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Drosophila melanogaster plays an important role in molecular, genetic, and genomic studies of heredity, development, me-
tabolism, behavior, and human disease. The initial reference genome sequence reported more than a decade ago had
a profound impact on progress in Drosophila research, and improving the accuracy and completeness of this sequence
continues to be important to further progress. We previously described improvement of the 117-Mb sequence in the
euchromatic portion of the genome and 21 Mb in the heterochromatic portion, using a whole-genome shotgun assembly,
BAC physical mapping, and clone-based finishing. Here, we report an improved reference sequence of the single-copy and
middle-repetitive regions of the genome, produced using cytogenetic mapping to mitotic and polytene chromosomes,
clone-based finishing and BAC fingerprint verification, ordering of scaffolds by alignment to cDNA sequences, in-
corporation of other map and sequence data, and validation by whole-genome optical restriction mapping. These data
substantially improve the accuracy and completeness of the reference sequence and the order and orientation of sequence
scaffolds into chromosome arm assemblies. Representation of the Y chromosome and other heterochromatic regions is
particularly improved. The new 143.9-Mb reference sequence, designated Release 6, effectively exhausts clone-based
technologies for mapping and sequencing. Highly repeat-rich regions, including large satellite blocks and functional el-
ements such as the ribosomal RNA genes and the centromeres, are largely inaccessible to current sequencing and assembly
methods and remain poorly represented. Further significant improvements will require sequencing technologies that do
not depend on molecular cloning and that produce very long reads.

[Supplemental material is available for this article.]

The genome sequence of the fruit fly Drosophila melanogaster was

first reported in 2000 (Adams et al. 2000). This sequence assembly,

designated Release 1, represented the single-copy fraction of the

genome in 116.2megabases (Mb) of sequence in 134 largemapped

scaffolds containing 1299 sequence gaps and an additional 3.8 Mb

in 704 small (<64 kb) unmapped scaffolds. Release 1 was produced

by combining a de novo whole-genome shotgun (WGS) sequence

assembly, designated WGS1 (Myers et al. 2000), with sequences of

mapped BAC and P1 genomic clones, including 29.7 Mb of fin-

ished sequences and draft sequences of a tiling path of BAC and P1

clones spanning the euchromatic portion of the genome (Adams

et al. 2000).WGS1 and Release 1 were validated by comparison to

the available finished genomic sequences and to a BAC-based

physical map of the major autosomes (Hoskins et al. 2000).

WGS1 was the first shotgun assembly of a eukaryotic genome

and served as a model for sequencing mammalian genomes

(Venter et al. 2001; Stark et al. 2007). WGS remains the method of

choice in genome sequencing because it is rapid and efficient.

However, because eukaryotic genomes typically contain a large

fraction of repetitive sequences with complex structures, current
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WGS sequencing strategies produce fragmented assemblies in

which the location, order, and orientation of sequence scaffolds

along the chromosomes are poorly determined. Furthermore,

tandem and dispersed repetitive sequences including gene fami-

lies, pseudogenes, transposable elements (TEs), segmental dupli-

cations, and simple sequence repeats are poorly represented. This

leads to misassembled regions, unmapped regions, and numerous

gaps, particularly in heterochromatic regions which often span

many megabases of the genome and include vital protein-coding

genes and other essential loci. Therefore, physical mapping, cy-

togenetic mapping, and sequence finishing to improve genome

sequence assemblies remain a priority, especially for human (In-

ternational Human Genome Sequencing Consortium 2004) and

model organisms of particular importance in biomedical research.

Because D. melanogaster is a widely used research organism,

we have continued to improve the reference genome sequence.

Late in 2000, the Release 2 sequence corrected the order and ori-

entation of a few small sequence scaffolds and filled a few hundred

small sequence gaps. In 2002, we reported BAC-based finishing of

116.9 Mb of genome sequence in 13 scaffolds spanning the eu-

chromatic portions of the six chromosome arms (Celniker et al.

2002) and an improvedWGS assembly (WGS3) including 20.7 Mb

of draft-quality sequence in larger scaffolds in the heterochromatic

portion of the genome (Celniker et al. 2002; Hoskins et al. 2002).

This Release 3 assembly had high sequence accuracy (estimated

error rate < 1 in 100,000) and contiguity (37 sequence gaps; seven

physical map gaps) in the euchromatic portion of the assembly,

and the order and orientation of sequences within the assembly

was confirmed by in situ hybridization of 915 BACs to salivary

gland polytene chromosomes, representing 96% of the BACs in

a tiling path spanning the euchromatic portion of the assembly

(Hoskins et al. 2000; Celniker et al. 2002). The euchromatic se-

quence went through two unpublished revisions in 2004 and 2006

(Releases 4 and 5; http://www.fruitfly.org) to further improve ac-

curacy and completeness. In 2007, we reported on further physical

and cytogenetic mapping, and sequence finishing of 15 Mb in the

heterochromatic portion of the genome, including essentially all

single-copy regions (Hoskins et al. 2007). However, gaps and as-

sembly errors remained due to the difficulties of mapping and fin-

ishing in repeat-rich regions. The remaining physical map gaps

resulted from the absence of genomic regions from BAC libraries,

likely due to incompatibility with molecular cloning or clone insta-

bility in E. coli. Sequence gaps within clone-based assemblies resulted

from failure of assembly in complex nested repetitive regions. The

remaining sequence assembly errors were due to incorrect but self-

consistent clone-based sequence assemblies or clone rearrangements.

Particularly in heterochromatin, errors in the physical and cytoge-

netic maps existed due to the presence of repeat-rich sequences.

Despite impressive developments in high-throughput sequenc-

ing technology, the production of high-quality finished genome se-

quences has remained laborious and inefficient. Furthermore,

highly repeat-rich genomic regions such as those in centric het-

erochromatin have remained inaccessible to mapping, sequenc-

ing, and assembly.We define the ‘‘centric heterochromatin’’ as the

repeat-rich sequences found at the functional centromeres (Sun

et al. 2003). ‘‘Pericentric heterochromatin’’ refers to the Mb-scale

regions that flank the centromeres and contain large blocks of

satellite DNA and other simple-sequence repeats (Supplemental

Fig. S1) interspersed with large regions of transposable-element

and other middle-repetitive sequences and including essential

protein-coding genes. ‘‘Telomeric heterochromatin’’ refers to the

subtelomeric regions composed of tandem repeats (Mason and

Villasante 2014) and the arrays of telomeric retrotransposons at

the most distal chromosome ends (Abad et al. 2004b). By these

definitions, the Y chromosome is composed entirely of centric,

pericentric, and telomeric heterochromatin.

Here, we report the Release 6 assembly of the D. melanogaster

reference genome sequence. Much of the improvement in the se-

quence is in the mapping, finishing, and assembly of repeat-rich

regions in the heterochromatic portions of the genome. Release 6

incorporates (1) additional BAC-based cytogenetic mapping of pre-

viously unmapped, unordered, and unoriented sequence scaffolds

by fluorescent in situ hybridization (FISH) to mitotic and polytene

chromosomes, (2) BAC-based sequence finishing of clones spanning

the remainder of the genomephysicalmap guided by comparison to

high-resolution BAC restriction fingerprints, and sequence finishing

of 10-kb genomic plasmid clones spanning the remainder of the

WGS3 assembly, (3) use of cDNA sequences to order and orient

scaffolds, (4) incorporation of map and sequence data from other

sources, and (5) validation of the sequence assembly by comparison

to a whole-genome optical restriction map (Zhou et al. 2007). The

resulting genome sequence assembly is a substantially improved

reference that spans 143.9 Mb and represents the practical limit of

established technologies. Relative to Release 5, Release 6 closes

628 gaps, extends the chromosome arm assemblies into telomeric

and pericentric heterochromatin by 5.4 Mb, and increases the Y

chromosome assembly 10-fold from ;242 kb to 3.4 Mb. Further

substantial improvement to the reference genome sequence will

require new technologies that do not depend on standardmolecular

cloning. Emerging very-long-read WGS sequencing and assembly

technologies will permit efficient production of more complete ge-

nome sequences for D. melanogaster and other species.

Results

Cytogenetic mapping of BACs

To improve and extend the anchoring of the genome sequence

assembly to the cytogenetic maps of the chromosomes, we per-

formed FISH of labeled BAC probes to Drosophila chromosomes.

We selected 68 BACs representing 45 contigs in the Release 5 BAC-

based physical map of pericentric heterochromatin (Hoskins et al.

2007). These include the proximal ends of the large contigs span-

ning the euchromatin and extending into pericentric heterochro-

matin on six chromosome arms, 14 additional contigs previously

mapped to locations in pericentric heterochromatin, and 25 un-

mapped contigs. To determine the orientations of contigs on the

chromosomes, 21 larger contigs were each represented by BACs

from both contig ends. The remaining 24 contigs were each repre-

sented by one BAC and thus could not be oriented.

We localized BACs on two complementary cytogenetic maps

of the heterochromatin. The diploid larval neuroblast mitotic

chromosomes provide a complete and unbiased representation of

the pericentric, centric, and Y-chromosome heterochromatin

(Gatti and Pimpinelli 1992) and have been subdivided into a map

of 61 regions with diverse cytological features, designated h1 to

h61 (Supplemental Figure S1; Gatti et al. 1994). The map of larval

salivary gland polytene chromosomes in the wm4, SuUR Su(var)3-906

strain, in which some domains in pericentric heterochromatin ac-

quire fine banding patterns due to suppression of the normal

underreplication of these regions (Andreyeva et al. 2007; Demakova

et al. 2007), provides higher spatial resolution but is limited to

polytenized regions. BACs were labeled and hybridized to mitotic

and polytene chromosomes in parallel experiments using the same
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BAC DNA preparations. Hybridization of BACs in repeat-rich re-

gions of the genome can result in cross-hybridization to multiple

locations. Therefore, in the mitotic and polytene FISH experi-

ments, we measured the relative intensity of each localized signal

(Supplemental Table S1) and used the strongest signal to determine

the most likely map location of each BAC (Corradini et al. 2003).

