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PASS: A Fast Algorithm for Illumina/SOLiD Sequence Alignment with Guaranteed Recall 
Manhong Dai, Justin Wilson, Stanley Watson and Fan Meng 

Psychiatry Department and MBNI, University of Michigan, Ann Arbor, MI 48109, US 

Although many sequence alignment programs are used for the analysis of Illumina/SOLiD high 
throughput sequencing results, there is still significant room for improvement in both speed and recall 
rate. Traditional sequence alignment programs do not perform well when aligning short sequences 
generated by deep sequencing techniques since they cannot take advantage of features inherent in deep 
sequencing results.  Many programs designed for high throughput sequence alignment cannot make use of 
pre-built indices to accelerate future alignments.  For example, all of the work used to build the in-
memory data structure for a reference genome must be repeated for the next alignment using the same 
reference genome. The recall rate of popular programs such as Eland is far from satisfactory, too. 

These observations led us to create the Pre-sorted Alignment of Short Sequences (PASS) program for 
sequences from Illumina/SOLiD platforms.  PASS capitalizes on the following assumptions (1) query 
sequences can be preprocessed to a uniform length of ≤ 255 bp  (2) insertions and deletions can be 
neglected  (3) sequences with mismatches above a threshold (usually ≤ 2 bp) can be ignored. (4) the only 
valid bases are A, T, C and G and the unknown base N that does not match any other base.  Furthermore, 
we assume that time required to index a reference sequence will be amortized over many uses and it is 
preferable to use data structures that are large on disk but small in memory for better scalability since disk 
is cheaper than memory. 

Aligning sequences using PASS involves three steps.  First, the target reference sequences and its reverse 
complement are permuted to generate every short sequence of the desired length that contains mismatches 
at a predefined threshold.  The generated sequences are indexed alphabetically.  Second, the query 
sequences are indexed alphabetically.  Third, the indexed reference sequences and the indexed query 
sequences are sequentially scanned for perfect matches that indicate an alignment.  The indexes generated 
in the first two steps can be re-used for subsequent alignments.  For a given small sequence length and 
number of short sequences N, the complexity of the indexing procedures is O(N log N).  For a given 
small sequence length, a number of indexed reference sequences M and indexed query sequences N, the 
complexity of performing the alignment is O(M + N). 

Table 1 is a summary of comparative analysis of PASS performance and recall with other popular short 
sequence alignment programs. Our tests are based on the alignment of 15,000,000 Illumina 1G sequences 
with the human chromosome 1. Test sequences are downloaded from 
http://www.bcgsc.ca/data/chipseq (Robertson et al, (2007) Nature Methods 4(8) 651-7).  

Table 1:  Comparison of High Performance Short Sequence Alignment Programs 
Speed (time in seconds) Recall (MUMmer and PASS as 100%) 

Perfect Match 
Allow at most  

1 bp Mismatch Perfect Match 
Allow at most  
1 bp Mismatch 

Program tested 
All 

match 
Unique 
Match All match 

Unique 
Match All match 

Unique 
Match All match 

Unique 
Match 

PASS without  
pre-built index 470 537 14838 13849 
PASS with  
pre-built index 109 102 2971 2668 

1187409 
(100%) 

 

1083975 
(100%) 

 

1950566 
(100%) 

 

1117331 
(100%) 

 

MUMmer 366 766 / / 100% 100% / / 
Eland * / 1072* / 1072* / 92.39% / 57.22% 
SOAP 8895 / 15728 / 100% 100% 99.47% 99.59% 
MosaikAligner / 675 / 680 / 85.28% / 54.34% 

*Eland allows two mismatches for each query sequence by default. 

We believe PASS has significant advantage for large scale sequence alignments requiring near-perfect 
matches with high recall rates. We are making improvements in PASS for the alignment of longer 
sequences. The current version of PASS is freely available at: 
http://brainarray.mbni.med.umich.edu/Brainarray/pass/ . 
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SHRiMP: The Short Read Mapping Package 
 

Stephen Rumble1, Vladimir Yanovsky1, Michael Brudno1,2 

 
1Department of Computer Science and 2Banting and Best Dept. of Medical Research 

University of Toronto. 
 
