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Methods

A new strategy for genome assembly using short
sequence reads and reduced representation libraries
Andrew L. Young,1 Hatice Ozel Abaan,1 Daniel Zerbino,2 James C. Mullikin,1

Ewan Birney,2 and Elliott H. Margulies1,3

1Genome Technology Branch, National Human Genome Research Institute, National Institutes of Health, Bethesda, Maryland 20892,

USA; 2European Bioinformatics Institute, Hinxton, Cambridge CB10 1SD, United Kingdom

We have developed a novel approach for using massively parallel short-read sequencing to generate fast and inexpensive
de novo genomic assemblies comparable to those generated by capillary-based methods. The ultrashort (<100 base)
sequences generated by this technology pose specific biological and computational challenges for de novo assembly of
large genomes. To account for this, we devised a method for experimentally partitioning the genome using reduced
representation (RR) libraries prior to assembly. We use two restriction enzymes independently to create a series of
overlapping fragment libraries, each containing a tractable subset of the genome. Together, these libraries allow us to
reassemble the entire genome without the need of a reference sequence. As proof of concept, we applied this approach to
sequence and assembled the majority of the 125-Mb Drosophila melanogaster genome. We subsequently demonstrate the
accuracy of our assembly method with meaningful comparisons against the current available D. melanogaster reference
genome (dm3). The ease of assembly and accuracy for comparative genomics suggest that our approach will scale to future
mammalian genome-sequencing efforts, saving both time and money without sacrificing quality.

[Supplemental material is available online at http://www.genome.org. The sequence data from this study have
been submitted to NCBI Short Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession no.
SRA010040.]

Genomes are the fundamental unit by which a species can be de-

fined and form the foundation for deciphering how an organism

develops, lives, dies, and is affected by disease. In addition, com-

parisons of genomes from related species have become a powerful

method for finding functional sequences (Eddy 2005; Xie et al.

2005, 2007; Pennacchio et al. 2006; The ENCODE Project Con-

sortium 2007). However, the high cost and effort needed to pro-

duce draft genomes with capillary-based sequencing technologies

have limited genome-based biological exploration and evolution-

ary sequence comparisons to dozens of species (Margulies et al.

2007; Stark et al. 2007). This limitation is particularly true for

mammalian-sized genomes, which are gigabases in size.

With the advent of massively parallel short-read sequencing

technologies (Bentley et al. 2008), the cost of sequencing DNA has

been reduced by orders of magnitude, now making it possible to

sequence hundreds or thousands of genomes. However, the re-

duced length of the sequence reads, compared with capillary-based

approaches, poses new challenges in genome assembly. Here, we

sought to address those experimental and bioinformatics hurdles

by combining classical biochemical methodologies with new al-

gorithms specifically tailored to handle massive quantities of

short-read sequences.

To date, the whole-genome shotgun (WGS) approach using

massively parallel short-read sequencing has shown significant

promise in silico (Butler et al. 2008) and has been applied to de

novo sequencing and assembly of small genomes that do not

contain an overabundance of low-complexity repetitive sequence

(Hernandez et al. 2008). This presents a challenge when scaled to

larger more complex genomes, where the information contained

in a single short read cannot unambiguously place that read in the

genome. Additionally, de novo assembly from WGS short-read

sequencing currently requires large computational resources, on

the order of hundreds of gigabytes of RAM, when scaled to larger

genomes. As a compromise, current mammalian genomic analyses

utilizing short-read sequencing technology either use alignments

of individual reads against a reference genome (Ley et al. 2008;

Wang et al. 2008) or require elaborate parallelization schemes

across a large compute farm (Simpson et al. 2009) for assembly.

Regardless of computational improvements, effectively handling

repetitive sequences in a whole-genome assembly still remains

a challenge.

Our goal was to establish wet-lab and bioinformatics methods

to rapidly sequence and assemble mammalian-sized genomes in

a de novo fashion. Importantly, we wanted an approach that (1)

did not rely on existing reference assemblies, (2) could be accom-

plished using commodity computational hardware, and (3) would

yield functional assemblies useful for comparative sequence anal-

yses at a fraction of the time and cost of existing capillary-based

methods. To accomplish this, we propose a generic genome par-

titioning approach to solve both the biological and computational

challenges of short-read assembly.

