words) in each analysis region. A
more repetitive region requires a larger word size in order to achieve
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the same percentage of words that are unique compared with a less
repetitive region (Chor et al. 2009). Tallymer analysis shows that
approximately 95% of the 13-mers (i.e., sequences with a length of
13) are unique in the euchromatic reference regions (Table S4). In
congruence with the WindowMasker results, which show that the D.
mojavensis F element has the highest repeat density, we find that more
13-mers appear at a greater frequency on the D. mojavensis F element
than in the other analysis regions. In contrast, most of the 13-mers at
the base of the D. melanogaster and D. erecta D elements occur at low
frequencies. The Tallymer analysis also shows that the D. grimshawi F
and D elements have the most similar distributions of 13-mers (i.e.,
the most similar repeat density) among the four species (Figure 4A).

Examination of the 13-mers identified by Tallymer shows that
many of the 13-mers that appear at a high frequency in D. mojavensis
and D. grimshawi contain AT and CA dinucleotide repeats. Analyses
of the distribution of dinucleotide repeats show that CA dinucleotide
repeats are shorter on the D. melanogaster and D. erecta F elements,
but longer on the D. mojavensis and D. grimshawi F elements, than in
the euchromatic reference regions (Figure 4B). Thus, while low den-
sity of CA repeats was previously associated with the F element in
D. melanogaster (Pardue et al. 1987), this does not seem to hold in
general. The D. mojavensis and D. grimshawi F elements are also
enriched in AT dinucleotide repeats compared with those of D. mel-
anogaster and D. erecta. The lack of CG repeats in both the F and D
elements is also striking (see the Discussion section).

Simple and low complexity repeats are particularly abundant on
the D. grimshawi F element: The tantan analysis (Frith 2011) shows
that D. mojavensis and D. grimshawi have a greater density of simple
and low complexity sequences in both the F element and the euchro-
matic reference regions compared with the corresponding regions in
D. melanogaster and D. erecta (Figure 3B). The analysis also reveals
some species-specific differences: simple and low complexity repeats
appear to contribute the most to the repeat density of the D. grim-
shawi genome. The D. grimshawi F element has a substantially greater
density of simple and low complexity repeats (18%) compared with
the F elements of the other species examined (7–11%). In contrast to
the other species, the D. mojavensis F element shows a lower density

of simple and low complexity repeats compared to its euchromatic
reference region (11% vs. 14%).

Tandem repeats show a skewed distribution on the D. erecta D
element: Tandem repeats may play a particular role in genome
rearrangement and regulation of gene expression (Sinha and Siggia
2005; Farré et al. 2011). For this analysis, tandem repeats are defined
as regions with a minimum size of 25 bases and a maximum period of
2000 (see the section Materials and Methods for the complete list of
search parameters). Results from Tandem Repeats Finder (Benson
1999) show that the D. mojavensis and D. grimshawi F elements and
their euchromatic reference regions have a higher density of tandem
repeats than the corresponding regions in D. melanogaster and D. erecta
(Figure 3C). Although the base and the extended regions of the D. erecta
D element both show a low density of tandem repeats, the analysis
region near the telomere shows a high density, as do the euchromatic
reference regions inD. mojavensis andD. grimshawi. A skew to a greater
density of tandem repeats toward the telomere is apparent in a sliding
window analysis of the D. erecta D element as a whole. In contrast, the
D. melanogaster D element does not show the same skew in the density
of tandem repeats (Figure S2).

Recent expansion of DINE-1 transposons leads to high transposon
density on the D. mojavensis F element: Transposons may play an
important role in targeting heterochromatin formation (Grewal and
Elgin 2007). Because many transposons are species-specific, we
constructed transposon libraries for each species and then used
RepeatMasker (Smit et al. 1996) to identify transposon remnants in
each analysis region. (See File S1 for the protocols used to construct
and classify the species-specific transposon libraries, and File S4 for
transposon density estimates using different species-specific transposon
libraries.) Among the F elements, D. mojavensis has the highest trans-
poson density (~50%) whereas D. grimshawi has the lowest (~20%).
Strikingly, ~53% of the transposon fragments on the D. mojavensis F
element show sequence similarity to DINE-1 elements.