We performed mitotic chromosome FISH mapping using the

isogenized y1; cn1 bw1sp1 strain (Brizuela et al. 1994) used to pro-

duce the BAC libraries and the reference genome sequence (Adams

et al. 2000; Hoskins et al. 2000, 2007; Celniker et al. 2002). Of

58 BACs tested, 24 hybridized to unique locations, 29 hybridized

tomultiple locations but with one unambiguous primary location,

and five produced ambiguous results (Fig. 1A–C; Supplemental

Figs. S2–S6; Supplemental Table S1). The mitotic FISH data order

BAC contigs along chromosomes including the Y chromosome

which was not represented by mapped BAC contigs in Release 5 and

is inaccessible to polytene FISH due to its strong underreplication in

polytene tissues.We also performed severalmitotic FISH experiments

in which two BACs were hybridized simultaneously to the same

chromosome preparation. These experiments provided information

on the relative order of contigs (e.g., Supplemental Fig. S2D) but did

not have sufficient resolution to determine the orientation of in-

dividual contigs. For example, we were unable to orient a contig on

chromosome arm 3L using BACs separated by 366 kb (Supplemental

Fig. S6). One very large contig on chromosome arm 2R was oriented

by single-probe mitotic FISH experiments with probes, BACR27E03

and BACR24N15, separated by 1.6 Mb (Supplemental Table S1);

polytene FISH experiments did not orient this contig.

We performed polytene chromosome FISHmapping using the

wm4, SuUR Su(var)3-906 strain (Andreyeva et al. 2007; Demakova

et al. 2007). Of 68 BACs tested, 24 hybridized to unique locations,

26 hybridized to multiple locations but with one unambiguous

primary location, three produced ambiguous results, and 15 failed

to localize specifically (Supplemental Table S1). The latter set rep-

resent two regions that are underreplicated and unbanded even in

the wm4, SuUR Su(var)3-906 strain: a region of chromosome arm 3R

and the entire Y chromosome. For most BACs derived from the

pericentric heterochromatin of the X chromosome and the auto-

somes, polytene FISHprovided sufficient specificity and resolution to

determine the order of BACs along the chromosome arms. To im-

prove the quality of the order and orientation information, all BACs

in polytenized regions were mapped in additional FISH experiments

in which pairs of probes, including probes for genes with known

cytogenetic locations, were hybridized simultaneously to the same

polytene chromosome preparation (Fig. 1D–G; Supplemental Figs.

S7–S13). For 11 of 21 contigs analyzed, the ordering of paired BACs

determined the orientation of the contig on the chromosome (Sup-

plemental Table S1). These 11oriented contigs include the extensions

of three large contigs from euchromatin into pericentric hetero-

chromatin (2Lh, 2Rh, 3Lh), another previously oriented contig on

the X chromosome (XHet), and seven newly oriented contigs on

chromosome arms 2R (one contig), 3L (four contigs), and 3R (two

contigs). The success of these experiments depended on chromo-

somal location rather than contig size (i.e., distance between paired

BAC probes). The 10 contigs for which orientation experiments were

not successfulmap to chromosomal locations that are poorly banded

or unbanded in the polytene chromosomes used: chromosome arm

2R (three contigs), proximal arm 3L (one contig), proximal arm 3R

(four contigs), and the Y chromosome (two contigs).

We integrated the mitotic and polytene FISH data to produce

a cytogenetic map (Supplemental Table S1). For BACs that pro-

duced ambiguous or conflicting data, or no data by one of the FISH

methods, the map location was determined using the data from

the othermethod or the data froma paired BAC in the same contig.

The integratedmap confirms the Release 5 assignments of 13 of the

14 previously mapped Release 5 heterochromatic BAC contigs to

chromosome arms. In Release 5, scaffold CP000212 was mis-

mapped to chromosome arm 3L based on analysis of a P-element

transposon inserted in repeat-rich genomic sequence (Hoskins

et al. 2007); the newBACFISH results show thatCP000212maps to

the Y chromosome (Supplemental Fig. S5B). In addition, the in-

tegrated map provides cytogenetic locations for 22 of 25 Release 5

unmapped BAC contigs. Three of these newly localized contigs

map to theX chromosome, threemap to chromosome arm2R, and

four map to chromosome arm 3R. The most substantial impact of

Figure 1. FISH mapping of BACs on mitotic and polytene chromo-
somes. (A–C) BAC fluorescent hybridization signals (red, yellow) on mi-
totic chromosomes stained with DAPI (blue) are shown in pseudocolored
images. Arrows indicate numbered divisions in the cytogenetic map of the
pericentric and centric heterochromatin of mitotic chromosomes. Scale
bar (A) indicates 3 mm. (A) BACR18B19 represents the previously un-
mapped Release 5 scaffold AABU01001089 and maps to division h26 on
the X chromosome. (B) CH221-23H11 (red) represents the proximal end
of the Release 5 arm X sequence, and CH223-33C13 (yellow) represents
the distal end of the Release 5 XHet scaffold CP000208. Their signals
overlap in h26p-h27; ‘‘p’’ indicates a proximal location within cytogenetic
division h26. (C ) CH223-01L14 represents the previously unmapped Re-
lease 5 scaffolds AABU01002700, AABU01002715, and AABU01001895
and produces a strong signal in h11-h14 on the Y chromosome. The long
arm (YL) and short arm (YS) of the Y chromosome are indicated. (D–G)
BAC and gene fluorescent hybridization signals (red, green) on polytene
chromosomes of the wm4, SuUR Su(var)3-906 strain stained with DAPI
(blue). Scale bar (D) indicates 3 mm. (D) BACR11F21 (red) and BACR30J23
(green) represent opposite ends of the Release 5 scaffoldCP000188 andmap
to the proximal part of region 41A in the pericentric heterochromatin of
chromosome arm 2R. BACR30J23 localizes distal to BACR11F21, orienting
the scaffold. (E) BACR06D11 (red) represents the previously unmapped Re-
lease 5 scaffold CP000194 and localizes in the 20BC region of the X chro-
mosome, proximal toDIP1 (green) in 20A. (F) BACR18B19 (green) represents
the previously unmapped Release 5 scaffold AABU01001089 and also lo-
calizes in the 20BC region, distal to CG14621 (red) in 20C. (G) BACR06D11
andBACR18B19 signals overlap, but the strongest BACR06D11 signal is distal
to the strongest BACR18B19 signal, suggesting their relative order. Sequence
finishing shows that these BACs overlap each other by 40 kb.
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the mitotic FISH data is on the representation of the Y chromo-

some: 12 previously unmapped BAC contigs and the one mis-

mapped contig have a unique or primary localization on the Y

chromosome, whereas no BACs weremapped to the Y in Release 5.

Two BAC contigs have ambiguous localizations in the cyto-

genetic map. BACN15B04 hybridized to locations on 3R and the Y

chromosome with equal intensities in mitotic FISH and produced

no specific labeling in polytene FISH. This ambiguity was resolved

during sequence assembly: The corresponding scaffold was in-

corporated into 3R (see below). CH223-02O07 hybridized to pri-

mary locations on the Y chromosome inmitotic FISH and on 3L in

polytene FISH. It represents aminimal contig comprised of a single

STS and a single small-insert BAC and remains unmapped in Re-

lease 6. Finally, BACR19D10 hybridized primarily to the Y chro-

mosome in mitotic FISH and produced no specific labeling in

polytene FISH. However, sequence assembly places the corre-

sponding scaffold unambiguously on 3R (see below).

Sequence finishing

To further improve the accuracy and completeness of the reference

genome sequence, we used our previously described clone-based

sequence finishing strategy (Celniker et al. 2002; Hoskins et al.

2007) to sequence BACs from the genome physical map and 10-kb

genomic plasmid clones from the WGS3 assembly. Tiling path

BACs for sequence finishing were identified using the genome

physical map and alignments of BAC end sequences. Finishing of

BAC sequences in regions that were poorly assembled in WGS3

required de novo BAC sequencing, for whichwe generated plasmid

subclone librarieswith average insert sizes of 3 kb (Releases 4 and 5)

or 9 kb (Release 6) (Methods). The large-insert clone libraries fa-

cilitated assembly of repeat-rich sequences. Regions of the WGS3

assembly that were not represented within identified BACs were

finished using WGS 10-kb plasmids.

Sequence finishing in highly repetitive regions of the genome

is challenging, and the resulting assemblies require independent

experimental verification. We used BAC restriction fingerprinting

(Marra et al. 1997, 1999) to verify the assemblies of previously

finished BAC sequences, guide new sequence assemblies, and re-

solve discrepancies between overlapping sequences in the genome

tiling path. In Releases 5 and 6, we used the verified BAC-based

sequences to represent the genome, even when they differed from

the WGS3 sequences. Differences between the BAC-based and

WGS3 sequences were usually polymorphisms due to transposable

element insertion or variation in tandem repeat copy number.

