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ABSTRACT OF THE DISSERTATION

BARNACLE: An Assembly Algorithm for Clone-based

Sequences of Whole Genomes

by Vicky Choi

Dissertation Director: Martin Farach-Colton

The clone-based sequencing strategy is the strategy adopted by the International Hu-
man Genome Sequencing Consortium (IHGSC) to sequence the human genome. The
data set generated by the clone-based approach consists of a set of Bacterial Artifi-
cial Chromosome (BAC) clones, typically 100-200Kb. Each BAC clone is individually
sequenced and assembled. In general, a clone consists of a set of more or less non-
overlapping fragments. The sequence assembly problem is to reconstruct the genome
sequence by assembling the fragments. The primary difficulty of the problem is caused
by repeats, which are sequences that appear two or more times in the genome. In
addition, the assembly problem is further complicated by laboratory errors, such as
chimeras and contaminations; by the draft quality of the sequences, which are some-
times inaccurate; and by polymorphism.

In this thesis, we propose an assembler, BARNACLE, that is based on a mathemati-
cally justifiable (unlike previous work) approach for assembling the sequences. First, we
assemble the consistently overlapping fragments, which is a necessary condition for the
true assembly. Then we use the clone-overlaps to resolve fragment-level inconsistencies.
Making use of the fact that the clone graph must be interval, we detect and remove the

repeat-induced overlaps. Furthermore, this also allows us to detect chimeric clones. In

ii



order to resolve the non-interval graphs, we design an efficient algorithm which is based
on a divide-and-conquer method. We then use the interval representation of BAC clones
to order and orient the subassemblies. Finally, the additional information derived from
plasmid-read, EST and mRNA data is used for orientation purposes. Moreover, unlike
the other two existing algorithms, we are able to detect several types of errors in the
input data.

We illustrate our approach by assembling the public working draft of the human
genome, which consists of a set of finished and draft BAC clones produced by IHGSC.
It takes 3 minutes on a Pentium III (933 MHz) computer for BARNACLE to assemble the
April freeze of the public working draft of the human genome. We present and compare
our results on the April freeze with the two public assemblies: NCBI’s assembly and
GIGASSEMBLER’s assembly. We also present our findings of suspected input errors in

this data set.
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Chapter 1

Introduction

The fundamental blueprint upon which life is based is encoded in a kind of molecule
called deozyribonucleic acid (DNA). A DNA molecule consists of two strands which are
tied together in a helical structure. Each strand is represented by a string over the
alphabet {A,C,G, T}, called a DNA sequence. Each character in a DNA sequence is

called a base, base pair (bp) or nucleotide.

The process for determining the sequence of nucleotides of a region of DNA is called
DNA sequencing. The result of such a sequencing experiment is called a read. With
the current sequencing technology, one can directly determine a read of at most 1000bp
(on average 500bp) at a time. To determine the sequence of much longer stretches
of DNA (large-scale sequencing), researchers employ the shotgun DNA sequencing [14]
strategy, in which a random sample of sequencing reads are collected from a target DNA
sequence and then assembled by a computer program to infer the target sequence.
The computational problem of reconstructing the target sequence by assembling the

sequences from the data set is called the sequence assembly problem.

The primary difficulty of the problem is caused by repeated regions or repeats,
which are sequences that appear two or more times in the target sequence. As the size
of target sequence becomes larger, the repeats are expected to be more problematic
and thus the sequence assembly problem would become harder. The complete set of
DNA sequences of an organism is called a genome. The genome of higher organisms
is expected to be repeat-rich. For example, more than half of the human genome
is repeated sequences, which include large 50-500Kb duplicated segments with high

sequence identity (>98%) [6].

For whole genomes, there are several different proposed sequencing approaches [27].



Two approaches for sequencing the human genome have been pursued. One is the
whole-genome shotgun sequencing, adopted by Celera Genomics [16]. The other is the
hierarchical shotqun sequencing, also referred to as clone-based or BAC-by-BAC, used
by the International Human Genome Sequencing Consortium (IHGSC) [6].

In this thesis, we propose an algorithm, BARNACLE, for assembling sequences from
the data set generated by the clone-based approach, with application to the human
genome.