Traditionally, partitioning of genomic libraries was accom-

plished through the use of clonal libraries of bacterial artificial

chromosomes (BACs) (or yeast artificial chromosomes). This

method accurately partitions genomes into more manageable

subregions for sequencing and assembly. However, the high fi-

nancial cost and overhead associated with creating and main-

taining these libraries make this method unattractive for scaling to

hundreds of genomes. In addition, a single BAC clone, which

contains ;200 kb of sequence, is not large enough to leverage the

amount of sequence obtained from a single lane of Illumina data
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(currently ;2.5 Gb of sequence), requiring the need for various

pooling or indexing strategies (Meyer et al. 2007). Furthermore,

virtually all BAC libraries exhibit some degree of variable cloning

bias, with some regions overrepresented and others not at all. In

silico studies have investigated the cost-saving potential of using

a randomized BAC clone library with short-read sequencing

(Sundquist et al. 2007); however, even with this shortcut, the

clonal library concept does not lend itself to fast and cheap whole-

genome partitioning.

We propose a novel partitioning approach using restriction

enzymes to create a series of reduced representation (RR) libraries

by size fractionation. This method was originally described for

single nucleotide polymorphism (SNP) discovery using Sanger-

based sequencing methods on AB377 machines (Altshuler et al.

2000) and was subsequently used with massively parallel short-

read sequencing (Van Tassell et al. 2008). Importantly, this method

allows for the selection of a smaller reproducible subset of the ge-

nome for assembly. We extended this concept to create a series of

distinct RR libraries consisting of similarly sized restriction frag-

ments. Individually, these libraries represent a tractable subset of

the genome for sequencing and assembly; when taken together,

they represent virtually the entire genome. Using two separate

restriction enzymes generates overlapping libraries, which allow

for assembly of the genome without using a reference sequence.

As proof of concept, we present here a de novo Drosophila

melanogaster genomic assembly, equivalent in utility to a compar-

ative grade assembly (Blakesley et al. 2004). Two enzymes were

used to create a total of eight libraries. Short reads (;36 bp) from

each library were sequenced on the Illumina Genome Analyzer

and assembled using the short-read assembler Velvet (Zerbino and

Birney 2008). Contigs assembled from each library were merged

into a single nonoverlapping meta assembly using the lightweight

assembly program Minimus (Sommer et al. 2007). Furthermore, we

sequenced genomic paired-end libraries with short and long in-

serts to order and orient the contigs into larger genomic scaffolds.

When compared with a whole-genome shotgun assembly of the

same data, we produce a higher quality assembly more rapidly by

reducing the biological complexity and computational cost to as-

semble each library. Finally, we compare this assembly to the dm3

fly reference to highlight the accuracy of our assembly and utility

for comparative sequence analyses. Our results demonstrate that

this method is a rapid and cost-effective means to generate high-

quality de novo assemblies of large genomes.

Results

Reduced representation library generation

An overview of our method is presented in Figure 1. Two sets of

reduced representation (RR) libraries were prepared using geno-

mic DNA from the Sxl-EGFP-3 laboratory strain of D. melanogaster

used for sexing embryos (Hempel et al. 2008). For each RR set,

genomic DNA was digested to completion with EcoRI or HindIII

and resolved on agarose gels to purify four distinct size-ranges:

1–4 kb, 4–7 kb, 7–9 kb, and 9–30 kb (see Methods). These fragment

size boundaries and enzymes were established based on in silico

analyses of the dm3 D. melanogaster reference genome (Adams

et al. 2000; Celniker et al. 2002), which we expected (and sub-

sequently showed) to be similar to the genomic sequence of our

D. melanogaster strain.

We created fragment libraries from each purified RR aliquot

and sequenced to roughly 303 base coverage on an Illumina Ge-

nome Analyzer (see Methods). Table 1 summarizes the amount of

sequencing completed for each RR library. To determine the

specificity of each library, we aligned the reads back to the dm3

reference genome and examined the overlap between the reads

from each RR library and the predicted RR fragments from the dm3

genome. In general, we found the majority of reads aligned to the

expected regions of the dm3 genome representing restriction

fragment sizes commensurate with the originating RR library (Fig.

2). In addition, we quantitatively analyzed the proportion of reads

from each RR library that matched a range of restriction fragment

sizes from the dm3 genome (Fig. 3).