We fingerprinted 1510 BACs including previously sequenced

BACs and additional BACs in a redundant tiling path selected from

the genome physical map and BAC end-sequence alignments. For

each BAC, fingerprints were produced using five restriction en-

zymes (ApaLI, BamHI, EcoRI, HindIII, XhoI). For 583 BACs, which

had regions of sequence for which none of these enzymes pro-

duced a fragment within our accurate sizing range (500 bp to 20

kb), fingerprints were collected using five additional restriction

enzymes (BglII, NcoI, PstI, EcoRV, PvuII). These enzymes were se-

lected based on desirable distributions of restriction sites within

the sequence and for compatibility with our experimental digest

conditions. The BAC fingerprint data are provided in Supplemental

Data File S1. We used an automated analysis and data tracking sys-

tem to compare BAC-based sequence assemblies to BAC fingerprints

(M Krzywinski, unpubl.). For each BAC, the restriction fingerprints

were compared to the in silico restriction digests of the sequence by

pairing experimental and in silico fragments that matched within

the experimental error of the fingerprint process. For each base

position within the BAC-based sequence, the number of digests

whose in silico fragment had a matching experimental fragment

was determined. Any in silico or experimental fragments that could

not be paired were identified. The total size of regions in whichm/n

in silico fragments were paired was calculated (n = number of di-

gests,m = 0,1,. . .,n). BACs containing no experimental support (m =

0) or weak support (m = 1,2) were selected for sequence assembly

review within these regions, and additional finishing and editing

were performed as required. BACs whose fingerprints contained

experimental fragments that could not be matched to any in silico

fragments were also reviewed for possible missing sequence.

We summarize the improvements in the Release 4 and Release

5 sequence assemblies of the chromosome arms as follows. The

Release 4 sequence of the chromosome arms spanned 118.4Mb. To

produce the assembly, the sequences of 216 BACs were finished or

improved (Supplemental Table S2), 21 sequence gaps were closed,

inversions in the assemblies of chromosome arm3L and the fourth

chromosome were corrected, and the BAC-based sequences were

verified using BAC fingerprint analysis. The Release 5 sequence of

the chromosome arms represented 120.4 Mb, spanning the eu-

chromatin and extending into pericentric heterochromatin by

a total of 4.7Mb (Hoskins et al. 2007). To produce the assembly, 26

tiling path BACs were finished or improved (Supplemental Table

S2), the sequence was extended into telomeric and pericentric

heterochromatin, andmost remaining euchromatic sequence gaps

were closed. The Release 5 chromosome arm sequences contained

six physical map gaps and two sequence gaps; five gaps mapped in

euchromatin and three mapped in the extensions into pericentric

heterochromatin. The six physical map gaps remain in Release 6;

five are due to persistent gaps in the physical map that are not

represented in the WGS 10-kb genomic plasmid library or in

available BAC libraries (Hoskins et al. 2007). The exception is the

gap corresponding to the histone gene cluster on chromosome arm

2L at 39D, a tandem gene array spanning >500 kb. This region is

represented in BAC and WGS 10-kb plasmid libraries, but the

structure and length of the tandem array have prevented assembly

of its complete sequence.

The Release 6 chromosome arm sequences are assembled

from a tiling path of 1113 BACs and 136 WGS3 scaffolds that

subsume the genome physical map (Supplemental Table S2). To

produce Release 6, we assembled and finished 139 additional BAC

sequences (Supplemental Table S2). In 54 cases, tiling path BACs

mapped to Release 5 sequence scaffolds by end-sequence align-

ment were finished using WGS 10-kb plasmids as templates, and

then the BAC-based sequences were verified by comparison to BAC

fingerprints. In 80 cases, tiling path BACs were used to construct

plasmid subclone libraries and finished by sequencing a combina-

tion of BAC subclones andWGS plasmids. Nonredundant portions

of 136WGS3 scaffolds that were not represented in mapped BACs

were finished as previously described (Hoskins et al. 2007). Finally,

sequences of five BACs identified, sequenced, and assembled in

independent work were incorporated (see below).

Assembly of Release 6

To assemble the Release 6 genome sequence, BAC-based andWGS3-

based sequences that overlapped one another in BAC contigs or in

newly extended sequences were merged into sequence scaffolds.

Scaffolds were assigned to chromosome arms and ordered and ori-

ented into sequence assemblies using BAC FISH and other available

map information. The Release 5 assembly was divided into chro-

Hoskins et al .

448 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on May 1, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


mosome arm sequences spanning the euchromatin and extending

into telomeric and pericentric heterochromatin and a separate set of

mapped sequence scaffolds in pericentric heterochromatin (e.g.,

XHet). In Release 6, the chromosome arm assemblies include both

the euchromatin and the mapped heterochromatin.

The Release 6 assembly spans 143.9 Mb (142.6 Mb, excluding

sequence gaps represented by N’s) (Table 1) and increases the ge-

nomic coverage of the reference sequence assembly by 5.7 Mb

compared to Release 5. The Release 6 chromosome arm sequences

(X, 2L, 2R, 3L, 3R, 4, Y) comprise 137.5 Mb (137.0Mbwithout N’s)

in 145 mapped sequence scaffolds (summarized in Fig. 2). The

sequences of the X chromosome and the autosomes extend from

telomeric heterochromatin to deep within pericentric hetero-

chromatin, based on the boundaries between euchromatin and

pericentric heterochromatin defined by epigenetic analysis in the

modENCODE Project (Fig. 2; Supplemental Table S2; Riddle et al.

2011). The impact on representation of the Y chromosome is

particularly significant, increasing from 242 kb in Release 5 to

3.4 Mb in 105 scaffolds in Release 6. The remaining, small WGS3-

based scaffolds that are not incorporated into the chromosome arm

assemblies are retained in Release 6. They include 49 scaffolds

comprising 1.7 Mb that were improved by sequence finishing and

1816 unimproved WGS3 scaffolds comprising 3.8 Mb (Table 2).

Manyof these small scaffoldsweremapped to chromosomal regions

in He et al. (2012); we represent those mapping results in Release 6,

as described below. Here, we describe details of the assembly of the

Release 6 chromosome arms, moving from the telomere to the

centromere (X, 2L, 3L) or centromere to telomere (2R, 3R, 4) (lowest

to highest numbered divisions along the polytene chromosome

map). Further details of the assembly are presented in Supplemental

Table S2 and Supplemental Figure S14.

The X chromosome

TheX chromosome assembly spans 23.5Mb in six scaffoldswith two

clone gaps in euchromatin and three in heterochromatin (Fig. 2);

there are no mapped scaffolds associated with the short, hetero-

chromatic XR arm. For Release 6, two BACs were finished and as-

sembled near the XL telomere: BACR40C07 extends the sequence by

111,715 bp to the endof the physicalmapof the telomere (Abad et al.

2004b), andCH221-48I20 closes a subtelomeric 1.688 satellite repeat-

rich sequence gap.

The two euchromatic clone gaps (X: 21,907,215; X: 22,260,554)

map in polytene division 20B, where there was a single clone gap in

Release 5. FISH identified two Release 5 unmapped BAC contigs,

representedbyBACR06D11 andBACR18B19, that localizewithin the

clone gap and are ordered relative to one another and to flanking

gene probes (Fig. 1E–G; Supplemental Table S1). Sequence finishing

showed that these BACs overlap and produced a Release 6 sequence

scaffold that is oriented by the polytene FISH data. In addition, the

sequence distal to the Release 5 gap was extended by finishing of

BACR27N03 (subsuming the unmapped scaffoldCP000347), and the

sequence proximal to the gap was improved by partial finishing of

BACR46H24. Thus, the Release 5 clone gap was partially filled by

extending the flanking sequences and inserting a new scaffold,

leaving two clone gaps. Although it is very rich in transposable ele-

ment sequences associated with the flamenco (flam) locus (P�elisson

et al. 1994), this region maps in euchromatin, distal to the

boundary between euchromatin and pericentric heterochroma-

tin (X: 22,628,490) defined in Riddle et al. (2011).

The first clone gap, in pericentric heterochromatin (X:

23,020,991), maps to polytene region 20DE and mitotic region

h26p-h27 (Supplemental Table S1). It is flanked on either side by

a tandem array of the simple sequence repeat TAGA (Celniker et al.

2002). The gap appears to represent a satellite-like array of ;50 kb

and coincides with the major focus of accumulation of an SNF2-

type chromatin remodeler, theX-linkednuclear protein (XNP); the

site appears to be a genome-wide regulator of gene silencing

(Schneiderman et al. 2009).

The first of the three sequence scaffolds in X pericentric het-

erochromatin corresponds to Release 5 XHet (CP000208), and its

orientation is confirmed by FISH (Supplemental Fig. S7). The second

scaffold corresponds to a Release 5 unmapped BAC contig and is

ordered but not oriented by FISH (Supplemental Fig. S7). The se-

quence of this scaffold includes a tandemarray of eight degenerate R1

elements, two of which are interrupted by a Circe element (Losada

et al. 1999). Together, these two scaffolds extend the Release 6 se-

quence close to the proximal end of the polytene chromosome map

in 20F (Supplemental Table S1). The third scaffoldmerges three small

Release 5 unmapped scaffolds. It is not ordered or oriented with re-

spect to the other scaffolds and is placed in its proximal location

based on its sequence content. Similar to the second scaffold, the

sequence of the third scaffold includes a tandem array of five de-

generate R1 elements, three of which have been disrupted by in-

sertion of a transposable element. This sequence composition sug-

gests that the scaffold derives from an edge of the rDNA locus, which

mapsmore proximally in theXheterochromatin (Losada et al. 1999).

Table 1. Summary of the Release 6 sequence assembly

Chr. arm Size (bp) Size w/o N’s N50a Sized gaps Estimated sum of gap sizes (bp) Unsized gapsb

X 23,542,271 23,476,151 21,907,215 4 65,520 6
2L 23,513,712 23,513,512 21,485,538 0 0 2
2R 25,286,936 25,280,236 17,021,040 1 6000 7
3L 28,110,227 27,992,067 19,478,218 4 117,660 5
3R 32,079,331 32,054,759 27,905,053 9 22,772 18
4 1,348,131 1,331,131 1,200,662 1 17,000 0
Y 3,667,352 3,409,719 107,634 61 242,633 150

Subtotal 137,547,960 137,057,575 21,485,538 80 455,185 182
Auxiliaryc 6,362,942 5,515,449 2927 256 657,793 1897

Total 143,910,902 142,573,024 21,485,538 336 1,112,978 2079

aN50 is the contig length for which 50% of called base pairs in a chromosome arm assembly are contained in contigs this length or larger.
bUnsized gaps are represented in the sequence files by 100N’s.
cDefined in Table 2.
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Chromosome arm 2L

The assembly of chromosome arm 2L spans 23.5 Mb in three

scaffolds with one clone gap in euchromatin and one in hetero-

chromatin (Fig. 2). The sequence of the first two scaffolds,

extending from the telomeric end to the second clone gap, is

unchanged from Release 5. As in previous releases, the first clone

gap (2L: 21,485,538) represents the tandem array of 100–200

copies of the core histone gene cluster at 39D and is estimated

to span >500 kb (Celniker et al. 2002). Proximal to the second

clone gap (2L: 22,420,241) at 40B, the sequences corresponding

to the proximal end of Release 5 arm 2L (i.e., 2Lh) and 2LHet

(CP000215) are merged and extended to produce the third scaffold.