The thesis is organized as follows. Chapter 2 introduces biological background nec-
essary to understand the problem. Chapter 3 introduces the graph theory background
that is used to solve the problem. Chapter 4 describes the problem. Chapter 5 presents
the algorithm in detail. Chapter 6 presents the results of the algorithm when applied
to the input of April freeze of the public working draft of the human genome. Chapter

7 is the future work and remarks.



Chapter 2

Biological Background

In this chapter, we introduce the biological background necessary to understand the

problem.

2.1 Genetic Background and Terminology

DNA strands

DNA is a double-stranded helix. Each strand is a sequence of nucleotides. There is an
orientation along each strand, determined by the chemistry of its nucleotides’ two ends,
where the initial end is customarily described by the symbol 5’, and the terminal end
by 3’. The two strands are complementary, with A paired with T and C paired with

G, and in opposite orientation. For example,

(57) (37
ACCATGGTGCACCTGACTCCTGAGGAG
TGGTACCACGTGGACTGAGGACTCCTA

(37 (57)

That is, one is the reverse complement of the other. Thus, given one strand, one can

readily infer the other strand.

Polymorphism

A polymorphism is a region of the genome that varies from individual to individual in
a population. To be called a polymorphism, at least two variants of that region should

be present in a significant number of people in the population.



The Human Genome

The human genome consists of 24 chromosomes: chromosomes 1,...,22, X and Y.
Chromosomes 1, ...,22, are called autosomes; X and Y are sex chromosomes. Most
cells in humans contain 23 pairs of chromosomes. In case of a female, a cell contains 22
pairs of autosomes and a pair of X chromosomes; in case of a male, it contains 22 pairs of
autosomes and one X chromosome and one Y chromosome. The size of the whole human
genome is estimated to be around 3 x 10? base pairs [23]. The smallest chromosome

(Y) contains “50 Mb (= 10%p); the largest chromosome 1 has ~250 Mb [23].

STS

A sequence region which is characterized by a unique pair of length 18 substrings 200-

1000 bp apart is called a Sequence-Tagged-Site (STS).

GenBank

GenBank is a DNA sequence database maintained by the National Center for Biotech-

nology Information (NCBI).

2.2 DNA Cloning

In order to determine the sequence, one needs a large number of copies of the source
DNA. One way of copying DNA is by DNA cloning. See, e.g., [23] for a more detailed
description. A given piece of DNA is inserted into a wvector to form a recombinant
DNA molecule (See Figure 2.1). Vectors are DNA molecules originating from viruses,
bacteria and yeast cells. They accommodate various sizes of foreign DNA fragments
ranging from a few Kb for bacteria vectors (plasmids and cosmids) to 1Mb for yeast
vectors (yeast artificial chromosomes). The piece of DNA to be copied is called an
insert. Following introduction into suitable host cells, the inserted DNA gets replicated
along with the host cell DNA. We then kill the host and dispose of the rest, keeping
only the inserts in the desired quantity. The procedure thus effectively cloned a pure

sample of the given insert. If the Bacterial Artificial Chromosome (BAC), which is



a genetically engineered plasmid is used as vector, the recombinant DNA molecule is
called a BAC clone. The term BAC or BAC clone is also used to refer to the inserted

DNA itself. The term will be used in this way in the rest of this thesis.

= =

Chromosomal DNA
to be copied
Vector DNA

Joint vector and the DNA segment using
the enzyme DNA ligase

Recombinant DNA molecule

Introduce into bacterium

Bacterial Recombinant
Chromosome DNA molecule

Figure 2.1: DNA cloning. DNA to be cloned is inserted into a plasmid (a small, self-
replicating circular molecular DNA found in bacterial cells). When the recombinant
plasmid is introduced into bacteria, the insert will be replicated along with the rest of
the plasmid.




2.3 Reading DNA

The current method of determining the sequence of nucleotides involves first producing
a collection of all prefixes of the given DNA strand such that the last nucleotide of
the prefix is known. Then the sequence read is determined by a process called gel
electrophoresis, which separates the prefixes by their length. The most commonly used
approach is called dideozry sequencing (also called chain-termination or Sanger method),
in which dideoxynucleotide triphosphates act as the terminators for producing each

prefix.

