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Abstract. As whole genome sequencing has become a routine biologi-
cal experiment, algorithms for assembly of whole genome shotgun data
has become a topic of extensive research, with a plethora of off-the-shelf
methods that can reconstruct the genomes of many organisms. Simulta-
neously, several recently sequenced genomes exhibit very high polymor-
phism rates. For these organisms genome assembly remains a challenge
as most assemblers are unable to handle highly divergent haplotypes in
a single individual. In this paper we describe Hapsembler, an assem-
bler for highly polymorphic genomes, which makes use of paired reads.
Our experiments show that Hapsembler produces accurate and contigu-
ous assemblies of highly polymorphic genomes, while performing on par
with the leading tools on haploid genomes. Hapsembler is available for
download at http://compbio.cs.toronto.edu/hapsembler.
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1 Introduction

In the last decade the sequencing and assembly of genomes have become routine
biological experiments. Almost all genome projects today use the whole-genome
shotgun sequencing approach: many copies of the genome are randomly sheared,
and each part is sequenced to generate a read. Based on the overlaps between
these reads an assembly algorithm then reconstructs contigs (contiguous regions)
of the original, sequenced genome. Genome assembly has been the topic of exten-
sive research, with a plethora of off-the-shelf methods that can reconstruct the
genomes of many species. Simultaneously, de novo assembly of some organisms
remains a challenge. Assembly tools currently available are optimized for the as-
sembly of large mammalian genomes [1], [8], or smaller, bacterial genomes from
High Throughput Sequencing (HTS) data [14], [3], [2]. In both of these settings
the difficulty of genome assembly is due to the relative sizes of the reads and the
genome: short reads cannot span longer repeats, and make the assembly of the
genome difficult. While many of these assembly tools also consider the possibil-
ity of polymorphisms in the sequenced individuals, the low frequency of SNPs
and other variants in these genomes makes addressing these polymorphisms a
relatively tractable problem.
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Simultaneously, there are now several known organisms with extremely high
polymorphism rates [11],[13]: for example the C. savignyi genome has a SNP
rate of 5% (50-fold higher than human). Because this variability is also present
between the sequenced individual’s paternal and maternal chromosomes, assem-
bling these genomes is very difficult with current methods. Previous efforts to
assemble these highly polymorphic genomes have used one of two approaches:
either they allow for promiscuous overlaps, to connect the reads from different
haplotypes[20], or they enforce strict overlapping requirements, thus separat-
ing the haploid genomes (haplomes) [10]. The first approach has the drawback
that the spurious overlaps make it difficult to reconstruct long segments of the
genome. The second approach will unnecessarily subdivide the genome, as many
real overlaps will be removed. Furthermore, higher coverage will be needed, as
the effective total size of the genome is doubled. In the C. savignyi genome as-
sembly the two haplomes were aligned to each other to better reconstruct the
genome [12], however only 60% of the genome could be assembled automatically,
and the rest was finished via manual analysis of the contigs [10].

In this paper we present Hapsembler, a haplotype-aware genome assembly al-
gorithm. Hapsembler combines the classical overlap-layout-consensus approach
for genome assembly with a haplotype-aware, Bayesian approach for error correc-
tion and a novel structure we term the matepair graph, that helps to reconstruct
the genome via a thorough analysis of the paired sequencing reads.

2 Methods

Hapsembler consists of three main modules: the alignment module, the error
correction module, and the graph module. The alignment module is used to
compute pairwise sequence alignments between reads that obey certain criteria.
This procedure employs an efficient kmer hashing technique to detect overlaps
longer than a user defined length. This initial set of overlaps is used to correct
sequencing errors by a probabilistic error correction procedure based on Naive
Bayes [15]. The corrected reads are then passed through another overlapping
stage to compute the final set of overlaps.

The graph module builds an overlap graph (a.k.a string graph [7]) using the
overlaps reported by the alignment module. This graph is used to construct
“path sets” representing possible tilings between paired reads. A mate pair graph
is then constructed in which nodes represent mate pairs, and edges represent
possible overlaps between mate pairs as constrained by the path sets. Finally,
contigs are determined by finding maximal paths in the mate pair graph.

In the following subsections we give a detailed explanation of these steps.