The Short Read Mapping Package (SHRiMP) is a method for mapping very short reads to a 
genome. Our method includes 1) a spaced kmer filtering technique, 2) a very fast, vectorized 
implementation of the Smith-Waterman algorithm, 3) a separate full color-space, letter-space and 
multi-pass alignment approaches, and 4) computation of p-values and other statistics for hits. 
 
The algorithm starts with a rapid k-mer hashing step to localize potential areas of similarity 
between the reads and the genome. All of the spaced k-mers present in the reads are indexed. 
Then for each k-mer in the genome, all of the matches of that particular k-mer among the reads 
are found. The approach of indexing the reads, rather than the genome has several advantages 
including controlling memory usage, as our algorithm never needs memory proportional to the 
size of the genome, while the large set of short reads can be easily divided between many 
machines in a compute cluster. If a particular read has as many or more than a specified number 
of k-mer matches within a given window of the genome, we execute a vectorized Smith-
Waterman step to score and validate the similarity. The top n highest-scoring regions are filtered 
through a sensitive alignment algorithm, and output at the end of the program if their final scores 
meet a specified threshold.  
 
SHRiMP offers three possible options for the final, full backtracking alignment step. These are 
customized for Illumina/Solexa (regular, letter-space alignment), the AB SOLiD dibase 
sequencing (color-space alignment), and a method for two-pass sequencing, such as the 
Heliscope. The AB SOLiD sequencing technology introduced a novel dibase sequencing 
technique, which reads overlapping pairs of letters and generates one of four colors (typically 
labeled 0-3) at every stage. The sequencing code can be thought of as a finite state automaton 
(FSA), in which each previous letter is a state and each color code is a transition to the next letter 
state. We implement an algorithm for aligning color space reads in letter space. Our key 
observation is that while a color-space error causes the rest of the sequence to be mistranslated, 
the genome will match one of the other three possible translations. We adapt the classical 
dynamic programming algorithm to simultaneously align the genome to all four possible 
translations of the read, allowing the algorithm to move from one translation to another by 
paying a “crossover”, or sequencing error penalty. Our approach handles not only mismatches, 
and sequencing errors, but also indels.  
 
A different final alignment mode is available for Single Molecule Sequencing technologies. 
These technologies suffer from a significantly higher deletion error rate, ameliorated by the 
ability to sample two reads from the same location. In the SHRiMP tool we combine the 
Weighted Sequence Graph representation of all optimal and near optimal alignments between the 
two reads sampled from a piece of DNA, which is then aligned to the reference genome.  

 
The SHRiMP tool is freely available at http://compbio.cs.toronto.edu/shrimp 
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THE SOLiD SYSTEM RESEQUENCING ALIGNENT SOFTWARE SUITE: MATCHING, PAIRING 
AND INDEL FINDING 

 
Zheng Zhang, Heather Peckham, and Jingwe Ni 

Applied Biosystems, Foster City, CA 
 
Keyword: alignment, short reads, resequencing, paired reads 
 
Applied Biosystems SOLiD System, is a massively parallel sequencing platform that produces hundreds 
of millions of short sequencing reads every run. It is a challenging to match (align) these rmassive 
numbers of eads to a reference genome very fast. Due to the 2-base coding scheme that the SOLiD 
System uses, the existing alignment software generally cannot process them well. In addition, the 
SOLiD System also provides paired-end reads, whose approximate distance in the sample DNA is 
known. This information can help in mapping those reads, and finding indels (insertion/deletion) and 
other structural rearrangements.   
 
We present a software suite for aligning and analyzing SOLiD reads. The suites include the following 
components: (1) A matching tool that can find matches between short reads and a long reference 
sequence allowing a fixed number of mismatches; (2) a pairing tool that find, for each mated pair of 
reads, a pair of hits that are in right orientation, same strand, and within the correct distance decided by 
library insert size; (3) a rescue/indel finding tool that find alignments allowing for indel and/or more 
mismatches using paired-end information, to be used when the pairing tool above fails to find a correct 
pair of hits; (4) a 2-base encoding to base sequence adaptor program that can translate a color sequence 
assembly (obtained from any de novo assembler algorithm) to base sequence.  
 