2.4 Shotgun Sequencing

The basic shotgun protocol [14] starts with a pure sample of a large number of copies of
the source DNA whose sequence is to be determined, e.g. in the case of BACs, typically

100-200Kb. The protocal proceeds as follows: (Refer to [27] for a detailed description.)

1. Randomly shear the sample either using sound or passing it through a nozzle
under pressure, which produces a uniformly random partitioning of each copy of

the source strand into a collection of DNA fragments.

2. Select fragments using size separation under gel electrophoresis and then simply

excising a band of the gel containing the desired size.

3. Clone the size-selected fragments (using DNA cloning technique) to obtain suffi-

cient copies of each fragment.

4. Obtain sequence reads by dideoxy sequencing each fragment.

Since the shotgun DNA sequencing was devised by Sanger and his colleagues [14]
in the early 1980s, the size of the source obtained by direct shotgun sequencing has
increased over time, from 5 to 10 Kbp in 1980s to 40 Kbp (cosmid size) in early 1990.
In 1995, making use of pair reads (mates), which are in opposite orientations and at a
distance from each other approximately equal to the insert length, the whole genome of
H. Influenzae with 1.8Mbp was sequenced. This achievement inspired Jim Weber and

Gene Myers to propose whole-genome shotgun approach for the human genome [27].



2.5 Sequencing the human and other whole genomes

The Human Genome Project (HGP) was initiated in 1988 to sequence the entire human
genome, which would provide an essential database to facilitate research in biochemistry,
physiology, cell biology, and medicine. (See [10, 20] for its potential impact.) The HGP
officially began in the United States in 1990. The sequencing strategy used is called
the hierarchical shotgun sequencing, also referred to as clone-based, BAC-by-BAC or
clone-by-clone . An alternative approach, called the whole-genome shotgun sequencing,
was adopted by Celera Genomics [16] to sequence the human genome in 1998. Serving
as a pilot project of the whole-genome shotgun approach, sequencing of the genome of
Drosophila with length ~120Mb was done by Celera Genomics, in collaboration with the
Berkeley Drosophila genome Project (BDGP), in 2000. On February 2001, two draft
sequences of the human genome produced by the two approaches were announced and
published in Nature [6] and Science [16]. The goal is to finish sequencing of the human

genome by 2003.



Chapter 3

Graph Theory Background

In this chapter, we introduce the graph theory background that is used to solve the

problem.

3.1 Basic Notations and Definitions

Let G = (V, E) be a simple undirected graph. For A C V', the subgraph induced by A
is defined to be G4 = (A, E4), where By = {uv € E:u € Ajv € A}.

A vertex v € V is called an articulation point (AP) if the removal of v would partition

the graph into disjoint connected components.
An ordering of V is a bijection ¢ : V. — {1,...,n(=|V])}. The ordering is also
denoted by (¢~ 1(1),...,07(n)) = (v1,...,vn).
For v € V, define neighborhood N(v) ={u €V : uv € E} and N[v] = N(v) U {v}.
We say that vertices u and v are indistinguishable if N[u] = N|v].

Let R be an equivalence relation on V' defined by uRv iff N[u] = N[v]. Each

equivalence class of R is called a block of G.

Definition 1 A graph G is called an interval graph if there is one-one correspondence
between its vertices and a set of intervals on the real line such that two vertices are
adjacent in G iff their corresponding intervals overlap.

The set of intervals assigned to the vertices of G is called an interval representation

or realization of G.

Figure 3.1 show two examples.
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Figure 3.1: Two interval graphs and their corresponding realizations.

3.2 Characterizations of Interval Graph

Definition 2 A graph is chordal if it does not contain an induced cycle of size greater

than 3.

Definition 3 An asteroidal triple (AT) is an independent triple of vertices such that
between each pair of vertices in the triple there is a path that the third verter is not a

neighbor of that path.

A graph is asteroidal if it contains an AT.

For example, I1, III, IV and V in Figure 3.2 are asteroidal. In each case, the vertices
of the AT-triple are circled.