The RepeatMasker results are generally in concordance with the
WindowMasker results (Figure 3D): F elements have a greater trans-
poson density compared with the euchromatic reference regions (D

Figure 2 Sequence improvement of the D. mojavensis
F element scaffold. One of the gaps in the D. mojaven-
sis CAF1 assembly is located within the initial coding
exon of the B and E isoforms of the putative ortholog of
unc-13 in D. mojavensis (red arrow). The improved as-
sembly added 434 bases to resolve the 25-bp gap in
this region (bottom) and allows us to produce annotation
for the entire coding exon. Another gap was resolved by
incorporating a 1.2-kb scaffold (scaffold_6641, chartreuse
yellow rectangle) from the CAF1 assembly into the im-
proved F element assembly (black arrow). This scaffold
contains an internal coding exon for the A and D isoforms
of unc-13. The remaining gaps and low quality regions
were resolved by additional sequencing. Changes be-
tween the CAF1 and the improved assemblies are sum-
marized in the “Difference with D. mojavensis CAF1
Assembly” track (red rectangles). The “GEP Gene Anno-
tations” track (green) shows the manual gene annotations
for all the isoforms of unc-13 in D. mojavensis based on
the improved sequence. The “FlyBase Gene Annotations”
evidence track (blue) shows the GLEAN-R gene predic-
tions currently maintained by FlyBase.
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elements). In some cases the transposon density estimate is higher
than the total repeat density estimate by WindowMasker (e.g., D.
mojavensis F element). This discrepancy is primarily caused by the
difficulty associated with precisely defining the boundaries of each
repeat copy (Bao and Eddy 2002).

Although the WindowMasker analysis (Figure 3A) shows that the
D. grimshawi and D. mojavensis F elements have a similar repeat
density (38% and 44%, respectively), the RepeatMasker analysis (Fig-
ure 3D) shows that the D. grimshawi F element has a much lower
density of transposons than the D. mojavensis F element (20% and
50%, respectively). This difference can primarily be attributed to the
density of DINE-1 elements (2% in D. grimshawi vs. 27% in D. moja-
vensis) and DNA transposons (5% vs. 12%). In particular, DINE-1 (a
helitron) accounts for 53% of the D. mojavensis F element transposon
fragments but only 8% of the transposon fragments on the D. grim-
shawi F element (Figure S3). DINE-1 elements account for approxi-
mately half of all transposon fragments on the D. melanogaster and
D. erecta F elements (46% and 45%, respectively). The high level of
DINE-1 in D. mojavensis suggests a recent expansion.

To ensure that the low transposon density found on the D. grim-
shawi F element is not an artifact of misassemblies in the CAF1
genome assembly (see File S1), we performed an additional repeat
analysis using the species-specific ReAS libraries previously produced
by the Drosophila 12 Genomes Consortium (Drosophila 12 Genomes
Consortium et al. 2007). ReAS is less susceptible to the effects of

misassemblies compared with alignment-based de novo repeat finders
because it identifies repeats by finding overrepresented sequences
within genomic reads (Li et al. 2005). This analysis did not alter the
conclusion that the D. grimshawi F element has the lowest transposon
density among the species analyzed here (Figure S4).

Multiple subfamilies of the DINE-1 element are observed: The
RepeatMasker results show that most of the differences in
the transposon density of the F elements can be attributed to the
DINE-1 element (Figure 3D). Comparison of the DINE-1 fragments
identified by RepeatMasker using the species-specific libraries vs. the
RepBase Drosophila library (Jurka et al. 2005) shows that there are
additional DINE-1 elements in the D. grimshawi, D. mojavensis, and
D. erecta species-specific transposon libraries that are not in the
Drosophila RepBase library. Analysis of the distribution of the
DINE-1 elements shows that 40% of the DINE-1 fragments (based
on total size) on the D. grimshawi F and D elements, and 29% on the
D. mojavensis D element found by the species-specific repeat librar-
ies do not overlap with repeats in the Drosophila RepBase library. In
contrast, although the D. mojavensis F element appears to have an
expanded number of DINE-1 elements, only 9% do not overlap with
repeats in the Drosophila RepBase library (Table S5 and File S5).
Analysis of the scaffolds assembled from unmapped D. mojavensis
modENCODE RNA-Seq reads suggests that some of these helitrons
are being transcribed in the D. mojavensis genome; a potential

Figure 3 The repetitive element landscapes of the F and the base of the D elements in D. melanogaster (red), D. erecta (orange), D. mojavensis (blue),
and D. grimshawi (purple). (A) WindowMasker analysis (low complexity repeats and transposons); (B) tantan analysis (simple and low complexity repeats);
(C) Tandem Repeats Finder; (D) RepeatMasker analysis (transposon density). Within each species, the F element generally shows a higher repeat density
(particularly transposable elements) than the euchromatic reference regions from the D elements. Except for tandem repeats, the base (light orange),
extended (olive), and telomeric (green) regions from the D. erecta D element generally show similar repeat density.
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