We note that alignment to the dm3 reference genome cannot

entirely verify the accuracy of the partitioning scheme because

a portion of EcoRI and HindIII sites are polymorphic between our

individual fly’s genome and the dm3 genome. Therefore, some

fragments in a library expected to have high coverage, do not,

because the set of predicted restriction fragments is not completely

concordant between the two genomes. This leads to a bimodal dis-

tribution of the in silico predicted fragment coverage as summarized

Figure 1. A schematic overview of the sequencing and assembly
methods used to generate our de novo fly assembly. (1) Reduced repre-
sentation libraries were created by digestion of genomic DNA with two
restriction enzymes separately. Shown are a single library’s gel slice and
a subsequent second purification step to ensure library fragment fidelity.
Resolution on an agarose gel allowed for libraries to be selected between
1–4 kb, 4–7 kb, 7–9 kb, and 9–30 kb in size for each enzyme indepen-
dently. (2) Each library was then sequenced independently on the Illumina
Genome Analyzer. (3) The short-read libraries were then assembled using
Velvet. (4) Overlapping contigs from all eight libraries were merged using
the lightweight assembler Minimus. (5) Finally, genomic paired-end short
sequence reads were incorporated into the assembly process to order and
orient the contigs generated in previous steps.

Table 1. Summary of sequencing reads for each RR library, the
theoretical size of each library, and the coverage based on alignment
to the theoretical reduced representation (RR) library

Library
Theoretical
size (Mb)

Reads
sequenced
(millions)

Bases
sequenced

(Gb)

Reads aligned
in target RR
library (%)

EcoRI1k4k 35.6 101.1 3.5 45.7
EcoRI4k7k 34.1 75.1 2.6 42.3
EcoRI7k9k 16.9 80.0 3.1 32.3
EcoRI9k30k 36.6 153.1 5.3 49.1
HindIII1k4k 35.2 73.0 2.7 44.4
HindIII4k7k 33.1 72.4 2.7 40.7
HindIII7k9k 16.1 167.5 6.5 15.4
HindIII9k30k 40.0 191.7 7.1 39.4
Total 913.5 33.6 37.2
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for the EcoRI1k4k library in Figure 4. The EcoRI1k4k results from

this library accurately represent the findings for the other libraries

(data not shown).

Assembly

Each of the eight RR short-read libraries were assembled separately

using Velvet (Zerbino and Birney 2008) (see Methods) with the

results summarized in Table 2. The Velvet assemblies were quali-

tatively analyzed based on alignment results to the dm3 reference

genome (see Methods). Figure 5, top, describes the comparison of

our assembled contigs with the theoretical fragments generated by

in silico restriction enzyme digestion.

At this point we had created two distinct but overlapp-

ing libraries of nominally sized contigs aligning to 117.7 Mb of

the 125-Mb dm3 reference genome. Next, we merged the over-

lapping contigs between the EcoRI and HindIII libraries using the

assembler Minimus (Sommer et al. 2007). This resulted in a 121.4-Mb

meta-assembly aligning to 116.2 Mb of the dm3 reference ge-

nome. The N50 contig length was 4243 bases. These results are

summarized in Table 2 with alignments to the reference shown in

Figure 5.

A separate WGS assembly was also performed for comparison

with the RR approach. The eight RR libraries were pooled and as-

sembled by presorting and hashing the data to allow the assembly

to run at capacity on a 256 G-memory machine. The resulting

assembly contained 113.4 Mb of sequence in 156,904 contigs with

an N50 of 1444 bases. Table 2 summarizes comparison with the RR

assembly. Figure 6 shows the contribution of each contig to the

total assembly size for both assembly approaches. While the WGS

assembly covered roughly the same amount of the genome, it was

broken up into twice as many contigs with an N50 one-third less

compared with the RR-generated assembly, highlighting a key

benefit to our RR approach.

Finally, we created scaffolds of the

Minimus contigs using genomic (i.e., non-

RR) paired-end (PE) reads. PE libraries with

different insert sizes were generated—a

standard mate-pair library with an average

insert size of 365 bp and a large-insert

‘‘jumping’’ library (Collins et al. 1987)

with an average insert size of 2363 bp (see

Methods). Components of the Phusion

assembler (Mullikin and Ning 2003) were

modified and used to order and orient the

Minimus contigs based on the additional

information contained in the PE reads

(see Methods). The resulting assembly

comprised 4718 scaffolds containing

118.5 Mb of sequence spanning 121.4 Mb

(including gaps). The N50 scaffold length

was 88,605 bases. In total, 95.5% of this

assembly aligned to some portion of the

dm3 reference genome. Specifically, there

were 2766 scaffolds containing 115.4 Mb

of our assembly that aligned to the eu-

chromatic portion of dm3 (120.4 Mb). The

remaining alignable scaffolds resided in

heterochromatic regions (879 scaffolds re-

presenting 2.9 Mb of our assembly) or

chromosome U (1.1 Mb in 484 scaffolds).

Chromosome U contains D. melanogaster

scaffolds that could not be unambigusouly placed when the

dm3 assembly was created. It is this final assembly (summarized in

Table 3) that we used for subsequent validation, quality assessment,

and comparative analysis.