Observe that it is necessary that an interval graph be chordal and AT-free. To see
this, suppose on the contrary that a graph contains an induced cycle of length k, k > 4,
say aias...araqi. Let Iy, ..., I; be the corresponding intervals in the realization. Then
we have I; and I3 disjoint, and I3 overlaps with I; and I3, but not intervals I; for j > 3,

while these intervals I; connect I; and I3. This is impossible.
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Next suppose that G contains an AT (aq, as, ag). The intervals I, I3, I3 are mutually
disjoint. WLOG, suppose Iy separates I1 and I3. Then I» meets any path connecting
I; and I3. That is, ao is a neighbor of any path of a1, ag contradicts to the definition

of asteroidal triple.

In fact, this necessary condition is also sufficient. This was proved by Lekkerkerker

and Boland [26].

Theorem 1 A graph is interval iff it is chordal and asteroidal triple-free.

A less well-known characterization, is expressed in terms of forbidden subgraphs,

also given in the same paper [26], stated bwlow in Theorem 2.

Theorem 2 A graph is interval iff it has no (induced) subgraph which is isomorphic

to one of the graphs I, II1,I11,IV andV shown in Figure 3.2.

We will use this characterization to help to resolve the non-interval graph.

3.3 Interval Graph Recognition Algorithms

There are several linear-time interval graph recognition algorithms [3, 25, 22, 21, §|.

The first four algorithms [3, 25, 22, 21| are based on the following theorem.

Theorem 3 A graph G = (V, E) is an interval graph iff its mazximal cliques can be
linearly ordered such that, for each vertex v, the mazimal cliques containing v occur

consecutively.

The fifth algorithm [8]! is based on the following characterization.

Theorem 4 A graph G = (V, E) is an interval graph iff there is an ordering ¢ of V

such that for any u,v,w € V, with ¢(u) < ¢p(v) < p(w),

uw e B = w e FE. (3.1)

LA flawed version of this algorithm appeared in [9].



I: (npoints: n>3) I

I11:(n+4 points: n>1) v

V:(n+5 points: n>0)

Figure 3.2: The forbidden subgraphs of an interval graph.
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We call any ordering of V satisfying Condition 3.1 of Theorem 4 an I-ordering.
Before we sketch the proof of Theorem 4, we establish a relationship between the I-

ordering and the interval realization by observing another condition equivalent to (3.1).

Let Ry[v] = {u € N[v]: ¢(u) > ¢(v)}, i.e. the set of the right neighbors of v w.r.t
¢. Let «v(v) be the largest vertex in N[v], i.e. ¢(v(v)) > ¢(w) YVw € NJv].

Observation 1 Let G = (V, E), and ¢ a linear ordering of V.. Then the following two

conditions are equivalent:
1. For any u,v,w € V, with ¢(u) < ¢(v) < ¢(w),

uw € F = uwv e K.

2. Foranyv eV,

Ry[v] ={u: ¢(v) < o(u) < o(v(v))} (3.2)

Note the Condition (3.2) Ry[v] = {u : ¢(v) < ¢(u) < ¢(v(v))} <= ¢(Ry[v]) =
[P(v), &(7(v))], i,e, the right neighbors of v are consecutive, called this condition “right-
nbr-consecutive” (RNC) condition.

Proof. Suppose G is interval, let Z be its interval realization. Then order the vertices
by the left end point of its corresponding interval in Z. It is not difficult to verify such
an ordering satisfies the Condition (3.1).

Conversely, suppose we have an ordering ¢ that satisfies the Condition (3.1). Rep-

resent each v € V by the interval [¢(v), #(7(v))]. From the Observation, it is eas-

ily seen that this is an interval realization for G. [For u,v € V with ¢(u) < ¢(v),

w € E <= ¢(v) € [p(u), ¢(7(w))] <= 6(v) € [d(u), s(v ()] N [6(v), p(7(v))] # 0.] W

3.4 Blocks of Interval Graphs

Definition 4 An interval graph is proper if the set of intervals in the realization can

be chosen to be inclusion-free (i.e. no subintervals).
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Let G = (V, E) be a proper interval graph. A straight enumeration of G is a linear
ordering of the blocks in G, such that for each block, the block and its neighboring
blocks are consecutive in the ordering.