2.1 Overlap Computation

To compute overlaps between the reads, we employ a kmer hashing technique
similar to [9]. After masking frequent kmers, reads that share a sufficient number
of kmers (see Appendix 1 for these and other parameters) are aligned using a
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modified Needleman-Wunsch algorithm. This modified algorithm uses the posi-
tions of matching kmers to estimate the overlapping portion of the reads. For
instance, if a kmer is at index 60 in read R and at index 45 in read R′, the
start of the reads are assumed to be 15 base pairs apart. Consequently, only the
corresponding diagonal and diagonals within a distance of d are computed in
the dynamic programming matrix. The parameter d is dynamically set to e ∗ l,
where e is a user defined error tolerance rate and l is the length of the read. In
general, different kmers that are shared between two reads may suggest different
starting indices. To prevent redundant calls to the Needleman-Wunsch proce-
dure, we bundle such indices based on their proximity. Overlaps greater than a
minimum length lmin with identity (1 − e) or more are reported.

2.2 Error Correction

Real sequence reads often have errors even after aggressive quality trimming. To
correct these errors at an early stage, we employ a double pass overlap compu-
tation approach. In this approach, the initial set of overlaps are used to correct
the reads. For each read, the set of all pairwise alignments initially found are
used to decide, for each base of the read, whether the position is correct or is
a sequencing error. Note that, in the case of diploid organisms, error correction
is further complicated, as disagreements between reads may be due to either
errors, or polymorphisms (SNPs or small indels). To avoid overcorrecting reads
with SNPs, we employ a Naive Bayesian method at this stage.

Briefly, this method works by scoring each pairwise alignment using base
quality values and using this score to derive the probability that two reads are
sampled from the same haploid genome (haplome). The consensus sequence for
the read is then computed by weighting each alignment’s contribution with this
probability.

Formally, let Cx ∈ {A, C, G, T } denote the xth base of a read R. Ambiguous
bases (eg. N) are not used to correct other errors; they can, however, them-
selves be corrected. Suppose that R has pairwise alignments with the reads
{S1, S2, ..., Sn}. Let Fi denote the base aligned with x in the pairwise alignment
between R and Si. Then the probability of Cx assuming a particular nucleotide
is given by:

p(Cx|Fi=1,2,...,n) = p(Cx)
n∏

i=1

p(Fi|Cx) (1)

Above p(Cx) is the prior probability of Cx and it is equal to 1− 10−q/10 if it has
the same value as the nucleotide present in the read, where q is the Phred style
[16] quality score associated with the base. Otherwise it is equal to (10−q/10)/3.
p(Fi|Cx) is given by the equation:

p(Fi|Cx) = p(Fi|Cx, Bi)p(Bi) + p(Fi|Cx,¬Bi)p(¬Bi) (2)
= p(Fi|Cx, Bi)p(Bi) + p(Fi)p(¬Bi) (3)
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p(Fi|Cx, Bi) is the conditional probability of Fi given Cx and Bi where Bi is a
binary variable indicating whether the two reads belong to the same locus of the
genome/haplome or not. When two reads belong to different loci, the bases are
independent of each other hence p(Fi|Cx,¬Bi) = p(Fi) (i.e. we have conditional
independence). Here, we abuse the notation slightly and use p(Bi) to denote
the posterior probability of Si and R belonging to the same locus. To estimate
p(Bi), we first have to compute the following probabilities:

p(BR,Si |R, Si) = p(B)
k∏

j=1

p(Rj , S
i
j |B) (4)

p(¬BR,Si |R, Si) = p(¬B)
k∏

j=1

p(Rj , S
i
j |¬B) (5)

= p(¬B)
k∏

j=1

p(Rj)p(Si
j) (6)

Above, k is the number of bases in the pairwise alignment between R and Si.
p(Rj , S

i
j |B) denotes the conditional probability of the jth position in the align-

ment. If the reads R and Si belong to the same region, this means the disagree-
ments between the two sequences should be due to sequencing errors alone. In
other words, if the two bases differ, at least one of them must be an error. Let
q denote the quality value of the jth base in read R and qi denote the quality
value of the corresponding base in read Si. If Rj �= Si

j :

p(Rj , S
i
j|B) = (1 − 10−q/10)((10−qi/10)/3) (7)

+(1 − 10−qi/10)((10−q/10)/3) (8)

+2((10−q/10)/3)((10−qi/10)/3) (9)

If Rj = Si
j , on the other hand, either both reads are correct or they both have

a sequencing error:

p(Rj , S
i
j |B) = (1 − 10−q/10)(1 − 10−qi/10) (10)

+((10−q/10))((10−qi/10)/3) (11)

The prior probability p(B), of two reads belonging to the same location is set to
a value near 1.0 since we only compare reads that have a sufficient overlap. The
posterior probability p(Bi) is then estimated as:

p(Bi) =
1

1 + exp(log p(¬BR,Si |R, Si) − log p(BR,Si |R, Si))
(12)
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Fig. 1. Possible edges in a bidirected overlap graph. The directed lines to the right
represent the reads where the arrowed end is the 3’ end while the flat end is the 5’ end.
w1 and w2 are the lengths of the reads that are not covered by the overlap.