Analysis and quality assessment

Our assembly contained 589 scaffolds that did not align to the

D. melanogaster reference genome. A total of 284 scaffolds had ro-

bust matches with entries in GenBank (see Methods). Three hits

were specific to D. melanogaster, but not aligned by BLAT. The

remaining hits were bacterial in origin and overlapped heavily

with the fly microbiome (Corby-Harris et al. 2007). This analysis is

summarized in Figure 7, with each resulting alignment organized

by genus. The 284 hits to GenBank were spread over 38 species

from 32 genera. Five of the top six represented genera, comprising

245 of the scaffolds, were from the Acetobacteraceae family. This

family consists of proteobacteria that colonize rotting fruit, the

primary food source of the fruit fly. These findings suggest that we

sequenced genetic material from bacteria cohabitating with the

flies sequenced and did not originate from a foreign source of con-

tamination.

Next, we examined single-nucleotide differences between

dm3 and our genome assembly. We used the SSAHA package (Ning

et al. 2001) to determine the variation rate patterns across a variety

of genomic features (Fig. 8). Low variation between strains was

observed in first and second codon positions, regions inde-

pendently annotated as conserved, and was lowest in splice-site

junctions (0.05%), representing the upper bound of base-wise ac-

curacy in our assembly. Conversely, the highest variation rates

were seen in the third codon position. Variation was higher on the

autosomes than the X chromosome, even in the randomized

controls (data not shown). This pattern of variation is consistent

Figure 2. UCSC Genome Browser screen shot highlighting read coverage for each sequenced library.
The top track represents theoretical fragments generated by in silico EcoRI restriction enzyme digestion.
Read density tracks are color-coded by library as red (1–4 kb), green (4–7 kb), purple (7–9 kb), or blue
(9–30 kb). The following four tracks are reads from each individual library aligned back to the dm3 ref-
erence using Illumina’s short read aligner, ELAND, with standard parameters.

Figure 3. Read coverage for the four EcoRI (A) and four HindIII (B) RR libraries sequenced. The reads
from each library were aligned to the theoretical fragments generated by restriction enzyme digestion.
The short reads from each library 1–4 kb (black), 4–7 kb (orange), 7–9 kb (blue), and 9–30 kb (green)
aligned to fragments corresponding to their expected size.
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with expectations and provides strong support that the base-wise

accuracy of our genome assembly is high.

In addition to single nucleotide variation between assemblies,

larger insertion and deletion (indel) events were frequently dis-

covered by alignment to the fly reference genome (see next para-

graph). We note that this type of structural variation can only be

detected at high resolution with a de novo assembly. Numerous

LTR-bearing elements in the kilobase size range predicted by the

dm3 reference were not present in our assembly. However, the

scaffolds surrounding those regions aligned to the reference ge-

nome with high fidelity. Additionally, genomic paired-end reads

independently validate our assembled scaffolds based on the av-

erage insert size from alignments back to the reference genome. For

the LTR to exist in those genomic PE reads, the insert sizes would

have to be several standard deviations above the mean. An exam-

ple of this is marked by an asterisk in the middle panel of Figure 5.

We quantified the indel rate by examining the BLAT align-

ments of the assembled scaffolds against the dm3 reference se-

quence. Overall, we found 117,261 insertions in our fly’s genome,

averaging 35.9 bases in size. We also found 85,663 insertions in the

dm3 reference fly’s genome, averaging 88.9 bases in size. Indel

events were observed less frequently in coding and conserved re-

gions of the genome compared with other regions in the genome,

providing support that the identified indel events are real and not

assembly artifacts. These results are summarized in Figure 9.

In order to identify potential misjoins in our assembly, we

examined scaffolds that unequivocally aligned to two distinct re-

gions of the dm3 reference. Of the 4129 scaffolds that aligned

using BLAT (see Methods), 52 scaffolds contained two separate

regions (>20 kb) that aligned to different locations in the reference

genome. One of these matched with chr U, and 31 had one or both

ends overlapping repetitive regions, which are all known sources of

error as well as hot spots for sources of rearrangement. These results

provide good evidence for the high structural accuracy of our as-

sembly.

One known difference between the dm3 reference genome

and our assembled genome was the presence of a GFP construct

attached to the promoter for the Sex lethal (Sxl) gene (Hempel et al.

2008). We located the construct in a single 147-kb scaffold. The

first 3 kb of the scaffold aligned to chr X upstream of the Sxl gene.