The first and last blocks of a straight enumeration are called end-blocks. The rest

of the blocks are called inner-blocks.

Theorem 5 A (connected) proper interval graph has a unique ordering of blocks in G

up to its full reversal.

3.5 Lexicographic Breadth First Search (LBFS)

Lexicographic Breadth First Search (LBFS) was introduced to recognize chordal
graph [28]. As the name suggests, LBFS is a special kind of BFS (Breadth First
Search), in which ties are broken lexicographically. More precisely, each vertex is la-
beled by a bit vector of length n(= |V]) bits, initially set to 0s. After the ith vertex is
visited, set all its neighbors’ 7th bit to 1. Then the vertex with lexicographically largest
label among unvisited vertices is chosen to be the (i + 1) vertex to be visited. State

formally:

Procedure LBFS(G):
Input: a graph G = (V, E)
Ouput: an ordering ¢ of V'
Initialize all vertices of V' to be Os;
fori=1...|V]do
pick an unnumbered vertex v with lexicographically the largest lable;
o(v) = i;
for each w € N(v) do
update the ith bit of the label of w to 1;

The ordering ¢ of V' produced by an LBFS procedure is called an LBFS-ordering of
V. The implementation of LBFS can be done in O(|V|+|E|) time. We do not actually
calculate the labels, but instead keep the unnumbered vertices in lexicographic order.

One implemenation of LBFS is shown below.
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Implementation of procedure LBFS(G):
Input: a graph G = (V, E)
Ouput: an ordering ¢ of V'
LL={{V}}
2fori=1...|V]do

3 v = the first element of the first set in L;

4. remove v;

5. ov)=i;

6 split and replace each L; € L into N(v) N L; and L; \ N (v);

Note: put N(v) N L; in front of L; \ N(v);

7. discard empty sets;

The LBFS-ordering is characterized by the following property [4].

Theorem 6 An ordering ¢ of V is an LBFS-ordering iff for all vertices a,b,c of G
with ¢(a) < ¢(b) < ¢(c), ac € E, ab ¢ E implies the existence of d with ¢(d) < ¢(a)
such that db € E and dc ¢ E.
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Chapter 4

The Sequence Assembly Problem

In this chapter, we introduce some background and related work on the sequence as-
sembly problem. After describing the details of input, we formally state the problem

for our assembler, BARNACLE.

4.1 Introduction

The sequence assembly problem is to reconstruct the genome sequence by assembling
sequences from a data set. The data set we are working with consists of a set of Bacterial
Artificial Chromosome (BAC) clones, typically 100-200Kb, generated by the clone-
based approach. We will use ‘BAC’, ‘clone’ and ‘BAC clone’ interchangeably. Each
BAC clone is individually sequenced and preassembled. In general, a clone consists
of a set of more or less non-overlapping fragments (see Figure 4.1), which are the
preassemblies of the shotgun reads of each BAC clone produced by some assemblers,
such as PHRAP (Green, unpublished). A clone is called a finished clone if it consists of
only one fragment and it has accuracy of at least 99.99%, otherwise it is called a draft
clone. As we mentioned in Chapter 1, the primary difficulty of the assembly problem
is caused by repeats. In addition, the assembly problem of the clone-based approach is
further complicated by laboratory errors, such as chimeras and contaminations; by the
draft quality of the sequences, which are sometimes inaccurate; and by polymorphism.

The set of BAC clones, finished and draft, produced by IHGSC is called the public
working draft of the human genome. There are two other algorithms for assembling the
public working draft of the human genome. One is GIGASSEMBLER [24] from UC Santa

Cruz and the other is NCBI’s unpublished algorithm [19].