The consensus nucleotide of read R for position x is chosen to be the nucleotide
that gives the highest probability p(Cx|Fi=1,2,...,n). In practice, we use the log
probabilities to avoid multiplication. We also compute a look-up table in advance
to avoid doing the same computations many times.

Note that the equations above do not account for indel (insertion/deletion) er-
rors. Although indels could be handled similarly, there are no associated quality
values with missing bases. Consequently, we handle indels separately. If a signif-
icant fraction of reads are calling for a deletion (at least 3 votes for deletion and
at most 1 vote for no deletion; these parameters are conservative for the rela-
tively low coverage levels used in this study, to avoid over-correction) the base is
deleted. A similar rule is applied for insertion and the insertion base is selected
using the same procedure as above where log p(Cx) is taken to be log(1/4). For
the computation of p(Bi), we use a default gap quality value. After all the reads
are corrected as above, we do another pass of the overlapping phase, now with
the corrected reads.

2.3 Building the Overlap Graph

Once the overlaps between the reads are finalized we build a bidirected overlap
graph where the nodes are reads and the edges represent overlaps between the
reads. Formally, a bidirected graph G is a graph with node and edge sets V and
E, where each edge can acquire either of the two types of arrows at each vertex;
in-arrow and out-arrow [6], [19]. As a result, there are 3 possible types of edges
in a bidirected graph; in-out, out-out and in-in (Figure 1). A walk in a bidirected
graph must obey the following rule: If we come to a node using an in-arrow we
must leave the node using an out-arrow. Similarly, if we come to a node using
an out-arrow we must leave using an in-arrow. In the former case, the node is
said to be in-visited and in the latter case it is said to be out-visited.

The Figure 1 omits non-proper overlaps that are caused by reads that are
entirely contained by other reads. These reads are excluded when building the
overlap graph.
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Fig. 2. Transitive edge reduction. Since we can reach the node c from a via b, we do
not need the edge between a and c. Note that during this procedure, we check whether
the two paths have the same overall length within a permissible difference f , where
f is defined as the total number of indels that are present in the pairwise alignments
associated with the overlaps. Otherwise, the edge is not deleted.

Many edges in the initial overlap graph will be redundant since they can
be inferred by other edges. These edges are removed from the graph using an
operation called transitive edge reduction [7] as illustrated in Figure 2.

2.4 Finding Paths between Mate Pairs

At this stage, we have a simplified overlap graph in which most nodes have 1
incoming and 1 outgoing edge. However, some nodes will have degrees of 3 or
more due to repeats or polymorphic regions. In this section, we will show how
to use the mate pairs to resolve such nodes to generate longer paths.

For each mate pair in our dataset, we assume there is a given approximate
insert size mean μl and standard deviation σl. Ideally, we would like to find a
single path between each pair with a length in the range μl ± (kσl), where k
is a real number controlling the largest deviation from the mean we are willing
to allow. In general, there may be an exponential number of such paths in the
graph. However, we can identify the subgraph containing all paths between two
nodes shorter than a given length in polynomial time.

This idea can be summarized as follows. Let nodes a and a′ be a mate pair.
First, we perform Dijkstra’s [4] shortest path finding algorithm starting from a
(and leaving the node using an out-arrow). While Dijkstra’s algorithm is origi-
nally invented for directed or undirected graphs, the generalization to bidirected
graphs is straightforward. The only difference is that instead of a single distance
from the source, we have to keep track of the shortest in-distance and out-
distance separately for each node. We also modify the algorithm so that only
the nodes that are within a distance of μ∗ = μl + (kσl) are enqueued. During
this search, if we do not encounter a′ it means there is no path in the graph
between a and a′ less than the given length. This situation can arise for several
reasons: (1) the insert size deviation might be higher than the expected for that
mate pair, (2) there might be a region with no coverage between the mates, or
(3) we might be missing overlaps (due to sequencing errors, short overlaps, etc).
If we encounter a′ during the search, we do another pass of Dijkstra’s, this time
starting from a′. During this second pass, we enqueue a node if and only if the
sum of its shortest distance from a, its current distance from a′ and the read’s
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Fig. 3. Overlapping mate pairs. By comparing the previously computed sets of Saa′

and Sbb′ , we can determine whether the two mate pair nodes should be connected or
not.

length is less than μ∗. Furthermore, we put such nodes into a set which we shall
call Saa′ together with their shortest in/out-distances from a and a′.