Each of the components can be run stand alone. The matching tool uses multiple discontinuous word 
patterns to allow for a very fast search time, using a small internal memory footprint and produces small 
temporary files, so one can map 10+Gb of data to the human genome reference on a reasonable sized 
computer farm.  
 
The rescue/indel finding tool can find small to medium size deletions (where there is a stretch of DNA 
in reference sequence but missed from target sequence), and a mini-assembly tool can find novel 
insertions up to 200 bp long. We provide statistical analysis and a simulation to analyze the significance 
of different types of indel alignments. 
 
De novo assembly using short reads is challenging, but more and more tools are becoming available for 
assembling base sequence short reads. We present an adaptor that enables the user to use any existing 
short-read assembly algorithm to assemble SOLiD reads. Our approach is to use perform assembly in 
color space (by transforming color string’s 0-3 to ACGT). After assembly it is non-trivial to translate the 
color assembly to a base sequence. The adaptor we present use the known leading base of each SOLiD 
read to get a “best” base sequence transformation form any color assembly. 
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Alta-Cyclic – an improved Solexa base caller for longer and more accurate reads 
 

Yaniv Erlich1,2, Partha P. Mitra1, W. Richard McCombie1, 
 and Gregory J. Hannon1,2* 

 
 
 
1 Watson School of Biological Sciences 
2 Howard Hughes Medical Institute 
Cold Spring Harbor Laboratory 
1 Bungtown Road 
Cold Spring Harbor, NY 11724 
 
The power of next-generation sequencing is limited by high error rates, as compared to 
conventional sequencing, and short read lengths.  Here, we sought improvements in sequence 
determination from the Illumina Genome Analyzer instrument.  We systematically analyzed 
sources of noise that cause error rates to climb with cycle number.  We found de-
synchronization of polymerases (phasing), progressive loss of signal (fading) and cycle-
depending increases in the fluorescent crosstalk among individual nucleotides.  We developed 
a novel base caller, termed Alta-Cyclic, that allows compensation of these noise sources and 
is based on machine learning approach. This allows valuable 78-base reads, increases the 
number of accurate reads by more than 4 folds, and reduces systematic biases that degrade 
the ability to confidently identify sequence variants.  Though the analysis presented here is 
specific to the Illumina machine, the general strategies may also be applicable to other next 
generation-platforms. 
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Short Read Archive format and storage solution and SDK 
 

Vladimir Alekseyev 
Kurt Rodarmer 

 
NCBI Short Read Archive team 

 
 

 
ABSTRACT 

 
The bio-tech industry and research community are rapidly growing in size. With each day the amount 
and types of data multiply, and need to be managed. Data are stored in a plurality of formats, depending 
upon particular needs. Sometimes the ability to use text-based tools and editors is desired, but more 
often we try to optimize for storage or transmission. Any approach to storage will have to wrestle with 
the problem of keeping data in common representation for data interchange while at the same time 
supporting custom data for product distinction. NCBI has based its Trace and Assembly archives upon 
an internally developed format that satisfies most of these needs. In particular, data are stored in a very 
compact and flexible way that was designed for execution. This means that the format supports rapid 
random access to any read, and is designed as pluggable data modules that when combined form a 
complete, addressable and highly scalable archive. New data may be easily added, analyzed and 
annotated over time; old data may be replaced or removed. The format is capable of representing 
arbitrary data, combining multiple representations (e.g. custom and common), as well as representing 
heterogeneous data from different manufacturers.  Notable features are its compactness, flexibility, 
scalability, and its capacity to accommodate as yet undefined/unspecified instruments and tools. 
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Using UHTS to detect somatic mutations 
 
Christian Iselli , Stylianos Antonarakis, Jacqui Beckmann, Andy Simpson, Jean-Louis Blouin, Siv 
Fokstuen, Daniel Robyr, Carlo Rivolta, Jacques Rougemont, Ioannis Xenarios, Brian Stevenson, 
Victor Jongeneel, Andrew Sharp, Donata Rimoldi, Felix Naef 

 
Ultra-high throughput sequencing (UHTS) technology has been used to assess its ability to detect 
somatic mutations in clinical samples.  The aim is to discover SNPs, short insertions and deletions, CNVs, 
and chromosomal rearrangements that contribute to the clinical phenotype.  Currently, the analysis 
methodology we have developed allows us to detect SNPs and short insertions and deletions using 
Solexa reads and chromosomal rearrangements using 454 reads. 