This sequence was extended distally into the clone gap at 40B by

finishing of BACR39N16. The 40B gap is bordered by five copies of

anHMS-Beagle/Invader TE repeat on the distal side and a number of

TEs of different classes on the proximal side. The 2L assembly ends

with a 26-kb array of the 260-bp subtype of the 1.688 satellite

DNA family (Supplemental Fig. S1; Abad et al. 2000). The Release

6 sequence extends 1.5 Mb beyond the

euchromatin-heterochromatin bound-

ary (2L: 22,000,975) defined in Riddle

et al. (2011) into 2L pericentric hetero-

chromatin and to the proximal end of the

polytene map at 40F (Supplemental Table

S1; Supplemental Fig. S8).

Chromosome arm 2R

The assembly of chromosome arm 2R

spans 25.3 Mb in six scaffolds with one

clone gap in euchromatin and four in

heterochromatin (Fig. 2). The first scaf-

fold merges three Release 5 unmapped

BAC contigs and localizes within peri-

centric heterochromatin at the proximal

end of the polytene map in 41A; it is

weakly ordered by mitotic FISH but not

oriented (Supplemental Table S1; Sup-

plemental Figs. S3, S8). It contains the gene CG45781 (Ozkan et al.

2013), and the gene annotation is improved by our cDNA IP04839,

which merges three gene models (CG42644, CG40378, CG43676)

(Supplemental Fig. S15A). The second scaffold corresponds to the

Release 5 2RHet scaffold CP000188 and is oriented by polytene

FISH (Fig. 1D). The third scaffold corresponds to the Release 5

2RHet scaffold CP000218, and the fourth scaffold corresponds to

a group of Release 5 2RHet scaffolds that are linked within a BAC

contig. These two scaffolds are weakly ordered, and the fourth

scaffold is weakly oriented, bymitotic FISH; polytene FISH provides

only the localization of these scaffolds (Supplemental Table S1). The

fifth scaffold merges the Release 5 sequences of the most distal

2RHet scaffold (CP000219) and the proximal end of the arm 2R

sequence (i.e., 2Rh), and it extends from pericentric heterochro-

matin at 41B to the euchromatic clone gap at 57B (2R: 20,780,707),

which persists from Release 1 (Hoskins et al. 2000) and is not rep-

resented in available BAC libraries. The sixth scaffold extends from

the 57B gap to thedistal end of the assembly,whichwas extended in

Release 6 by 27,751 bp toward the tip of the arm by sequencing of

Table 2. Summary of the Release 6 auxiliary sequence scaffolds

Arm Size (bp) Size w/o N’s N50a Sized gaps Total gap size Unsized gaps

Xmmb, modified 60,867 46,367 23,498 6 14,400 1
2CENb, modified 77,724 55,814 8296 7 21,610 3
3CENb, modified 258,827 254,327 27,147 1 3000 15
Ymmb, modified 496,268 469,143 31,460 16 23,625 35
XYmmb, modified 98,136 97,936 50,625 0 0 2
M 19,524 19,524 19,524 0 0 0
rDNA 76,973 60,473 22,940 2 16,500 0
Unmapped modifieda 787,848 692,224 24,503 26 92,324 33
Subtotal for modified sequence 1,876,167 1,695,808 24,503 58 171,459 89

Xmmb, unmodified 988,878 886,063 2068 20 58,515 443
2CENb, unmodified 147,749 106,886 4573 13 38,463 24
3CENb, unmodified 485,339 433,210 3067 25 38,429 137
Ymmb, unmodified 383,655 325,599 1435 23 39,456 186
XYmmb, unmodified 117,805 110,699 1614 4 806 63
Unmapped unmodifiedb 2,363,349 1,957,184 2014 113 310,665 955
Subtotal for unmodified sequence 4,486,775 3,819,641 2113 198 486,334 1808

Total 6,362,942 5,515,449 2927 256 657,793 1897

aN50 is the contig length for which 50% of called base pairs in a contig set are contained in contigs this length or larger.
bThese files are represented in multi-FASTA format. Unsized gaps were calculated by replacing the multi-FASTA file headers with 100 N’s.

Figure 2. The Release 6 chromosome arm sequences. Schematic representation of the Release
6 chromosome arm sequences (horizontal white bars). The boundary between euchromatin and
pericentric heterochromatin on each arm (Riddle et al. 2011) is indicated (red vertical lines). Clone gaps
between sequence scaffolds (vertical black lines) are labeled with their cytogenetic locations on the
polytene chromosome map. (Below) Color-coding indicates the sequence release at which each BAC-
based sequence was finalized: Release 3 (gray), Release 4 (green), Release 5 (purple), Release 6 (black).
Sequences finished in WGS3-based scaffolds are indicated (blue).
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BACR11J01 and overlaps the physicalmap of the 2R telomere (Abad

et al. 2004b).

Chromosome arm 3L

The assembly of chromosome arm3L spans 28.1Mb in seven scaffolds

with one clone gap in euchromatin and five in heterochromatin (Fig.

2). The first scaffold is identical to Release 5 and extends from the

telomeric end to the euchromatic clone gap at 64C (3L: 5,107,766).

This gap was reduced in size by 171 kb in Release 5 by sequence fin-

ishing of BACR15L14 and two flanking WGS3-based sequences (Sup-

plemental Table S2). It is flanked on either side by fragments of the

transposable element BEL. The gap is not represented in available BAC

libraries. The second scaffold extends from the 64C gap, past the

boundary between euchromatin and pericentric heterochromatin (3L:

22,962,476) defined in Riddle et al. (2011), and merges the proximal

end of the Release 5 arm 3L sequence (i.e., 3Lh) to the end of the BAC

contig, subsuming themostdistal Release53LHet scaffold (CP000343).

The third sequence scaffold corresponds to a WGS3 scaffold

(211000080752) that includes copies of the 353-bp subtype of the

1.688 satellite DNA family. This satellite is concentrated at h48p in

the mitotic map (Supplemental Fig. S1; Abad et al. 2000) and at

PAA-PAB in the Plato Atlantis (PA) division in the polytene map

(Andreyeva et al. 2007). PA is polytenized in SuUR Su(var)3-906

strains but is not polytenized in wild-type strains. In Release 6, the

finished sequence of the scaffold is assembled at the cytogenetic

location of the major satellite block.

The fourth scaffold corresponds to two Release 5 3LHet scaf-

folds, CP000225 and CP000224, which are merged by sequence

finishing of BACR11L06. The scaffold is oriented by mitotic and

polytene FISH (Supplemental Table S1; Supplemental Figs. S4,

S10). The fifth and sixth scaffolds finish and extend the Release 5

3LHet scaffolds CP000210 and CP000192, respectively, and the two

scaffolds are ordered and oriented by polytene FISH (Supplemental

Table S1). Additionally, the sequencing of BACR22B20 extends

the fifth scaffold into the 361-bp repeat (another variant of the

1.688 satellite DNA family) located in h52d (Supplemental Fig. S1;

A Villasante, unpubl.). Finally, the seventh scaffold extends the

Release 5 scaffold CP000217, whichwasmistakenly placed in 2RHet

in theRelease 5 sequence assembly. This proximal scaffold is ordered

but not oriented by FISH (Supplemental Table S1).

Chromosome arm 3R

The assembly of chromosome arm3R spans 32.1Mb in 18 scaffolds

with no gaps in euchromatin and 17 clone gaps in pericentric

heterochromatin (Fig. 2). The first eight scaffolds are small (20 kb

to 87 kb), and only the fourth is represented in the Release 5 physical

map. The fourth scaffold was finished using BACN36O04, the sev-

enthwas finishedusingCH221-27P10, and the remainder areWGS3-

based. The BACs CH221-29J09 and CH221-27P10 were identified

and sequenced in an independent project (A Villasante, unpubl.).

These two BACs and the eight WGS3 scaffolds were identified be-

cause they contain dodeca satellite sequences found in heterochro-

matin region h53 (Supplemental Fig. S1; Abad et al. 1992; Losada

et al. 2000; Andreyeva et al. 2007). The order and orientation of

these eight scaffolds have been determined using a physical map of

the region (AVillasante, unpubl.), and the assignments of four scaf-

folds (211000022280666, 211000022280600, 211000022279535,

211000022279847) to Chromosome 3 are verified by independent

mapping results (He et al. 2012).