After this second pass, we end up with a set of nodes, Saa′ , that are guaranteed
to lie on at least one path that has length less than μ∗ between a and a′. It is
easy to show that this set is also exhaustive; that is all vertices v that satisfy
indist(a, v) + outdist(a′, v) + length(v) < μ∗ or outdist(a, v) + indist(a′, v) +
length(v) < μ∗, where in/outdist(x, y) denotes the in/out distance of node y
from node x, are included in Saa′ .

Note that we find this set of nodes in polynomial time even though there
might be an exponential number of paths between a and a′.

2.5 Building the Mate Pair Graph

The process described above is repeated for each mate pair, yielding a set of sets
S̄. We then use these sets to build the mate pair graph.

Consider two mate pair sets Saa′ and Sbb′ . To decide if these mate pairs have
paths that overlap with each other, we first check whether each of the following
conditions hold:

a ∈ Sbb′ (13)
a′ ∈ Sbb′ (14)
b ∈ Saa′ (15)
b′ ∈ Saa′ (16)

Whenever there is less than two positive answers to the checks, an overlap of
paths is not possible. Otherwise, we check if the length of the paths and orien-
tations are compatible. For example, if we find that a′ ∈ Sbb′ and b ∈ Saa′ , we
check whether the following inequalities hold (Figure 3):

indist(a, b) + outdist(a′, b) + length(b) < μ∗ (17)
outdist(b, a′) + indist(b′, a′) + length(a′) < μ∗ (18)
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where μ∗ is defined as above. Recall that we store these distances together with
the nodes, hence these checks are done in constant time. However, this algorithm
may become problematic in terms of memory for large insert sizes since we store
a set proportional to the size of the insert for each mate pair (for fixed coverage
and read length). In practice, we use a slightly different version of this algorithm
which can be implemented to give linear space complexity independent of the
insert size. In this version, we perform two extra Dijkstra’s starting from each
end of a mate pair, this time in opposite directions (i.e. leaving the node using an
in-arrow). As before, we only enqueue nodes that are within the distance cutoff.
This gives us two additional sets Sâ and Sâ′ . Then for each node b in Saa′ we
check if its mate pair b′ is in Sâ or Sâ′ depending on the orientation of the node.
If the path lengths are compatible with the insert sizes (see above) then we put
an edge between aa′ and bb′ in the mate pair graph. Since we can immediately
determine which edges aa′ should be incident to, we do not have to store the
set of aa′ after we process aa′. As a result, this alternative algorithm takes only
linear space in the number of nodes.

2.6 Processing the Mate Pair Graph

The mate pair graph is structurally similar to the overlap graph and can undergo
similar simplifying procedures, namely nested mate pair removal and transitive
edge reduction.

When a mate pair lies entirely within an other mate pair, it creates an unnec-
essary bubble or dead end in the mate pair graph . Such nested mate pairs are
detected and marked while building the mate pair graph. For a mate pair aa′,
this is done by checking the sets Sâ and Sâ′ to see if there is any mate pair bb′

such that b ∈ Sâ, b′ ∈ Sâ′ and:

outdist(a, b) + dist(a, a′) + outdist(a′, b′) < μ∗ (19)

where dist(a, a′) is the shortest distance between the pair aa′ as computed during
Dijkstra’s algorithm. If there is any such mate pair, aa′ is removed from the mate
pair graph.

Finally, we perform transitive edge reduction on the mate pair graph. When
creating the mate pair graph, three values are stored with each edge. For ex-
ample, for the mate pair edge between aa′ and bb′ of Figure 3, we would store
the distances indist(a, b), outdist(b, a′) and indist(a′, b′). Given three mate pair
nodes where each node is connected to the other two, we decide whether one of
the edges can be inferred from the other two using these distances.