Our analysis pipeline has been applied to data derived from cDNA libraries and PCR amplified exons.  
The cDNA libraries were obtained from total mRNA extracted from HCC1954, a breast cancer cell line.  
The exon data were obtained by PCR amplification of defined genomic regions from selected patients.  
The cDNA and amplified DNA fragments were sequenced on a Solexa/Illumina Genome Analyzer using 
the protocol recommended by the manufacturer.  The cDNA was also analyzed on 454/Roche. 

Our analysis pipeline comprises two main components: a probabilistic base calling of the Solexa reads, 
using the image intensity files, and a semi-global alignment of the reads on the genome. 

Probabilistic base calling 
A significant proportion of the Solexa reads are routinely discarded due to the inability to match them to a 
reference sequence. We use model-based clustering and probabilistic framework to identify problematic 
base calls and low-quality reads. For each read, our base calling algorithm proposes an optimal 
sequence coded in the IUPAC extended alphabet. The length of these sequences is variable accounting 
for possible uncertain bases towards the end of the reads. We have shown that the method improves 
both genome coverage and the number of usable reads by an average of 15%,  compared to Solexa’s 
data processing pipeline (manuscript submitted for publication). 

Semi-global alignment of the reads on the genome 
Each short read is aligned using a semi-global alignment method (align0 [1]) on the whole genome.  
Reads that map to multiple location (repeats) are discarded.  All  pairwise alignments are then converted 
to a multiple sequence alignment using the genomic sequence as the reference template, in which SNPs 
and short insertions and deletions are readily apparent.  We are investigating whether the coverage of 
each genomic nucleotide might  be used to detect CNVs and chromosomal rearrangements.  So far, 454 
reads give better results to detect chromosomal rearrangements. 
The steps used to obtain all  semi-global alignments in a reasonable time are: 

1. map all reads on the genome using a fast, index-based, program named fetchGWI [2] 
2. collate genome mapped reads into small regions (usually exons) 
3. shred each region into 12-mers and select all remaining reads containing a matching 12-mer 
4. use align0 to align selected reads on the matching region 
5. discard reads that find a better match on a genomic location outside of the region 
6. prepare multiple sequence alignments using the remaining semi-global alignments 

We believe that our analysis pipeline represents a useful improvement over the currently available 
commercial software both in terms of the efficiency with which the raw data can be interpreted and of 
the quality of the output. 

References 
[1] Myers and Miller, CABIOS (1989) 4:11-17 
[2] Iseli et al, PLoS ONE, 2007 
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Statistically-corrected Counting of Short Reads for Digital Gene 
Expression Profiling 

Doron Lipson, Tal Raz, Alix Kieu, Marie Causey, Ed Thayer  
Helicos Biosciences, Cambridge, MA   

Digital Gene Expression (DGE) profiling by next-generation sequencing (NGS) technologies has the 
potential of becoming the leading method for quantitative analysis of complete transcriptomes. While 
similar approaches have been implemented in the past by methods such as SAGE [Velculescu] and 
MPSS [Brenner], one of the key advantages of NGS technologies is an extremely high throughput which 
enables accurately quantifying very low-abundance transcripts [Kim].  
Here we assume a sample preparation method that can generate reads from any part of the transcript 
sequence (e.g. [Nagalakashmi]). The task of transcriptome profiling by DGE generally consists of two 
steps: First, each read is aligned with the complete reference set using a pairwise sequence aligner, and 
the highest scoring alignments are determined. Then, significant alignments can be used to assign reads 
to transcripts and produce a count for each transcript. However, the typical short length and non-
negligible error-rate of reads produced by NGS technologies inherently lower read specificity and may 
limit the detection limit of the measurement due to read misassignment to low-abundance transcripts.  