The ninth through the thirteenth scaffolds are ordered and

oriented into a ‘‘super scaffold’’ by a cDNA (MIP31562) isolated in

themodENCODE Project (Graveley et al. 2011) that encodes a new

geneMyosin 81F (Myo81F; CG45784) at a very proximal location in

3R pericentric heterochromatin (Fig. 3A). Alignment of the 6604-

bp cDNA sequence to the Release 6 genome defines 22 exons

spanning >2.5 Mb with four clone gaps in unsized introns. To

validate the Myo81F gene structure and the assembly of the super

scaffold, we mapped RNA-seq reads from the modENCODE de-

velopmental time course (Graveley et al. 2011) to the cDNA se-

quence. Myo81F is expressed in the larval and pupal stages, most

abundantly in white prepupae aged 12 h and 24 h with RPKM

expression levels of 2.9 and 2.7, respectively. All exon junctions in

the cDNA are verified by alignments of junction-spanning reads

(range = 5 to 55 reads). Annotation of the cDNA sequence indicates

a polyadenylated mRNAwith a 195-nt 59UTR, a 75-nt 39UTR, and

a long open reading frame encoding a 2082-aa protein. The protein

has a myosin motor domain, three IQ motifs, and two sets of

MyTH4 (Myosin Tail Homology 4), Ubiquitin, and FERM (4.1 pro-

tein, Ezrin, Radixin, andMoesin) domains (Fig. 3B). This structure is

similar to class VII myosins, but the protein also contains two PH-

like (Pleckstrin Homology-like) domains which are found only in

Figure 3. Myosin 81F links five Release 6 sequence scaffolds in pericentric heterochromatin. (A) The cDNAMIP31562 defines a newgeneMyosin 81F that
spans >2.5 Mb in the pericentric heterochromatin of chromosome arm 3R. The cDNA sequence was used in assembling five Release 5 BAC contigs, three
unmapped (white boxes) and two on 3RHet (shaded boxes), into a series of five ordered and oriented Release 6 sequence scaffolds (Supplemental Fig. S14,
3RHet.9–13). Four unsized clone gaps between the scaffolds are indicated by double diagonal lines andmapwithin introns of the gene. MIP31562 is 6604
bp in length, and its genomic alignment defines 22 exons. (B) The long ORF of MIP31562 encodes a 2082-aa protein with a myosin motor domain, three
IQ motifs, and two sets of MyTH4 (Myosin Tail Homology 4), Ubiquitin (UBQ), FERM (4.1 protein, Ezrin, Radixin, and Moesin), and PH-like (Pleckstrin
Homology-like) domains. The UBQ and FERM domains together are known as the multidomain Band 4.1 (B41) (Sellers 2000).
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class X myosins (Sellers 2000). The closest homolog is the un-

mapped Drosophila pseudoobscura gene GA22220 (20 exons span-

ning 33 kb), and together the two proteins may represent a new

myosin class.Within the super scaffold assembly, the ninth scaffold

merges three Release 5 BAC contigs, two unmapped and CP000221

in 3RHet, and is extended proximally by the dodeca-containing

BACR19P07, which was identified and sequenced in an indepen-

dent project (A Villasante, unpubl.). The tenth scaffold merges two

Release 5 unmapped BAC contigs, and the eleventh corresponds

to another unmapped BAC contig. The twelfth and thirteenth

scaffolds are WGS3 scaffolds that are mapped only by sequence

alignment to the Myo81F cDNA. Despite spanning >2.5 Mb, FISH

experiments on nine BACs within the super scaffold (Supple-

mental Table S1; Supplemental Figs. S4, S12) had insufficient

resolution to provide strong evidence for the orientation of the

assembly on the chromosome arm.

The relative order and orientation of the fourteenth, fif-

teenth, and sixteenth scaffolds is based on a genemodel defined by

homology that links the three scaffolds into a super scaffold

(Supplemental Fig. S15B). A new genemodel was identified within

a set of Release 5 3RHet and unmapped scaffolds by sequence

similarity to the ion channel gene Piezo (MA Crosby, pers. comm.).

The new gene model, named Piezo-like (Pzl; CG45783), is repre-

sented in FlyBase R5.47 by five models that are fragments of the

nearly complete new gene model. In Release 6, Pzl spans >709 kb

(3R: 2,554,124. . .3,263,573) in 19 exons and two clone gapswithin

unsized introns. To validate the Pzl gene structure and the assem-

bly of the super scaffold, we mapped RNA-seq reads from the

modENCODE developmental time course (Graveley et al. 2011) to

the gene model. Pzl is expressed in the pupal stages, most abun-

dantly in white prepupae aged 24 h and 2 d with RPKM expression

levels of 0.4 and 0.5, respectively. The RNA-seq data produce an

improved gene model with three additional exons encoding

a protein of 2173 aa (Supplemental Data File S2). All exon junc-

tions in the improved gene model are verified by alignments of

junction-spanning reads (range = 5 to 33 reads) including all

exon junctions that span clone gaps between sequence scaffolds.

Within the super scaffold, the fourteenth scaffold corresponds to

the Release 5 3RHet scaffold CP000207; mitotic FISH confirms its

location (Supplemental Table S1; Supplemental Fig. S4). The fif-

teenth scaffold corresponds to a Release 5 unmapped BAC contig;

FISH of BACR19D10 indicates a location on the Y chromosome

(Supplemental Table S1), but the scaffold is placed on 3R based on

the Pzl genemodel and its validation by RNA-seq analysis, and this

chromosome assignment is consistent with independentmapping

experiments (He et al. 2012). The sixteenth scaffold corresponds to

the Release 5 3RHet scaffold CP000220 and is oriented by polytene

FISH (Supplemental Table S1; Supplemental Fig. S13), thus ori-

enting the super scaffold.

The seventeenth and most distal scaffold in 3R pericentric

heterochromatin corresponds to the Release 5 3RHet scaffold

CP000190 and is ordered and oriented by polytene FISH (Supple-

mental Table S1). Arm 3R is distinguished from the other arms

because the boundary between the pericentric heterochromatin

and the euchromatin falls within a clone gap (3R: 4,174,178)

(Riddle et al. 2011), likely due to the presence of unclonable re-

peats. Finally, the eighteenth scaffold spans the euchromatin in

a single gap-free contig that is identical to the Release 5 arm 3R

sequence.

The fourth chromosome

The assembly of Chromosome 4 spans 1.35 Mb in two scaffolds

with one clone gap (Fig. 2); there are no mapped scaffolds associ-

ated with the short, heterochromatic 4L arm. At the centromere-

proximal end, the first clone in theRelease 5 tiling path (BAC05L22)

was determined to be chimeric. The first 24,043 bp of the BAC (and

thus the Release 5 arm 4 sequence) instead represent a segment of

chromosome arm 3R. In Release 6, this segment is replaced with

a WGS3-based sequence (211000022278700) that extends proxi-

mally from the retained portion of the BAC-based sequence by 3427

bp (Supplemental Table S2). The Release 6 sequence begins with

a TTATATTA tandem repeat that extends for 374 bp; this repeatmay

derive from the TTATA satellite located at h59 in the pericentric

heterochromatin of Chromosome 4 (Supplemental Fig. S1). The

remainder of the sequence assembly of the chromosome is identical

toRelease 5. The clone gap at 102F (4: 1,200,662) is flanked on either

side by the simple repeat ATAAATT and is not represented in avail-

able BAC libraries.

The Y chromosome

The assembly of the heterochromaticY chromosome spans 3.67Mb

in 105 scaffolds ranging from 630 bp to 491 kb (Fig. 2) and is 10-fold

larger than the Release 5 assembly (347 kb). The greatly improved

coverage of the Y in Release 6 is due to analysis of Y-linked genes

(Fig. 4), identification of Y-localized BAC contigs by mitotic

FISH (Supplemental Table S1; Fig. 1C; Supplemental Fig. S5), and

Figure 4. Genes in the Release 6 assembly of the Y chromosome. The locations of genes on the mitotic cytogenetic map of the long (YL) and short (YS)
arms of the Y chromosome are indicated. The chromosome is divided into 25 heterochromatic regions, h1 through h25, and the location of the cen-
tromere (C) is indicated. The locations of highly repetitive sequence blocks at the Su(Ste) locus, the 14HT satellite, the 18HT satellite, and the rDNA locus
are indicated. Genes newly represented in the Release 6 assembly are Pp1-Y1, polycystine-related-Y (PRY), Aldehyde reductase Y (ARY), WD40 Y (WDY),
flagrante delicto Y (FDY), Mst35Y, Mst77FY1-18, and Coiled-Coils Y (CCY), and those partially represented in Release 5 and completely represented in Release
6 aremale fertility factor kl-5 (kl-5), male fertility factor kl-3 (kl-3), male fertility factor kl-2 (kl-2), Ppr-Y, Pp1-Y2, andOccludin-Related Y (ORY). The FDY gene has
been tentatively placed in region h16. Cytogenetic map locations of the genes with citations are indicated in the text.
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BAC-based sequence finishing (Supplemental Fig. S14). The

locations of scaffolds in the assembly are based in large part on

the known cytogenetic locations of genes and other Y-specific

sequences

The first three scaffolds in the Release 6 assembly contain

the Y-linked genes Pp1-Y1 at h1-h3 in the mitotic map (Carvalho

et al. 2001), kl-5 in h3 (Gepner and Hays 1993; R Kurek, S

Bonaccorsi, H Buenemann, and MGatti, unpubl.) and PRY in h2-

h9 (Carvalho et al. 2000; Koerich et al. 2008), respectively. The

map location of the third scaffold is supported by FISH of

BACN19P02 (Supplemental Table S1). The fourth through the

seventh scaffolds are ordered and oriented by the kl-3 gene in

h7-h9 (Carvalho et al. 2000; Koerich et al. 2008), and the map

locations of the fourth and sixth are supported by FISH of CH223-

16D09 and CH223-01L14, respectively (Supplemental Table S1).

The eighth and ninth scaffolds contain kl-2 (Carvalho et al. 2000;

Koerich et al. 2008) andARY (Vibranovski et al. 2008), respectively,

both of whichmap in h10. The map location of the ninth scaffold

is supported by FISH of BACR02I01 (Supplemental Table S1); it

corresponds to the Release 5 scaffold CP000212, which was pre-

viously mismapped to 3RHet based on a P-element insertion

(Hoskins et al. 2007). The tenth through the 87th scaffolds corre-

spond to fragments of the Suppressor of Stellate tandem repeats

(Su[Ste]) (Balakireva et al. 1992) identified in smallWGS3 scaffolds.