It is worthwhile to point out that the clone-based strategy used is not the originally
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BAC
l Shotgun
Sequence reads - -
l Assemble
Fragments
Finished sequence

Figure 4.1: Shotgun DNA sequencing. First, random shotgun sequencing is applied to
the BAC to obtain sufficient sequence reads. Then sequence reads are assembled into
fragments. Finally, the gaps are closed to obtain the finished sequence.

proposed “clone by clone” strategy, in which a physical map giving the clone order-
ing is first produced, and then a minimum tiling set of clones in the map is selected
and individually subjected to shotgun sequencing (see Figure 4.2). The idea is “map-
ping first then sequencing”. Mapping is done by assembling the BAC clones, whose
sequences are to be determined, based on their fingerprint overlaps. The fingerprint
overlaps are generated by comparing the fingerprints of BACs. A fingerprint of a BAC
is supposed to describe unique information contained in the BAC. There are several
types of fingerprints: restriction length digests [17], restriction map [30], oligo probe
hybridization [12] and STS probes [18]. In practice, the physical map of the clones
based on fingerprint overlaps is constructed concurrently with the sequencing [6]. The

ordering of the sequenced clones is either unknown or not accurately known.

The fingerprint-based physical map [7] was employed by GIGASSEMBLER to assist
in the sequence assembly, although the clone ordering was only roughly determined
in the map [24]. NCBI does not make use of the fingerprint map. Instead, several
STS marker maps are used for chromosome assignments. Both algorithms are based
on greedy approaches to assemble sequences in which the best overlap is assembled
first, where best is defined by some score functions used to assign weights for overlaps.

Since the genome is highly repetitive, these score functions are unlikely to yield the
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Human Genome

— 7~ _
|

Figure 4.2: The originally proposed clone-based approach. A BAC library is constructed
by fragmenting the target genome into BAC-sized segments. Then a physical map of the
clones is constructed. According to the map, a minimum tiling set of clones (shown as
solid lines; the remaining clones are shown as dotted lines) is selected and individually
subjected to shotgun sequencing (see Figure 4.1).

true assembly [2]. Without the fingerprint clone contig to restrict BACs to, the NCBI
algorithm first formulates a Maximal Interval Subgraph (MIS) problem to obtain a
BAC ordering and then assembles the sequences of overlapping BACs. This approach
is natural given the history of the Genome Project, with its original physical-mapping-
first approach. However, this top-down approach suffers from the fact that if a BAC is

misplaced, the mistake in the assembly is unrecoverable.

Our assembler, BARNACLE, uses the same input data as NCBI, that is, sequences
from BAC clones augmented with chromosome-assignment. Part of the novelty of our
approach is to assemble the genome bottom-up, without making using of fingerprint-
based physical map of the clones. That is, we use extensive sequence-level overlaps
to suggest BAC overlaps. This approach allows us to order BACs with very high
confidence. We are able to achieve much more reasonable final sequence-level assemblies.
Also, instead of using score functions to attempt to resolve the repeat problem, our way
of resolving the repeat problem is by considering the consistency of overlaps and the

interval graph formalism which are mathematically justifiable. In addition, this enables
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us to detect inconsistencies in the underlying data. We remark that this error detection

feature does not exist in the other algorithms.

4.2 Details of Input

In this section, we describe the input for BARNACLE, which includes the sequence

information of BACs and fragments, overlap information and orientation information.

4.2.1 Sequence Information

A BAC consists of a contiguous stretch of DNA from a chromosome. Each BAC consists
of a set of fragments, which are produced by an assembler, such as PHRAP, of the

shotgun reads of subclones of the BAC (see Figure 4.1)%.

The associated data of each BAC consists of the estimated length of the BAC,
the phase of the BAC (defined below), the number of fragments, the sequence of each

fragment and the chromosome of the BAC, if assigned.

Example 1

accession # estimated length phase chrm number of fragments

AC002092.1 95456 1 17 4
fragment acc#  start end length
AC002092.171 1 888 888
AC002092.172 889 46200 45312

AC002092.173 46201 84925 38725

AC002092.174.1 84926 95170 10245

Example 1 shows BAC AC002092.1 which has an estimated length 95456bp and
four fragments. Fragment AC002092.171 is the sequence from 1 to 888 in the GenBank
record of AC002092.1.