The terminal 143 kb aligned with 99.5% identity to chr 3L of the

dm3 reference. The 1-kb intervening sequence aligned via BLAST

with 98% identity to a GFP construct used in D. melanogaster

(Swanson et al. 2008). This discovery supported that we sequenced

the correct fly strain and can accurately resolve modestly sized

features in the genome.

Cost

The Illumina sequencing for this project was completed across

several flow cells over several months with constant improve-

ments to cluster density, read length, and sequence quality. Addi-

tionally, each library was sequenced in excess to determine the

optimal read coverage necessary for assembly. Based on current

capacity (circa August 2009) the same project could be completed

on a single flow cell with a 100-base sequencing run using paired-

end reads from the outset for an approximate reagent cost of

$11,500. In addition, we would gain additional improvements

from utilizing paired-end reads from the outset—methodology

that was not available initially. For comparison, whole-genome

shotgun sequencing for a draft 8–103 assembly using capillary-

based technology for the same-sized genome would cost roughly

$600,000 and take 2–3 yr of run time on a single AB 3730xl, as-

suming 700-base read lengths and a reagent cost of 40 cents per

read.

Discussion
We have created a de novo draft assembly of a D. melanogaster

genome using a massively parallel short-read sequencing platform

and reduced representation libraries. The reduced representation

method simplifies the size and complexity of the assembly prob-

lem by breaking the genome into smaller portions, allowing us to

assemble larger contigs than with the WGS approach. Addition-

ally, the WGS assembly was conducted at the upper limit of current

computational capabilities, requiring 256 G of memory compared

with 32–64 G required for the RR approach. Thus, the RR method

is scalable by dividing the assembly into smaller more computa-

tionally reasonable libraries.

The combination of algorithmic improvements and se-

quencing advancements will ease the future assembly of larger

more complex genomes with this method. The availability of

paired-end reads with ever increasing read lengths will facilitate

the sequencing of RR libraries containing more fragments with

fewer reads. This should allow for partitioning of mammalian-

sized genomes into a relatively small number of fragment pools.

Figure 4. The coverage of the theoretical contigs in the EcoRI1k4k li-
brary by the EcoRI1k4k sequence reads exhibits a bimodal distribution. A
majority of contigs are covered completely. However, one-tenth of the
theoretical contigs are not covered at all. This is also observed in the other
libraries assembled.

Table 2. Summary of each phase of the assembly process

Bases
(Mb)

No. of
contigs

Contig
N50

Aligned
(Mb)

EcoRI libraries
1–4 k 38.4 54,794 1332 38.0
4–7 k 38.3 61,377 1209 38.0
7–9 k 29.9 70,829 675 29.6
9–30 k 35.4 41,586 1854 34.6

HindIII libraries
1–4 k 34.2 49,159 1319 33.8
4–7 k 43.5 61,289 1423 42.9
7–9 k 52.0 73,112 1505 50.7
9–30 k 33.7 47,870 1624 32.0

Minimus assembly 121.4 78,649 4243 116.2
WGS Velvet assembly 113.4 156,904 1441 115.8

Each library was assembled independently using Velvet. The eight RR li-
braries were merged using Minimus into a single assembly. For compar-
ison with the Minimus assembly, the whole-genome shotgun (WGS)
Velvet assembly is included. N50 contig length is the minimum contig
length, such that all contigs larger than that size represent 50% of the
assembly.
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Similarly, algorithmic improvements will decrease the computa-

tional barriers to sequence assembly allowing for the assembly of

larger RR libraries on commodity hardware. This will also benefit

the WGS method of genome assembly. However, the biological

complexity issue will persist, making our RR method useful for

future large genome assemblies.

We selected EcoRI and HindIII for RR library generation based

on typical laboratory availability, robustness, and in silico analyses

of the dm3 reference genome. We initially simulated fragmenta-

tion with a variety of different type II restriction enzymes, which

yielded different distributions of fragment sizes and theoretical

coverage of the dm3 genome. However, multiple pairwise combi-

nations of enzymes resulted in fragments covering >95% of the

dm3 genome. Additional in silico analysis of larger, more complex

genomes (hg18, mm9) revealed similar results with pairwise

combinations of enzymes producing modestly sized fragments

(1–30 kb) covering >95% of the genome. Based on these findings,

we do not anticipate enzyme selection to be a barrier for future de

novo genome assembly utilizing the RR approach. Indeed, where

little is known about the genome content, gel electrophoresis

analysis of genomic digestions using a variety of enzymes will

likely yield robust results.