The 88th scaffold also contains Su(Ste) repeats. FISH experiments

localized this complex cluster of repeats in h11 (Palumbo et al.

1994).

The 89th through the 92nd scaffolds correspond to Release 5

unmappedBACcontigsmappedby FISHofBACR05E05, BACR16A16,

BACN37M16, and BACR09J05, respectively (Supplemental Table

S1). The 93rd scaffold contains the Y-linked gene Ppr-Y in h10-h14

(Carvalho et al. 2001) and merges two BAC contigs; the map lo-

cation is supported by FISH of BACR04I06 and BACR46N08

(Supplemental Table S1). The 94th scaffold contains theWDY gene

in h14 (Vibranovski et al. 2008) and merges two BAC contigs; the

map location is supported by FISH of BACR35K24, BACR12H05,

and CH223-46N17 (Supplemental Table S1). The 95th and 96th

scaffolds correspond to contigs mapped by FISH of BACR04L22

and BACR26A08, respectively (Supplemental Table S1). The 97th

scaffold corresponds to BACR28N05 and contains the 14HT sat-

ellite block located in h14 (Abad et al. 2004a). The 98th scaffold

contains the FDY gene (AB Carvalho and A Clark, unpubl.). Since

the sequence of this WGS3-based scaffold includes TART-A ele-

ments, and region h16 contains primarily degenerate TART-A

elements (Abad et al. 2004a), we tentatively place the scaffold in

h16. However, experiments using a rearranged Y chromosome

(Kennison 1981; Carvalho et al. 2000) place FDY at h1-h3 (AB

Carvalho, unpubl.).

The 99th scaffold corresponds to the previously sequenced

BACR07N15 and contains the Mst35Y pseudogenes within a large

palindrome located in h17 (Mendez-Lago et al. 2011); the 100th

scaffold contains additional sequence of this palindrome. The

101st through the 105th scaffolds contain the Mst77Y genes and

pseudogenes in h17-h18 (Russell and Kaiser 1993; Krsticevic et al.

2010), the 18HT satellite block within the previously sequenced

BACR26J21 in h18 (Agudo et al. 1999; Mendez-Lago et al. 2009),

Pp1-Y2 (Carvalho et al. 2001) in proximal h19 (Abad et al. 2004a),

ORY in h21-h22 (Carvalho et al. 2001), and CCY in h24-h25

(Carvalho et al. 2001; Koerich et al. 2008), respectively. The ge-

nome sequence of Pp1-Y2 was improved by alignment of a cDNA

(MIP26157) identified in the modENCODE Project (Graveley et al.

2011) that defines 59 and 39UTRs and the translation start site; the

first AUG codon is four codons upstream of the previous FlyBase

annotation (FlyBase 5.42).

Chromosome assignments of small scaffolds

There remain 1863 scaffolds representing 6.4 Mb (5.5 Mb without

N’s) of genomic sequences that have not been incorporated into

the chromosome arm assemblies. These scaffolds range in size

from 544 bp to 88,768 bp. The sequences of 49 of these scaffolds

representing 1.9 Mb (1.7 Mb without N’s) have been improved by

sequence finishing; the remainder are unimproved scaffolds from

the WGS3 assembly (Table 2).

He et al. (2012) mapped many of the Release 5 unmapped

scaffolds to chromosomal regions using a series of mutant Dro-

sophila strains bearing large chromosomal deletions and rear-

rangements. They performed comparative genome hybridization

using DNA isolated from embryos of specific mutant genotypes and

oligonucleotide microarrays representing the entire Release 5 se-

quence. Oligonucleotide sequences that did not hybridize to DNA of

a particular deletion genotype were inferred to map within the de-

leted region. These data were consistent with the Release 5 cytoge-

neticmap, validating themethod. InRelease 6, the scaffolds thatwere

not incorporated into chromosome arm sequences were assigned to

‘‘auxiliary sequence files’’ based on the He et al. (2012) data: Xmm,

2CEN, 3CEN, Ymm, XYmm, andU (unmapped) (Methods). For each

set, the corresponding Release 6 scaffolds are represented as a series of

individual scaffold sequences in FASTA format.

Two additional sequence files are included in Release 6. To

represent the large tandem ribosomal RNA gene arrays present in

the pericentric heterochromatin of the X and Y chromosomes

(bobbed loci), we used the published rDNA sequence (GenBank:

X01475) (Roiha and Glover 1981) to identify WGS3 unassembled

reads containing rDNA sequences. Four WGS 10-kb plasmids were

sequenced and assembled to represent a portion of the rDNA re-

peats (auxiliary sequence file ‘‘rDNA’’). To represent themitochondrial

genome of the reference strain, we used the published mtDNA se-

quence (GenBank: U37541) (Clary et al. 1982), which is a composite

of sequences from the Canton S and Oregon R strains, to identify the

corresponding WGS3 scaffold (GenBank: AABU01002389), and fin-

ished the sequence. The nucleotide sequence of the gene-containing

region is 99% identical to the previously published sequence, and

the translated protein sequences are 100% identical. The nucleo-

tide sequences of the mitochondrial tRNAs are identical. Most of

the sequence differences are within the 3.8-kb A + T repeat region,

which is 95% identical.

Validation of the Release 6 assembly by whole-genome
restriction mapping

To validate the Release 6 sequence assembly, we produced a whole-

genome NheI restriction map of the reference strain using a com-

mercial optical mapping platform (OpGen) and compared it to the

in silico restriction map of the sequence assembly (Methods). The

whole-genome restriction map assembly comprises 58 contigs

with an average coverage depth of 553 and a combined length of

213 Mb (Supplemental Data File S3).

We aligned the whole-genomemap to the Release 6 sequence

(Methods; Supplemental Data File S4), resulting in alignment of

129 Mb of the Release 6 sequence to 50 map contigs with a com-

bined length of 198 Mb. Thus, the map assembly is partially re-

dundant; alignment to the sequence assembly identifies 68.7 Mb

in overlapping, redundantmaps. The alignment shows a high level

of matching of ordered restriction fragments across the sequence
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assemblies of the X chromosome and the autosomes, including

essentially complete coverage of the euchromatin and substantial

coverage of telomeric and pericentric heterochromatin (Supple-

mental Table S3). The aligned regions represent 129Mb (96.5%) of

the 134Mb in the sequence assemblies of these chromosome arms.

Due to the reduced representation of the X (75%) and Y (25%)

chromosomes relative to the autosomes in the mixed population

of XX females and XY males used to construct the whole-genome

map, we collected lower coverage of the X and Y chromosomes in

single-molecule maps. This contributed to a less complete align-

ment to the X chromosome sequence assembly and a failure to

assemble reliablemap contigs representing the Y chromosome.We

also did not identify alignments to partially mapped or unmapped

sequence scaffolds. The comparison of the whole-genome map to

the Release 6 sequence does not identify any order or orientation

errors within the aligned regions of the sequence assembly.

At the six telomeric regions represented in the Release 6

chromosome armassemblies, thewhole-genomemap is consistent

with both the physical maps of these telomeres (Abad et al. 2004b)

and the sequence assemblies. The whole-genome map assemblies

do not define discrete chromosome ends. Instead, near each telo-

mere, there is an abrupt reduction in the depth of coverage in the

single-molecule opticalmaps that suggests the position of themost

common chromosome end in a population (Supplemental Fig.

S16). At each of the six telomeres represented in the alignment, we

trimmed the whole-genomemap at the restriction site nearest this

position (Methods). At the XL, 2L, 2R, and 3R telomeres, the

whole-genome map extends beyond the sequence assembly by

30 kb, 39 kb, 46 kb, and 19 kb, respectively (Supplemental Table S3;

Supplemental Fig. S17). In contrast, at the 3L and 4R telomeres,

the sequence assembly extends beyond the whole-genomemap by

5.0 kb and 5.1 kb, respectively (Supplemental Table S3; Supple-

mental Fig. S17). The Release 6 sequence includes the telomere-

associated sequences (TAS repeats in the subtelomeric regions)

at four of the six assembled telomeric regions (2L, 2R, 3L, 3R), and

it extends into the telomeric transposable element sequences

(TAHRE, TART, and HeT-A) at four telomeres (XL, 2L, 2R, 4R).

The whole-genome map spans seven clone gaps between se-

quence scaffolds and measures the gap sizes (Supplemental Table

S3). In euchromatin, the gap at 2R: 57B is estimated to be 2.6 kb,

the gap at 3L: 64C is estimated to be 7.2 kb, and the gap at 4: 102F is

estimated to be 17 kb (Fig. 5). In pericentric heterochromatin, the

gap at 2L: 40B (2L: 22,420,241), whichwas previously estimated to

span;100 kb in Release 3 (Yasuhara et al. 2003), is estimated to be

92 kb. Also, in pericentric heterochromatin, the gap at 3L: PACp

(3L: 26,400,914) is estimated to be 72 kb, and the gap at 3R: PAF

(3R: 4,012,024) spans 39 kb (Supplemental Fig. S18). The gap at 3L:

PAEd (3L: 27,549,160) falls within a deletion in the whole-genome

map with breakpoints in the sequence assembly 55 kb to the left

and 18 kb to the right of the gap. In the Release 6 sequence, the 3L:

64C and 4: 102F gaps are represented by 7 kb and 17 kb of N’s,

respectively; all other clone gaps between sequence scaffolds are

represented by 100 N’s (Supplemental Table S2).