We use simulation to demonstrate the effect of read misassignment on the specificity of DGE profiling, 
and introduce a statistical method for correcting this effect named Read-Misassignment Corrected 
counting (RMC counting). The essence of this method is to replace hard assignments of reads to 
transcripts with soft probability-based assignments (a concept that has previously been employed in 
different computational settings, e.g. for clustering [Zhang]). Our method considers all significant 
alignments between a given read and the entire reference library, and distributes the vote of each read 
between the transcripts based on both alignment p-values and the transcripts’ abundance. Since the latter 
values are initially unknown the calculation is applied iteratively until it converges on a stable transcript 
distribution. 
We apply the new method to both simulated and real DGE measurements of the transcriptome of S. 
cerevisiae, generated on a single-molecule sequencing platform [Harris]. While the naïve approach to 
read assignment (based on the highest-scoring alignment) results in significant over-counting of low-
abundance transcripts, the application of the RMC counting method adequately resolves read 
misassignments, thereby significantly improving the detection limit of the technology and reducing the 
rate of false positive transcript detection. 

References 
Brenner S. et al., Nat Biotechnol. 18(6):597-8, 2000 
Harris, T.D. et al, Science 320, 106-109, 2008 
Kim J. B., Science 316(5830): 1481-4, 2007 
Nagalakshmi, U. et al, Science, 2008 
Velculescu V.E, Science, 270(5235):484-7, 1995 
Zhang, B., Proceedings of the 1st SIAM ICDM, 2001 
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Fine-scale mapping of copy number alterations with next generation sequencing 
 
 

Derek Y. Chiang*, Gad Getz*, David Jaffe, Xiaojun Zhao, Carsten Russ, 
Chad Nusbaum, Matthew Meyerson, Eric S. Lander 

* These authors contributed equally to this work. 
 
 
Several major classes of somatic alterations in tumor genomes can instigate cancer, including mutations, 
copy number alterations and structural rearrangements.  Recent advances in sequencing technologies 
have enhanced both the throughput and resolution of characterizing these somatic alterations.  In this 
study, we demonstrate the accuracy of inferring copy number alterations from the shotgun sequencing of 
tumor genomes.  We benchmarked the Illumina/Solexa 1G GenomeAnalyzer on three pairs of tumor cell 
lines, as well as their matched normals.  For each cell line, between 360.4 Mb to 636.6 Mb were 
unambiguously mapped to the human genome, corresponding to between 0.17x and 0.29x effective 
coverage.  We derived a statistical framework to evaluate differences in read counts between tumors and 
normals in genomic windows of arbitrary size.  We also developed an agglomerative segmentation 
algorithm for mapping chromosomal breakpoints that demarcate regions of copy number gain and loss.  
We compared measurements of copy number alterations between next generation sequencing and 
Affymetrix 238K Sty arrays.  Sequencing methods provided more accurate measurements of high-level 
amplifications, due to the saturation of copy number estimates on single nucleotide polymorphism 
arrays.  The high density of sequence reads also enabled more precise mapping of the breakpoints of 
copy number alterations.  In particular, sequencing at 0.23x coverage enabled breakpoint mapping of a 
confirmed homozygous deletion within 260 bp.  Thus, massively parallel shotgun sequencing of 
genomic DNA detects copy number alterations with comparable sensitivities, with higher accuracy and 
precision. 
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Identifying Structural Variation Using Next Generation Sequencing Data 
 

 Seunghak Lee, Elango Cheran, Michael Brudno 
University of Toronto 

 
 
 