Our RR assemblies were made solely from fragment reads,

using paired-end reads exclusively for scaffolding; the ability to

generate accurate paired-end data was

not available to us when we initiated this

project. Utilizing paired-end reads for

RR library assembly will improve the size

and quality of future, more complex as-

semblies. Indeed, we have subsequently

resequenced the EcoRI9k30k library with

50-base paired-end reads. We utilized

25.9 million read-pairs to produce a

33.5-Mb Velvet assembly (using kmer =

31 and expected coverage of 20) in 19,449

contigs with an N50 of 4514 bases (cre-

ating 9765 scaffolds with an N50 of 10.3

Kb). The original single read EcoRI9k30k

assembly was 35.4 Mb in 41,586 contigs

with an N50 of 1854 bases. While the

paired-end assembly is relatively the same

size, it is composed of much larger con-

tigs, highlighting the advantage of using

paired-end reads for the initial RR as-

sembly step.

Variation for Drosophila populations

has been reported between 0.4% in cod-

ing regions and 2% in noncoding regions,

with autosomes varying more than sex

chromosomes and D. melanogaster vary-

ing less than other species in the same

genus (Moriyama and Powell 1996). Our

findings support these conclusions. Our

fly varies less than 2% in noncoding re-

gions. This may result from our strain

originating from a lineage closely related

to the dm3 reference strain. However, the

variation patterns observed across differ-

ent annotated regions supports the ac-

curacy of our assembly.

Confirming the presence of the GFP

construct in our fly provided additional

verification of our assembly’s accuracy. The GFP construct con-

taining the Sxl promoter region was inserted into chromosome 3.

This discovery also demonstrates how our assembly method deals

with segmental duplications. The Sxl promoter region was only

represented once in our assembly. The endogenous promoter

Figure 5. This is a screenshot from the UCSC Genome Browser exhibiting the alignment of each RR
library to the reference genome. The top four tracks summarize the Velvet assembly steps. Contigs are
color-coded by library as red (1–4 kb), green (4–7 kb), purple (7–9 kb), or blue (9–30 kb) bars. The top
two tracks are the theoretical in silico restriction enzyme digested contigs. The actual EcoRI and HindIII
contigs aligned back to the dm3 reference are show in the next two tracks. There is relatively little overlap
between contigs in different libraries generated from the same restriction enzyme. The next track shows
the RR meta-assembled contigs, resulting from merging the eight libraries with Minimus. Short and
large genomic paired-end libraries facilitate the scaffolding of the contigs into the final assembly, shown
in the bottom two panels. An LTR element deletion suggested by our assembly, marked by an asterisk (*)
in the middle panel, was verified by alignment of the genomic paired-end reads flanking the deletion. If
those read pairs contained the LTR element, their insert size would be several deviations larger than the
mean for that library. The alignments depicted here are from the same region of chromosome 2 with the
window zoomed out for each successive panel.

Figure 6. Contigs created by the RR approach were compared with
those generated by the all-by-all WGS approach. The contigs were or-
dered by decreasing size. The figure depicts the increase in cumulative
assembly size by adding successive contigs from each sorted list. The
assembly size increases with fewer contigs for the RR approach than the
all-by-all approach.
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sequence from the X chromosome was merged with the transgenic

version and assembled with the version inserted in chromosome 3.

Additionally, most of the non-fly-aligning scaffolds represent

inhabitants of the D. melanogaster microbiome. These findings

demonstrate the ability of our assembly methods to accurately

segregate sequence reads from different species into separate scaf-

folds, highlighting its potential for combined genomic/micro-

biome analyses.

Our analysis examined insertion and deletion events in our

fly’s genome relative to the dm3 reference genome. Interestingly,

we found a distinct difference between deletion events occurring

inside of regions annotated as coding DNA compared with non-

coding DNA. We observed enrichment for deletions in coding se-

quence that were multiples of three bases in size (Fig. 9B). These

findings are expected, given the low tolerance of protein synthesis

to frameshift mutations and the triplet nature of the genetic code.

This further suggests the utility of using de novo assembly by RR

libraries to discover both small and large genomic variations with

high precision.

The robustness of the RR method was demonstrated by the

ability of this approach to tolerate poor quality in one of the eight

libraries. We found low diversity in the reads from the HindIII7k9k

library (i.e., we sequenced a large proportion of duplicate mole-

cules). The diversity issue resulted from 16 cycles of PCR biasing

the RR library fragments. This was corrected when only six cycles

of PCR were used for additional sequencing in that library. How-

ever, the final overall assembly only improved slightly once the

complexity issue in the HindIII7k9k library was corrected, or if

the library was removed (data not shown). This suggests that the

overlapping libraries created by two restriction enzymes accom-

modated moderate deteriorations in quality without a significant

adverse effect to the resulting assembly. However, as larger and

more complex genomes are assembled by this method, the toler-

ance to a poor library may decrease, as each library will represent

a larger amount of sequence from the genome.