We identified no discrepancies in the relative order of scaf-

folds or restriction fragments in the alignment of the whole-ge-

nomemap to the Release 6 chromosome arm sequences. However,

we did identify rare discrepancies that are consistent with in-

sertion-deletion polymorphisms segregating within the reference

strain or that may identify local assembly errors in repeat-rich re-

gions. We identified 41 discrepancies larger than 4 kb (Supple-

mental Table S4). Ten are deletions with respect to the genome

sequence and could therefore be evaluated. Five of these corre-

spond to previously documented differences between the WGS3

and BAC-based sequence assemblies and were attributed to

polymorphisms within the reference strain: four transposable

element insertions and one large tandem duplication (Celniker

et al. 2002). The other five correspond to two transposable ele-

ment insertions, two tandem duplications, and one tandem re-

peat copy number variant. The whole-genome optical restriction

map validates the Release 6 chromosome arm sequences and

identifies rare polymorphisms and local regions of incomplete

sequence finishing.

Discussion
The accuracy, contiguity, and coverage of the Release 6 reference

sequence of theD.melanogaster genome represent the limits of what

is practically achievable with established clone-based methods for

mapping, sequencing, and assembling a complex eukaryotic ge-

nome.We used FISH to bothmitotic and polytene chromosomes to

produce an exhaustive BAC-based cytoge-

netic map. We used the WGS3 assembly

and WGS sequence reads representing as

muchof the genomeas canbe stably cloned

in Escherichia coli. We assembled and fin-

ished sequences of the regions represented

in the BACmap and theWGS reads to near

the limit of the information available in

mate-pair sequence reads and BAC re-

striction fingerprints. These regions include

repeat-rich telomeric and pericentric het-

erochromatin and a substantial fraction of

the Y chromosome. We integrated the map

and sequence data, and available data from

others, to produce a comprehensive clone-

based genome sequence assembly. Finally,

we validated the order and orientation of

sequences in the assemblies of six chromo-

some arms (X, 2L, 2R, 3L, 3R, 4) by com-

parison to a whole-genome optical re-

striction map. Our approach, integrating

BAC-based and WGS data, improved accu-

Figure 5. Measurement of three euchromatic clone gaps by whole-genome optical restriction
mapping. Alignments of the Release 6 genomic sequence (Rel6) to whole-genome optical restriction
map contigs (Contig) at clone gaps between sequence scaffolds (arrows) are diagrammed. Aligned
NheI restriction fragments (shaded boxes), unaligned fragments (white boxes), and alignment points
(lines connecting NheI restriction sites in the sequence and the map) are indicated. The euchromatic
clone gaps at (A) 2R: 57B, (B) 3L: 64C, and (C ) 4: 102F are spanned by whole-genome map contigs,
providing estimates of the gap sizes (Supplemental Table S3).
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racy and completeness compared to what would have resulted from

either strategy alone. New technologies will be required to sub-

stantially improve on this reference genome sequence. Specifically,

long sequence reads that do not require molecular cloning will be

required to span the remaining gaps, particularly in the highly re-

peat-rich heterochromatin.

We reached the practical limits of BAC FISH mapping to

chromosomes. In terms of the mapping resolution available in the

polytene chromosome FISH experiments, the set of scaffolds that

were ordered and oriented by alignment to the Myo81F cDNA

sequence and that span >2.5 Mb in 3R pericentric heterochro-

matin were represented by nine BACs in polytene FISH experi-

ments, but these experiments did not determine the orientation

of this large set of scaffolds due to the poor banding of polytene

chromosomes in this very centromere-proximal region. In terms

of available probes, six small Release 5 unmapped BAC contigs

were not included in the FISH mapping experiments. Four of these

were integrated into mapped locations in chromosome arm assem-

blies during sequence finishing, and two (representing WGS3 scaf-

folds smaller than 25 kb) are represented in 3CEN (3CEN.1 and

3CEN.31). Based on our experience, FISH would be an inefficient

method for mapping the remaining sequence scaffolds.

There remain a few regions in the Release 6 sequence that

could be improved with further directed mapping and finishing.

For example, there are several identified, unsequenced BACs that

contain dodeca satellite repeats and are therefore likely to derive

from the h54-h56 region of arm 3R (A Villasante, unpubl.). The

4.1-kb WGS3 scaffold AABU01002623 also contains dodeca re-

peats and is represented in the Release 6 sequence file 3CEN. These

unfinished sequences may derive from a clone gap in the 3R as-

sembly. Similarly, the X: 20B region, which includes two clone

gaps of unknown size,might be improvedwith focused effort. This

region is a complex nest of fragmented TE sequences and is asso-

ciated with the flam locus and production of piRNAs. Zanni et al.

(2013) reported that the Release 5 unmapped scaffold CP000194

(Release 5 U: 964336–1041768) containing piRNA cluster 17, in-

cludes a 30-kb segmental duplication of a portion of the flam locus.

This scaffold is incorporated in Release 6 in the newly mapped

scaffold between the two gaps in the X: 20B region. We de-

termined that further work in such regions would not provide

significant improvements. In general, it will be more efficient to

apply emerging new technologies to further improve the refer-

ence genome sequence, rather than to rely on conventional clone-

based methods.

In producing Release 6, we corrected the map locations and

orientations of Release 5 sequence scaffolds and filled sequence

gaps within them. However, with the exception of the chimeric

BAC identified at the left end of the Chromosome 4 assembly, we

did not break Release 5 scaffolds. The FlyBase Release 5 gene

annotation did not include models that spanned clone gaps be-

tween sequence scaffolds, so all of the Release 5 gene models

could be migrated to Release 6. FlyBase has moved the Release 5

gene annotation onto the Release 6 sequence (Dos Santos et al.

2014). Here, we report the discovery of two new genes that link

Release 6 scaffolds into super scaffolds. The Release 6 sequence,

particularly the pericentric heterochromatin and the Y chromosome,

may lead to the discovery of additional new genes and other func-

tional elements.

We defined two new, very large protein-coding genes in the

pericentric heterochromatin of chromosome arm 3R.Myo81F spans

>2.5 Mb, and Pzl spans >700 kb. These genes permitted a series of

sequence scaffolds to be ordered and oriented, and the improved

gene structures will facilitate genetic analyses of their functions.

Myo81F is the largest gene identified to date in the D. melanogaster

genome, though the incompletely assembled Y-chromosome fer-

tility factors kl-5, kl-3 and ks-1may ultimately prove to be larger (for

review, see Gatti and Pimpinelli 1992). Heterochromatic genes are

not a unique feature of the Drosophila genome. For example, the

human potassium channel gene KCNJ18 maps within a gap in the

reference human genome sequence in pericentric heterochromatin

andwas not represented in sequence databases prior to its discovery

and association with thyrotoxic hypokalemic periodic paralysis

(Ryan et al. 2010).

The agreement between the Release 6 sequence and the

whole-genome optical restriction map validates the sequence as-

sembly in the aligned regions of the chromosome arm sequences.

The unaligned regions of the sequence assembly are repeat-rich,

located near gaps between scaffolds, or have an insufficient

number of restriction fragments to identify significant align-

ments to map contigs. The alignment also measures the sizes of

seven clone gaps between sequence scaffolds. Three physical map

gaps in the euchromatin at 2R: 57B, 3L: 64C, and 4: 102F are

spanned by aligned map contigs, and the largest of these gaps

measures just 17 kb. These persistent gaps in the genome physical

map are much smaller than the cloned insert sizes of available

BAC libraries (Hoskins et al. 2007; Venken et al. 2009), but none is

spanned by identified BACs. The remaining unsized clone gaps in

euchromatin are associated with two large repeat-rich regions:

The pair of gaps at X: 20B is associated with the complex nest of

diverse TE sequences near the flam locus, and the gap at 2L: 39D

corresponds to the tandem repeat of core histone genes spanning

at least 500 kb. Four clone gaps in heterochromatin are also

spanned by alignedmap contigs. The largest of these spans 92 kb,

and the smallest is contained within a deletion of at least 73 kb in

the whole-genome map. In addition to measuring the sizes of

these gaps, the whole-genome map confirms the relative order

and orientation of the aligned sequence scaffolds. The use of

longer DNA molecules to produce additional optical map data

might permit estimation of the sizes of additional gaps (Zhou

et al. 2007), and the use of additional restriction enzymes might

provide sufficient information to identify alignments to addi-

tional sequence scaffolds.

The goal of genome sequencing projects is to determine the

complete and continuous sequences of the chromosomes. A

number of known genetic elements inDrosophilaheterochromatin

are incompletely represented in Release 6. These include the most

distal portions of the telomeres, the rDNA tandem gene arrays on

the X and Y chromosomes, and the parts of the centric and peri-

centric heterochromatin enriched for highly repetitive satellite

sequences that represent the functional centromeres and flanking

regions. Thus, further improvements in technologies to produce

more complete genome sequences, ultimately true ‘‘end-to-end’’

chromosome assemblies, remain a high priority.

Methods

Cytogenetic mapping of BACs
BACs selected for cytogenetic mapping were colony-purified and
end-sequenced to verify clone identities (data not shown). BAC
DNAwas prepared by the standard alkaline lysismethod. To limit
bias in the interpretation of FISH results, BAC preparations were
assigned a code number, and identical coded samples were
delivered to the Dimitri laboratory for mitotic FISH and the
Zhimulev laboratory for polytene FISH. The BAC FISH results
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were recorded without knowledge of the clone identities or
expected map locations.

FISH to mitotic chromosomes from the isogenized y1; cn1 bw1

sp1 reference strain (Brizuela et al. 1994) was performed as de-
scribed in Accardo and Dimitri (2010).