 
Recently, structural genomic variants have come to the forefront as a significant source of variation in the 
human population, however the identification of these variants in a large genome remains a challenge. 
The complete sequencing of a human individual is prohibitive at current costs, while current 
polymorphism detection technologies, such as SNP arrays, are not able to identify many of the large scale 
events. One of the most promising methods for the detection of structural variants is the clone-end 
sequencing approach, pioneered in [1,2]. We expand on these by building a probabilistic framework for 
the automated identification of structural variants using clone-end sequencing. We are able to compute 
likelihood that matepairs explain the same structural variant [4]. Using hierarchical clustering with the 
likelihood as linkage affinity, we cluster matepairs such that matepairs in the same cluster support the 
same structural variant. In order to compute the likelihood for insertion and deletion clusters, we need to 
estimate the optimal size of insertion or deletion, which is achieved by gradient descent algorithm with 
Kullback–Leibler divergence. Also, we can use Kullback–Leibler divergence as an alternative measure of 
likelihood for indel clusters. Because each structural variant is supported by a number of clones we can 
assign p-values (the probability any given structural variant has been observed due to variation in the 
mate pair size) to each variant, and control our global false positives via False Discovery Rate.  
 We have applied our method toward the detection of structural variants in a donor provided by AB-
SOLiD. The methodology of the original study could only detect homozygous structural variants, but in 
our analysis we use the individual clones from the donor, rather than the assembled genome, to detect 
both homozygous and heterozygous events. We identified (FDR 0.05) 2357 indel structural variants (376 
insertions, ranging from 682bp to 1130bp and 1961 deletions, ranging from 1021bp to 1megabases), as 
well as 140 inversions between the donor and the reference human genome.  
 We compare our predictions with the structural variants identified in three previous studies on 
different donors: [1,2] used a similar approach while [3] analyzed through a different approach. There is 
a clear correlation between our results and the three previously available sets of structural variation (e.g. 
we find 36 indel variants that overlap the 241 indels found by [1], 274 of our deletions overlap one of 
742 deletions identified by [2], and 136 of our indel variants overlap one of the 663 indels from [3], all p-
values < 0.001 by permutations). Despite the strong correlation with previous results, the large majority 
of the variants we identify have not been characterized previously: only ~13% of the structural variants 
found by us overlap any variant annotated in the Database of Genomic Variants. While the overall 
amount of structural variation found by us is consistent with previous work, the fact that 87% of the 
events we find are novel suggests that the overall mosaic of structural variants varies widely between 
individuals. 
 
[1] Tuzun et al, Nature Genetics 2005  
[2] Korbel et al, Science 2007 
[3] Levy et al, PLoS Biology 2007 
[4] Lee et al, Bioinformatics 2008 
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A Scalable Short Read Assembler – AbySS 
 

Inanc Birol, Jared Simpson, Shaun Jackman, Kim Wong and Steven Jones 
Canada's Michael Smith Genome Sciences Centre, British Columbia Cancer 

Agency, Vancouver, BC V5Z 4S6, Canada 
 
This work describes a de novo assembly algorithm called ABySS, standing for Assembly By Short 
Sequences. Like most of the recent short read de novo assembly algorithms, ABySS is based on a de 
Bruin graph representation of sub-reads, but unlike available algorithms, it offers a scalable solution to 
the de novo assembly problem on commodity hardware and is designed to assemble large genomes. It 
achieves the feat through a novel partitioning of the sub-read space that optimizes contig assembly over 
a cluster of CPUs using a message passing interface (MPI) protocol. 
 
We tested ABySS on Linux cluster nodes with AMD Opteron x86 64bit multi-core CPUs with 2GB of 
RAM per CPU. For 30-fold coverage simulated human chromosome 1 single-end 36bp read data, the 
assembly took about 5 hours on 20 CPUs, resulting in a maximum contig size of 10kbp and an n50 of 
1kbp. Using 2.5 million Illumina 37bp paired-end Streptococcus pneumoniae reads, we assembled a 
maximum contig size of 53kbp and an n50 of 10kbp on a single CPU in less than an hour.  Currently, we 
are attempting a human genome assembly with 30-fold coverage experimental data from the 1000 
Genomes Project. We expect to assemble the data set, which contains 25bp, 36bp and 37bp single- and 
paired-end SOLiD and Illumina reads, in less than a day on about 200 CPUs. 
 
We anticipate ABySS to fill in an important niche. 
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Short Read Fragment Assembly with EULER-SR 
 

Mark Chaisson1, Dumitru Brinza2, and Pavel Pevzner2 
 

1 Bioinformatics Program, University of California, San Diego. 
2 Department of Computer Science, University of California, San Diego. 
 