Our findings indicate that libraries of sufficient quality and

complexity can be generated without the high cost and time re-

quirements of a BAC clone library. However, there are shortcom-

ings with using restriction enzymes for partitioning. Specifically,

bias is introduced by the nonrandom location of restriction sites,

and the library sizes will always vary to some degree, especially

when applied to a previously unsequenced genome. This limita-

tion is minimized by using two different restriction enzymes and is

also offset by the relatively low cost and short time needed to

implement the RR approach. Additionally, due to insert-size limi-

tations for the paired-end scaffolding reads at the onset of this

study, we could not provide chromosome scale scaffolding.

Our assembly appears more fragmented at both the contig

and scaffold level when compared with Sanger-based Drosophila

assemblies completed by the Drosophila 12 Genomes Consortium

(2007). This is expected given our use of short (;36 bp) single-end

reads for assembly instead of longer paired-end Sanger reads that

can span modestly sized repeats. In addition, we used 2-kb insert

paired-end reads for scaffolding instead of larger insert fosmids.

However, from a comparative genomics standpoint, this is less

important. The utility of our assembly lies in our ability to discern

meaningful inferences about our fly’s genome from comparison

with the dm3 reference.

Our study shows the utility of using short-read sequencing to

rapidly generate a de novo genomic assembly adequate for com-

parative genomic analyses. Additionally, the use of RR libraries is

a scalable method that can be applied to assemble larger, more

complicated genomes. Our assembly method combined with con-

tinual advancements in sequencing technology and computing

power brings the promise of fast and cost-effective mammalian

genome sequencing assembly closer to a reality.

Methods

Data availability
Sequence reads used for assembly are available at the NCBI Short
Read Archive (accession no. SRA010040). All assemblies generated
and analyzed in this study are available at ftp://kronos.nhgri.nih.
gov/pub/outgoing/elliott/fly/.

Reduced representation libraries creation and sequencing

Genomic DNA preparations were digested to completion using
EcoRI or HindIII and separated on an agarose gel. Libraries were
recovered from gel slices 1–4 kb, 4–7 kb, 7–9 kb, and 9–30 kb in size.
Individual libraries were sheared with a nebulizer using standard
protocols. Illumina-specific adapters were ligated to the sheared
fragments. Gel electrophoresis allowed for size selection of frag-
ments around 250 bp. PCR amplification was used to select for
fragments containing both Illumina-specific adapter sequences.
Library complexity was reduced with the prescribed 16-cycle PCR
amplification step (most notably in the HindIII7k9k library). PCR
cycle count analysis was subsequently used to limit the cycles of
PCR for each library. We found that six cycles of PCR improved the
complexity of the sequenced libraries. A subsequent bead purifi-
cation step eliminated unbound adapter sequences from the pre-
paration. Single-end sequencing reads, 30–48 bases in length,
for each of the eight libraries, were sequenced on the Illumina

Table 3. The contigs generated with Velvet and Minimus were
scaffolded using paired-end genomic reads (see Methods)

Final assembly

Size (Mb) 121.4
No. of scaffolds 4718
Scaffold N50 88,605
Aligned to reference (Mb) 115.9
Base accuracy 99.95%
Structural accuracy 98.74%

Base accuracy was determined by examining variation in the invariable
splice site junctions surrounding coding exons. Structural accuracy was
estimated identifying scaffolds that unequivocally align to two locations
(see Results). These accuracy measures represent an upper-level estimate
on potential errors in our assembly, since it is expected that these two
strains might differ slightly.

Figure 7. Distribution of GenBank alignment hits for nonfly sequence
scaffolds. Of the 284 contigs discontinuous MEGABLAST aligned, 250 fell
in only six genera. These top hits are all proteobacteria with all but Bur-
kholderia residing in the Acetobacteraceae family.
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Genome Analyzer II platform. Reads passing Illumina’s chastity
filtering parameters (0.6) were selected for assembly.

Assembly

The RR libraries were sequenced individually using Velvet.
The parameters for Velvet were kmer = 23, cov_cutoff = 6, and
min_contig_lgth = 100. Due to poor read coverage of the EcoRI7k9k
library, a cov_cutoff = 10 was used to salvage contigs that could
be assembled. Assembled contigs were aligned back to the refer-
ence genome using BLAT with the parameter max_Intron = 100,
allowing for alignment of contigs containing small deletion
events. Multiple degenerate hits were discounted from the repor-
ted alignment.