Notice that we only know the sequence of each of its fragments but we do not know the actual
sequence of each BAC.
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Sometimes the length of the BAC is estimated by taking the sum of the fragments’
lengths plus (number of fragments - 1) times a constant, where (number of fragments

- 1) is the number of gaps the BAC has and the constant is an estimate gap length.

Phases and additional fragment information

Depending on the raw data coverage (which is the average number of times that a
basepair has been sequenced), BACs are categorized into three phases. Phases 1 and 2
are the draft sequences; the finished sequences comprises phase 3. For a phase 1 BAC,
the fragments of the BAC are not necessarily disjoint, and the order and orientation of
fragments are in general unknown. For a phase 2 BAC, the fragments are disjoint and
the order of fragments is known. A phase 3 BAC is a finished sequence, i.e. only one
fragment. In addition, for some phase 1 BACs, some partial fragment order information

and end fragment information are also available. See Example 2.

Example 2

AL354895.571 AL354895.5 1 10864 1,1/5 7
AL354895.572 AL354895.5 10965 13132 1,2/6 7
AL354895.573 AL354895.5 13233 16145 1,3/56 7
AL354895.574 AL354895.5 16246 18439 1,4/5 7
AL354895.575 AL354895.5 18540 33466 1,5/6 7
AL354895.576 AL354895.5 33567 41015 2,1/3 7
AL354895.577 AL354895.5 41116 54375 2,2/3 7
AL354895.578 AL354895.5 54476 57517 2,3/3 7
AL354895.579 AL354895.5 57618 64286 3,1/2 7

AL354895.5710  AL354895.5 64387 66845 3,2/2 7

AL354895.5711  AL354895.5 66946 88981 7 7
AL354895.5712  AL354895.5 89082 92846 7 7
AL354895.5713  AL354895.5 92947 97618 7 7
AL354895.5714  AL354895.5 97719 116211 7 ?

AL354895.5715  AL354895.5 116312 118464 7 ?
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AL354895.5716  AL354895.5 118565 135271 7 7
AL354895.5717  AL354895.5 135372 141729 7 7
AL354895.5718  AL354895.5 141830 147926 4,1/2 7

AL354895.5719  AL354895.5 148027 157164 4,2/2 T7,R

In example 2, fragment AL354895.5719is an end fragment, next to vector T7. There are
4 groups which we know the order of fragments. First group consists of 5 fragments,
which are the first 5 fragments and they are consecutive. Similarly for the other 3

groups.

Orientation

As already mentioned, DNA molecules are double strands. Fragments can come from
either strand. In general, we do not know which strand a particular fragment belongs
to. However, whatever strand it comes from, the sequence read always goes from 5’
to 3’. Thus it is either the fragment as given or its reverse complement (in reverse
orientation) the substring of the genome. That is, each fragment can be used either in

the direct or the reverse orientation.

4.2.2 Overlap Information

In this section, first we define overlaps (which will be used for assembling sequences),

and then describe an efficient algorithm, called OVERLAPPER, for searching overlaps.

Alignment

Let s be a sequence. Then |s| denotes the length of s, and s[i] denotes the ith element
of s. A substring of s from the ath element to the bth element is denoted by (s, [a, b]).
A space is denoted by a special symbol “—7.

Let s and t be sequences over alphabet ¥. A (global) alignment of s and ¢ maps s

and t to sequences s’ and ¢’ such that

Lo |s'| = [t'];
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2. s’ and t’ are obtained from s and t respectively through insertions of spaces;
3. There is no s'[i] = t'[i] = —, for any 1 <1 < |¢'| = |/].

For 1 <i < |¢| = ||, we say §'[i] is aligned with ¢'[i].
Given the score function o : (XU {—}) x (ZU{=})\ {(—,—)} — R, the score of

the alignment is
Is']

> o'l ti]).

i=1
For example, given s = AGCGA and t = ACT AT, one possible alignment will be:

s= A G C G A -
t= A - C T A T

Suppose that, for z,y € X3,

1 z =y (match)
o(z,y) =
—1 x # y (mismatch)

and o(x, —) = o(—,x) = —2. Then the score of the above alignmentis 1 —2+4+1—1+
1-2=-2.