2.7 Polymorphism and Repeat Resolution with the Mate Pair
Graph

In essence, polymorphism resolution is very similar to repeat resolution and
Hapsembler is designed to exploit paired reads to handle both problems at once.
Figure 4 illustrates how the graph module works on a toy example. In this
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Fig. 4. Polymorphism and repeat resolution. Left: The diploid genome and mate pairs
sampled from it. We do not know the exact distances between the pairs but we assume
that we are given an upper bound (in this case 13bp). Middle: The overlap graph after
removal of contained reads (i.e. GAA, GCA and GCG) and transitive edge reduction.
The nodes are labelled with the mate pairs they belong to and arbitrarily numbered.
The minimum overlap size is set to 2bp. Right: The paths between the mate pairs
shorter than the given upper bound and the resulting mate pair graph. In practice,
we do not need the exact paths and we only compute the set of nodes that lie on at
least one path. The node d is removed since it is contained by node c. In addition, the
edge between f and i is removed during transitive edge reduction. The resulting paths
correspond to the two haplomes.

example, we have a diploid genome1 which has several SNPs. After the overlap
graph is built and simplified, we still have several ambiguous nodes (nodes with
degree 3 or more). Some of these ambiguities are due to short repeats and some
due to regions that are identical in both haplomes. Nevertheless, the mate pair
graph built upon this overlap graph is less tangled. Indeed, the simplified mate
pair graph has exactly two disjoint paths, each spelling the sequence of one
haplome.

Although the toy example given in Figure 4 is completely resolved by our
algorithm, in general the mate pair graph might still have ambiguous nodes.
In particular, as with repeats, haplotype resolution is limited to the size of the
inserts. After simplification, we report each uninterrupted path in the mate pair
graph as a contig. If there are long chains in the simplified overlap graph that
have not been visited during the mate pair graph traversal (or if all the reads are
unpaired), these are also reported as contigs. The consensus sequence for each
contig is generated using a greedy multiple sequence alignment.

1 For simplicity, we assume the genome is single stranded.
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3 Results

We analyzed the performance of Hapsembler in two categories: read correction
and assembly. For each category, we performed experiments with simulated and
real reads. Since Hapsembler is built for polymorphic data, we compiled a ref-
erence sequence using the C. savignyi reference assembly as described in [11].
This draft assembly is organized in 374 “hypercontigs”, where each hypercontig
is a pairwise alignment of two sequences, each representing a single haplotype.
To use in our experiments, we picked the largest three hypercontigs, totalling
roughly 33mbp (haploid size = 16.5mbp).

Since C. savignyi has a very complex genome with many long repeats and
a very high polymorphism rate, we only used Sanger reads in our experiments
with this genome. However, we also give results on a bacterial genome using
Roche/454 reads. For these experiments we downloaded 454 reads from an on-
going sequencing project on evolution of antibiotic resistant E. coli (NCBI Short
Read Archive, accession code: SRR024126). This dataset includes 110,388 reads
amounting to 10x sequence coverage. The reads were downloaded using the clip-
ping option and barcode trimmed. As our reference we used the NCBI reference
E. coli sequence (NC 000913.2).

3.1 Error Correction

To test the effect of our error correction we first simulated Sanger reads at
different coverage levels from the C. savignyi reference. For these simulations,
we downloaded the raw Sanger reads from the C. savignyi sequencing project
[18] to use as templates. Using the length of these reads as a distribution, we
uniformly sampled Sanger reads generating 13x, 10x, and 7x haploid coverage
levels. The templates are also used to model errors by converting the quality
scores to error probabilities. For instance, if a base has quality 20, we introduce
an error with probability 0.01.

We compare the performance of our error correction method to the method
of [17] (referred to as H-SHREC throughout this text). We choose this imple-
mentation of SHREC for its ability to handle indel type errors. The results on
simulated Sanger reads is summarized in table 1. Even though the reads are
sampled from a highly polymorphic reference, Hapsembler is able to correct a
large fraction of errors while introducing relatively few errors. H-SHREC fails to
reduce the total numbers of errors for all three datasets.

Next we assessed the effect of our error correction on two real datasets. As our
first dataset we used a subset of the real Sanger C. savignyi reads as follows. After
vector and quality trimming, we mapped the reads to the reference sequence we
described above using MUMmer (version 3.22)[5]. A read is considered eligible if
at least 90% of its sequence maps to a location with a minimum of 95% identity.
For each eligible read, we also included its mate pair. This procedure yielded
558,936 reads totalling 358mbp. As our second dataset we used the 454 E. coli
reads described above.