Reduced representation meta-assembly

We used a hierarchical RR meta-assembly scheme, first merging
EcoRI and HindIII libraries separately. This specifically merged
fragment assemblies that were represented partially in two or more
libraries from the same enzyme. The two independent libraries
were then merged together to create a single nonoverlapping RR
meta-assembly.

The parameters for Minimus were
overlap = 30, conserr = 0.1, minid = 95,
and maxtrim = 20. Subsequent align-
ments were completed using BLAT with
the max_Intron = 100 parameter.

Paired-end scaffold generation

We used the standard Illumina paired-
end library preparation and sequencing
methods to generate the short insert
paired-end library. The large-insert library
had a median 2363 bases between each
read pair. Parts of the SOLiD mate-pair kit
were used to generate this library. Briefly,
this involved ligation of the EcoP15 restric-
tion site containing adapter sequences,
circularization with a biotinylated adapter
sequence, digestion with the type III re-
striction enzyme EcoP15, and recovery
of the fragments. Both libraries were se-
quenced using the previously mentioned
pipeline.

Scaffold organization

The high-quality genomic paired-end reads were aligned to de novo
assembled contigs with Illumina’s short read aligner ELAND. Read
pairs aligning without mismatches to the assembly were retained
for scaffolding. Read pairs aligning within contigs were used to
determine the average insert size and distribution for read pairs in
the library, statistics necessary for the Phusion assembler to de-
termine spacing between joined contigs. The first Phusion step used
the pairing information to condense contigs that overlapped with
each other but could not be joined by Minimus, because the overlap
was too short or in low-complexity sequence. Subsequent iterations
of Phusion joined contigs and scaffolds separated by 50, 100, 150,
200, 250, and 300 bases using the short-insert paired end libraries.
At this point only scaffolds or contigs >300 bp were retained.

The final iterations of Phusion joined contigs and scaffolds
separated by 300, 500, 750, 1000, 1500, 2000, 2500, and 3000
bases using the large-insert genomic paired-end library. Each step
built upon the previous scaffolds to progressively join contigs and
scaffolds further and further apart. There were a few modifications
made to the software to reduce the rate of misassembly. At the read
level, an aligned paired-end read was rejected if the alignment
indicated that the insert size was five standard deviations away
from the mean insert size. A join was prevented if the number of
reads joining the two contigs together was not 30% of the total
number of reads aligned to that end of the contig. Alignments to
the reference genome were made using BLAT with the parameter
maxIntron = 10,000 to allow for alignment when scaffolds con-
tained large gaps. Only the top BLAT hit was counted from the
alignment.

Variation analysis

FlyBase coordinates (Drysdale and Crosby 2005) for specific an-
notated regions were retrieved from the UCSC Table Browser
(Kuhn et al. 2009). SNPs were examined between the two assem-
blies in annotated regions using SSAHA-SNP (Ning et al. 2001)
without significant modification.

Microbiome determination

Scaffolds that did not align to the dm3 reference using BLAT were
separated from the assembly. These scaffolds were aligned to

Figure 8. Our fly was compared with the dm3 reference across various
annotated regions using SSAHA-SNP. Within annotated regions the var-
iation rate matches previous Drosophila variation findings. The most
conserved regions were the first (Pos1) and second (Pos2) codon posi-
tions, conserved sequence (Cons), and splice-site junctions (SplSt). The
most variable region was the third codon position (Pos3). For comparison,
annotated protein-coding regions (Coding), 59 untranslated regions
(5UTR), 39 untranslated regions (3UTR), noncoding sequence (NC), and
conserved noncoding sequence (Cons NC) were included.

Figure 9. Depicted is a summary of indel events from comparison of the dm3 reference genome to
the genome of our D. melanogaster individual. FlyBase annotations of the dm3 reference were used to
determine the location of each indel event. (A) The number of insertions (magenta) and deletions (cyan)
with respect to our fly are shown. The results are normalized by the megabases of sequence in each
annotated track. (B) The distribution of deletion sizes is shown for regions annotated as coding se-
quence. An enrichment of deletion sizes that are multiples of three is visible, in addition to the under-
lying exponential decay visible in the deletion size distribution for regions annotated as noncoding (C ).
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GenBank using Nucleotide Discontiguous MegaBLAST. Only align-
ments that were over 100 bases in length and had an E-score < 10 3

10�10 were selected to improve the accuracy of the results.
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