FISH to polytene chromosomeswas performed as described in
Saunders (2004) with modifications described here. wm4, SuUR
Su(var)3-906 larvae were grown at 25°C in uncrowded vials on
standard fly food. Salivary glands were dissected in Ephrussi-Beadle
saline (Ephrussi and Beadle 1936) and fixed in a 3:1 mixture of
ethanol and acetic acid for 30 min at �20°C, squashed in 45%
acetic acid, snap-frozen in liquid nitrogen, and stored in 70%
ethanol at �20°C. Squashes of polytene chromosomes were in-
cubated in 23 SSC for 1 h at 65°C, washed three times for 5 min in
23 SSC at room temperature, denatured in 23 SSC, 0.07 N NaOH
for 0.5 min, dehydrated in increasing concentrations of cold eth-
anol (70%, 80%, 100%) for 3–5 min each, and air dried. DNA
probes were labeled with biotin-16-dUTP or digoxigenin-11-dUTP
(Roche) in random-primed reactions with the Klenow fragment of
DNA polymerase I. Labeled probes were added to hybridization
solution (50% formamide, 23 SSC, 10% dextran sulphate, 1.0%
sonicated salmon sperm DNA) to a final amount of 0.1–0.2 mg per
slide. Hybridization was performed overnight at 37°C in a humid
chamber. Unbound probes were removed with three 15-min
washes in 0.23 SSC at 42°C. Slides were stained with avidin-FITC
and rhodamine anti-DIG conjugate in blocking solution (0.1%
BSA, 13 DIG-blocking reagent [Roche]) for 30 min at 37°C in
a humid chamber and washed three times for 5 min with 43 SSC,
0.1% Tween-20. Finally, 10 ml of antifade solution (2.5 mg/mL of
1,4-diazobicyclo-[2.2.2]-octane in 23 SSC [Sigma]) with DAPI were
added before examination by fluorescence microscopy. In addi-
tion to BAC DNAs, marker gene DNA probes (Supplemental Table S5)
were used to correlate polytene regions with mitotic regions.

Sequence finishing

BAC-based sequencing was performed using plasmid subclone
libraries. For Releases 4 and 5, BACs were used to construct plas-
mid libraries with inserts of ;3 kb (Celniker et al. 2002). For Re-
lease 6, BACs were used to construct plasmid libraries with inserts of
;9 kb using the previously described approach with the following
modifications. BAC DNA was fragmented by shearing (HydroShear,
GeneMachines). Fragments were size-selected and cloned in
pBR194b, a derivative of the pBR194c vector used to construct the
10-kb WGS plasmid libraries (Adams et al. 2000). The medium-copy
origin of replication in these vectors is compatible with larger
inserts. To construct pBR194b, a polylinker was inserted between the
paired BstXI cloning sites in pBR194c. Plasmid libraries constructed
in pBR194b were transformed into E. coli DH10B by electroporation
to reduce selection against clones with larger inserts. A sample of
subclones that were sequenced to completion during BAC-based
finishing have insert sizes of 9.5 (61.8) kb (data not shown).

Sequence finishing of BACs and WGS 10-kb plasmids was
conducted as previously described (Celniker et al. 2002; Hoskins
et al. 2007). BAC-based sequence assembly was verified by com-
parison to BAC restriction fingerprints (Supplemental Data File
S1). BAC fingerprints were particularly valuable in regions of
complex repetitive sequences and for estimating copy number in
tandem repeats, as previously described (Celniker et al. 2002). Se-
quence quality was estimated as described (Celniker et al. 2002);
the single-copy portions of all finished sequences have an esti-
mated error rate of less than 1/100,000.

Approximately 1% of BACs used as templates in sequence fin-
ishing for Releases 3 to 6 had acquired an insertion of an E. coli
transposon. We observed insertions of Tn10, IS3 and IS5 elements.

These insertions were identified by comparison of the finished
BAC sequences to a database of E. coli transposon sequences. Fol-
lowing the validation of finished BAC sequences by comparison
to BAC fingerprints, the inserted transposon sequences were re-
moved from the finished BAC-based sequences. Researchers using
BAC clones in their experiments should be aware of this phe-
nomenon, since E. coli transposon insertions might impair the
functions of cloned genes in transgenic constructs.

BAC restriction fingerprinting

BAC fingerprints were generated using an agarose gel-based
restriction enzyme methodology as previously described
(Mathewson et al. 2007), with the following restriction enzyme
digestion conditions optimized for each enzyme: 2 units of en-
zyme were used for EcoRV; 5 units of enzyme were used for ApaLI,
BglII, EcoRI, HindIII, NcoI, PstI, PvuII, and XhoI; 20 units of en-
zyme were used for BamHI. Digestion time was 1 h for BgII, EcoRI,
EcoRV, HindIII, NcoI, PstI, and PvuII; 2 h for ApLI, BamHI, and
XhoI. All digests were performed at 37°C.Gel imageswere acquired
using aMolecular Dynamics Fluorimager 595. Lane tracking of the
digitized gel images was manually adjusted using Image software
(www.sanger.ac.uk/resources/software/image/), and restriction frag-
ments were identified and sized automatically using BandLeader
software (Fuhrmann et al. 2003).

Sequence assembly

Sequence assemblies of chromosome arms were produced as pre-
viously described (Celniker et al. 2002). Alignments to previous
genome sequence releases and BAC projects were generated using
MUMmer v3 (Kurtz et al. 2004). Gaps in the sequence assembly are
represented by sets of N’s. Clone gaps are represented by 100 N’s
unless otherwise noted. Sequence gaps are represented by sets of
N’s corresponding to the estimated gap size. For details of the ge-
nome sequence assembly, see Supplemental Table S2 and Supple-
mental Figure S14.

Assignment of scaffolds to auxiliary sequence files

We used WUBLASTv2.0.0605 (W Gish, unpubl.; http//blast.
advbiocomp.com) to identify Release 5 scaffolds not represented
in the tracked finishing work for Release 6. Scaffolds with fewer
than 30 mismatches were considered to be redundant and were
subsumed; those with more than 30 mismatches (defined as the
scaffold length minus blast match_length) were considered to be
nonredundant and were included as scaffolds in Release 6. We used
the assignments of these small Release 5 sequence scaffolds reported
in He et al. (2012) to generate five separate Release 6 multi-FASTA
files: sequences mapping to the X chromosome (Xmm), sequences
mapping to the centric region of the second chromosome (2CEN),
sequences mapping to the centric region of the third chromosome
(3CEN), sequencesmapping to theY chromosome (Ymm), sequences
mapping to the X or Y chromosome (XYmm), and remaining un-
mapped sequences (ArmU).

Whole-genome optical restriction mapping

High molecular weight genomic DNA in agarose plugs was pre-
pared from a mixed-sex population of adults of the isogenized y1;
cn1 bw1 sp1 reference strain (Brizuela et al. 1994) as previously de-
scribed (Hoskins et al. 2000). AtOpGen, Inc., DNAmolecules larger
than 150 kb were processed on the ARGUS Whole Genome
Mapping System to yield single-molecule NheI optical restriction
maps. These maps were assembled using commercial software to
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produce a de novo whole-genome map consensus (Supplemental
Data File S3). First, 146,884 single-molecule maps longer than 350
kb were assembled into seed contigs. Next, the seed contigs were
reassembled and extended using 451,089 single-molecule maps
longer than 250 kb.

The resulting whole-genome map was aligned to the in silico
NheI restriction map of the Release 6 sequence assembly using
MapSolver v10.0 (OpGen) and default parameters (threshold =

4.0). The alignment was reviewed and edited in MapSolver. We
deleted artifactual interchromosomal alignments between the set
of redundant map contigs aligned to the regions flanking the gap
at 2L: 39D (associated with the core histone gene cluster) and se-
quences flanking the gap at X: 20D (associatedwith a tandemarray
of the satellite-like repeat TAGA). We deleted an artifactual align-
ment between a map contig and a 27.6-kb segment of the Y chro-
mosome (Y: 2,539,554. . .2,567,134).We trimmed themap assembly
at the six telomeric regions represented in chromosome arm se-
quence assemblies to remove suspicious restriction fragments
extending beyonddiscrete locations in the consensusmap assembly
where coverage in single-molecule maps abruptly dropped, sug-
gesting the true locations of chromosome ends (Supplemental
Fig. S16). These suspicious fragments were trimmed using the Hide
feature, but they are retained in the alignment file (Supplemental
Data File S4). We hid four restriction fragments with a combined
length of 19.6 kb at the XL telomere, ten fragments (78.1 kb) at the
2L telomere, three fragments (7.3 kb) at the 2R telomere, four frag-
ments (38.4 kb) at the 3L telomere, 18 fragments (138.4 kb) at the
3R telomere, and four fragments (54.3 kb) at the 4R telomere.

Data access
The Release 6 genome assembly has been submitted to the NCBI
Assembly database (http://www.ncbi.nlm.nih.gov/assembly/) un-
der accession number GCA_0000012154. BAC and WGS-based
sequence data have been submitted to NCBI GenBank (http://
www.ncbi.nlm.nih.gov/genbank) under the accession numbers
listed in Supplemental Table S2. The sequences of the cDNAs
IP04839 and MIP31562 and the cloning vector pBR194b have
been submitted to GenBank under accession numbers BT128705,
BT150454, and KM891592, respectively.

Acknowledgments
We thank S. Richards, D. Wheeler, D. Muzny, S. Scherer, and R.A.
Gibbs for assistance in the production of the Release 4 sequence of
chromosome arm 3L; T. Murphy at NCBI for thorough quality
control of the Release 6 sequence submission; M.A. Crosby for
sharing her observation that Piezo is homologous to a fragmented
set of five Release 5 gene models; V. Gvozdev for 28S rDNA and
SCLR plasmids; and E. Frise for computer systems support. This work
was supported by NIH grants P50 HG00750 (G.M.R.), R01 HG00747
(G.H.K.), and R01 HG002673 (S.E.C.) and performed under U.S.
Department of Energy Contracts DE-AC0376SF00098 and DE-AC02-
05CH11231, University of California. I.F.Z. was supported by grant
13-04-40137 from the Russian Federation; E.N.A. was supported
by grant 12-04-00874-a from the Russian Federation; P.D. was
supported by a grant from the Instituto Pasteur-FondazioneCenci
Bolognetti; A.V. was supported by Ministerio de Econom�ıa y
Competitividad grant BFU2011-30295-C02-01; and A.B.C. was
supported byNIH grant R01GM064590 and grants from Fundaç~ao
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