48 N. Donmez and M. Brudno

Table 1. The effect of error correction on simulated Sanger reads. The reads are first
quality trimmed and then subjected to error correction. Total bases is calculated as
the sum of all of the reads after trimming. Miscorrections denote errors introduced by
the error correction procedure. Number of errors and miscorrections are calculated via
alignments to the original error-free reads.

Coverage Total No. of errors Method No. of errors No. of
(mbp) after trimming after correction miscorrections

13x 194 3,924,331 Hapsembler 598,111 45,911
H-SHREC 4,750,235 2,221,266

10x 148 3,056,019 Hapsembler 631,957 48,997
H-SHREC 4,370,374 2,443,059

7x 102 2,199,861 Hapsembler 741,785 51,746
H-SHREC 2,893,788 1,453,007

Since in this case we do not have the ground truth, we assessed the per-
formance of both methods by mapping the reads to the reference sequences
before and after error correction. Results are summarized in table 2. In the C.
savignyi dataset, after correcting with Hapsembler, the number of reads map-
ping perfectly increases by more than 6-folds. H-SHREC moderately improves
the number of reads mapping perfectly, however the number of reads mapping
at the 95% threshold decreases, suggesting that the overall number of errors
might have increased. On the E. coli dataset, Hapsembler and H-SHREC perform
similarly.

3.2 Assembly

We first evaluated the performance of Hapsembler on the 454 E. coli dataset. We
compare the results achieved by Hapsembler with Velvet [14] and Euler [3], which
have support for 454 reads. Since Hapsembler is designed to work with paired
reads we also simulated an artificial pairing of these reads as follows. Reads are
mapped to the reference sequence and sorted by their mapping positions allowing
duplicate mappings. For each read mapping to the forward strand, an unpaired
read mapping on the opposite strand that has distance closest to 8000bp is taken.
If there is no such read with distance 8000±2400, then the read is left unpaired.
This mapping yielded 33,160 pairs with insert size mean and standard deviation
of 8534.67 and 713.35 respectively. The rest of the reads are left as single reads.
Table 3 show the results for contigs of size 500bp or greater.

To evaluate Hapsembler on a polymorphic genome, we simulated 13x coverage
of paired Sanger reads from the C. savignyi reference haplomes with errors added
as described above. The start of the first reads are chosen uniformly and the
start the paired reads are selected using a normal distribution with mean and
standard deviation 10kbp and 1kbp respectively. The results are summarized
in table 4. Of particular emphasis for polymorphic assembly is the ability of an
algorithm to report haplotype-specific contigs, rather than mozaics from the two
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Table 2. The effect of error correction on real Roche/454 and Sanger reads. C. sav-
ignyi dataset consists of 558,936 Sanger reads and E. coli dataset consists of 110388
Roche/454 reads. Reads are mapped to the reference sequences using MUMmer. Num-
ber of reads mapped is calculated by counting the reads that map with at least 95%
identity and 95% coverage. A read is considered to be perfect if the entire read maps
with 100% identity. The numbers in paranthesis denote the number of discarded reads
(by H-SHREC) that map in each category. H-SHREC discards a total of 13600 and
1132 reads from the C. savignyi and E. coli datasets respectively.

Data Error No. of No. of reads Total size
correction reads mapped of perfect

mapped perfectly reads (mbp)

C. savignyi Hapsembler 421,819 126,306 83.9
H-SHREC (11,401) 391,016 (761) 48,994 32.6

None 411,626 20,689 13.6

E. coli Hapsembler 89,817 10,292 3.9
H-SHREC (738) 88,814 (10) 9,573 3.7

None 88,624 4,154 1.6

Table 3. Assembly of E.coli with real and artificially paired 454 reads. Coverage and
accuracy are computed by mapping contigs to E. coli reference sequence (4639kbp)
using MUMmer. N50 is defined as the largest contig size such that the sum of contigs
at least as long is greater than half the genome size.