The field of Short Read Fragment Assembly has expanded recently, enabled by the availability of high-
throughput short read sequencers, and motivated by biologists who are eager to assemble their new 
datasets.  The conventional methods used to assemble long Sanger sequences have proved difficult to 
adapt to short reads.  Fortunately, algorithms for short read fragment assembly were first considered 
nearly two decades ago in the context of Eulerian assembly for Sequencing by Hybridization.  Many 
current short read assemblers, including EULER-SR, have been shown to work on short reads using the 
Eulerian method for fragment assembly.   
 
The basis of Eulerian assembly is to find an Eulerian path through the de Bruijn graph constructed on a 
set of reads.  However, it is difficult to construct the correct de Bruijn graph due to sequencing errors, 
and it is difficult to find the right Eulerian path even on the correct graph.   
 
We will discuss the methods we use in EULER-SR to correct errors in reads prior to any assembly, and 
to detect and correct spurious vertices and edges in the de Bruijn graph once it is created.  We have 
tuned a dynamic programming method called Spectral Alignment that uses high-frequency words to 
detect and fix errors in 100 nt. 454 reads, and an iterative method to fix errors in shorter, 25-35 nt. 
Illumina reads prior to assembly.  After reads are corrected, we construct a de Bruijn graph.  We remove 
spurious vertices and edges using two techniques called Erosion and Bulge Removal that identify and 
remove erroneous terminal edges and undirected cycles caused by remaining errors in reads. 
 
Furthermore, contrary to the belief that low quality portions of reads should be discarded prior to 
assembly, we will show that it is possible to use extended, yet low quality reads in order to define paths 
in the de Bruijn graph to improve assembly quality.  Most high-throughput short read sequencers 
produce high quality reads for several bases and then degrade in read quality along the length of a read.  
Our results show that as long as there is a short high quality prefix, reads may be sequenced to a length 
“past their prime”, where error rates as high as 20% may be tolerated and used to improve final 
assembly nearly as much as error-free reads of the same length. 
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Pair-ending data from new sequencing platforms provides challenging, but exciting prospects for de 
novo assemblies for bacterial genomes. However, the wide size distribution of inserts in read pairs often 
brings unexpected consequences – shorter contigs and mis-assembly errors. We present a new 
computational strategy for a hybrid de novo assembler using mixed Solexa and 454 reads. The process 
consists of two distinctive steps: read extension and whole genome assembly. Firstly, raw sequencing 
Solexa and 454 reads are extended into segments of consensus sequences each with a maximum length 
of 2 kb. Sequence extension starts from kmer seeds which are randomly sampled to ensure overlaps 
among extended segments. To obtain genome assemblies, the new data set of the extended sequences 
with 10-15X coverage is processed and assembled using the Phusion assembler [1] - the previously 
developed capillary read assembly pipeline. 
 
Before read extension, a hash table is constructed in a way that for each kmer node, values such as read 
index, kmer direction at 3’ or 5’, kmer offset, and link to the next kmer are stored. For paired-end reads, 
pair information is also processed for further use. Starting from selected kmer seeds only from Solexa 
data, extension proceeds one base at a time until these conditions are met: (1) multiple path; (2) no 
kmers for selection on the next move; and (3) extension length reaches 2 kb. In the case of multiple path, 
read pairs, 454 kmer links whenever available are used and path made by bases at kmer junctions with 
quality <= Q30 is ignored to guide the walk. To minimize the effect of homopolymers from 454 
sequencing, kmer links from 454 reads are only used in repeat junctions where there is no unique path 
for Solexa kmers. When all the sampled kmer seeds are extended, walk is also carried out on the 
neighbourhood node from both forward and reverse directions to cover the junction nodes. These extra 
segments around the repetitive nodes are likely to close sequence gaps due to repeats, base errors, or 
polymorphisms. 
 
The short read assembly pipeline has been tested for a variety of  real data as well as simulation data. 
For a Prokaryotic genome of Streptococcus Suis (~2.0 Mb), single end reads of ~40X sequenced at the 
Sanger Institute, produced an assembly of 380 contigs with contig N50 at 8.55 kb. Adding 10X 454 
data,  the contig number is reduced to 73 and contig N50 is at 64 kb. The results of de novo 
transcriptome assemblies are also reported for Plasmodium falciparum and Caenorhabditis elegans.  
 
[1] http://www.sanger.ac.uk/Software/production/phusion/ 
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