Reads Tool N50 No. of Total Size Coverage Accuracy
(kbp) Contigs (kbp) (%) (%)

Hapsembler 72.4 128 4600 90.3 98.6
unpaired Velvet 41.2 199 4585 89.5 98.4

Euler 8.1 913 4731 88.6 98.6

Hapsembler 103.7 111 4693 90.9 98.6
paired Velvet 41.9 189 4607 89.5 98.2

Euler 9.4 765 4593 88.4 98.6

haplotypes. However, conserved sequences and low coverage regions make this
difficult, and the longer contigs may have several “jumps” between the haplomes.
To estimate the long-range linkage information in the contigs, we computed
maximal haplotype blocks in the assembly, for which all of the SNPs match
one haplome. In Figure 5 we plot the fraction of genome covered by haplotype
specific blocks of a certain size or greater, measured in the number of SNPs.
The figure shows that half of the genome is covered by haplotype-specific blocks
containing 300 adjacent SNPs or more.
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Table 4. Assembly of three hypercontigs of C. savignyi with simulated paired reads.
Contigs are mapped to the reference haplomes using MUMmer. Coverage is calculated
by taking only the best hit of each location of the contigs. Accuracy is calculated as
percent identity excluding SNPs. N50 is defined as the largest contig size such that such
that the sum of contigs at least as long is greater than half the genome size, where the
genome size is taken as the sum of the two haplomes.

Tool N50 No. of Total Size Coverage Accuracy
(kbp) Contigs (mbp) (%) (%)

Hapsembler 23.4 2886 34 87.4 99.4

Fig. 5. Fraction of genome in haplotype blocks. X axis denote the number of adjacent
SNPs covered by a contiguous region of a contig. Y axis shows the fraction of genome
covered by the haplotype blocks.

4 Discussion

In this paper we presented Hapsembler, an assembly algorithm for whole genome
shotgun data that is optimized for highly polymorphic genomes. Due to the
large number of differences between the maternal and paternal copies of the
chromosomes, these genomes have classically been difficult to assemble, with
custom algorithms [12] and extensive manual intervention [10] required to achieve
a high quality assembly. Hapsembler, to our knowledge, is the first tool that
specifically targets this problem.

Hapsembler combines the use of mate pairs with a sophisticated error correc-
tion procedure to achieve a better assembly. Nevertheless, the methods required
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for this improvement are computationally expensive. Currently the most time con-
suming steps are read overlapping and mate pair graph building stages. While
Hapsembler takes 36 minutes to assemble the E. coli dataset, Euler and Velvet
take only a few minutes each. Fortunately, both of these bottlenecks are suit-
able for parallel computation. For example, the overlapping stage of 558k reads
from the C. savignyi dataset takes less than 40 minutes using four quad-core In-
tel 3 GHz Xeon compute nodes. Nevertheless, further improvements are necessary
to make Hapsembler work on large scale whole-genome datasets. Similarly, addi-
tional future work is necessary to take advantage of high-coverage High Through-
put Sequencing reads (Solexa/Illumina or AB/SOLiD) in combination with lower-
coverage Sanger reads. Finally we believe that exploring additional representation
methods for polymorphic genome assemblies is a fruitful area for future research.
We believe that representing haplotypes as paths on a genome graph (similar to
Allpaths [2]) may allow for representation of the inherent complexity of polymor-
phic genomes.
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Appendix 1: Parameters

To run H-SHREC (version 1.0) we use the largest strictness value the program
accepts for each dataset. For the C. savignyi datasets, we set the number of iter-
ations to 1 (more iterations introduced more errors). For E. coli, 3 iterations are
used. The other parameters are left at defaults. Velvet (version 1.0.13) is tested
with all odd kmer sizes between 17 and 27 inclusive. The results are reported
with the kmer size (19) that achieved the highest N50 value. The expected cov-
erage is set to 10. For Euler (version 1.1.2), we test all odd kmer sizes between
21 and 27 and choose the size (23) that maximized the N50 value.

Hapsembler is run with an error threshold of 0.07 and minimum overlap size
of 30bp. The kmer size is set to 13. Kmers that appear more than 100 times
the expected coverage in the data are masked. The minimum number of kmers
required to perform Needleman-Wunsch is set to 1. These parameters are kept
constant for all the datasets reported.

http://www.broadinstitute.org/annotation/ciona/

	Hapsembler: An Assembler for Highly Polymorphic Genomes
	Introduction
	Methods
	Overlap Computation
	Error Correction
	Building the Overlap Graph
	Finding Paths between Mate Pairs
	Building the Mate Pair Graph
	Processing the Mate Pair Graph
	Polymorphism and Repeat Resolution with the Mate Pair Graph

	Results
	Error Correction
	Assembly

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