The best (or optimal) alignment is the alignment with maximum score. The maxi-
mum score is called the similarity between the two sequences. A local alignment of two
sequences s and t is an alignment of a substring of s and a substring of t. The optimal
local alignment is the local alignment with maximum score. The maximum score is
called the local similarity between the two sequences.

We will use the substrings of local alignment to represent a local alignment.
Namely, if the local alignment of two sequences s and t is an alignment of a sub-
string s’ = (s, [a1, as]) of s and a substring ¢’ = (¢, [by, ba]) of ¢, then the local alignment
is represented by (s, [a1, az],t, [b1, ba], (), where ( is the percent of sequence identity.

Given € > 0, a substring s’ = (s, [a, b]) is called an e-effiz of s if a < 1+ € (e-prefix)
or b > |s| — € (e-suffix). Call e the end-allowed-error of s. When no confusion will be

raised and € is clear from the context, we will simply call an e-effix an effix.
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A local alignment s',t" of s and t is an overlap if (1) s’ and ¢’ are effixes, or (2)
|s'| > |s| —€s or |[t'| > |t| — €. The former is called the dovetail overlap while the latter

is called complete containment as shown in Figure 4.3.

(2) dovetail overlap
--A
[ [ [ [ ]

(2) complete containment

111 T1., *

Figure 4.3: Two types of valid overlaps: (1) dovetail overlap vs. (2) complete con-

tainment. Because of the draft quality of sequences, end errors are allowed (shown as
dashed lines).

Based on local alignments of all fragment sequences against all fragment sequences
by some alignment algorithms, we further process the two types of overlaps (remark:
because of the draft quality of the sequences and polymorphism, some overlaps might be
corresponding to several pieces of local alignments, instead of one local alignment. For
these cases, we need to join the pieces together in order to obtain the valid overlaps.)
, with sequence identity ¢ at least 97% and end-allowed-errors € taken to be 50bp for
finished sequences and the minimum of the 10% of the fragment length and 1000bp

otherwise.

Also, according to the annotation of some finished sequences in the GenBank, some
overlaps are generated. These are called nt-pairs. These overlaps include Obp overlaps,

i.e., the fragments do not overlap but are consecutive to each other.

OVERLAPPER

In this section, we describe an efficient algorithm for aligning highly similar sequences,
called OVERLAPPER, for detecting overlaps. The details of the algorithm can be found

in the unpublished manuscript [5].
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Idea

Consider two sequences s and ¢t with a dovetail overlap (the same idea applies to com-
plete containment overlaps), that is, there is an effix s’ of s that is almost identical to

an effix ¢’ of t. The alignment graph of s and ¢ will look like Figure 4.4. Observe that

‘ —

Figure 4.4: The alignment graph of two sequences s and ¢, where s dovetail overlaps
with ¢.

the regions of the desired alignment (i.e. the overlap) are highly similar, the regions of
interest should have many hits, which are exact matches of w-mers (a string of length
w). To find the hits efficiently, we use the dictionary matching method as in BLAST [1].
First build a look-up table (the dictionary) of all w-mers of the subject sequence, and
then “look up” each w-mer in the query sequence to see if and where it occurs in the
subject sequence.

There are two approaches to the dictionary matching problem. First, encode each
w-mer into an integer of [1..4"], that is, each w-mer can be used as an index into an
array of size 4. The ith entry of the array contains a list of all occurrences of the
corresponding w-mer in the query sequence. Second, build an Aho-Corasick tree (also
called the DFA in BLAST) of all w-mers in O(nw) time. Both data structures allow
searching hits by scanning a sequence of length m in O(m + H) time, where H is the
number of hits. After finding the hits, unlike BLAST, we do not extend the hits to
HSPs (defined in BLAST).
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To efficiently find the regions of the overlap, which should have many hits, we
organize the hits in their corresponding diagonals. Due to the indel, the hits of regions
are not in a single diagonal. Instead, they should be in a narrow band. Merge the hits
in neighboring diagonals into a band. For each band, if it contains a dense region (i.e.
with many hits), a k-band alignment (or X-drop, or the “greedy” algorithm [29] if it is

linear gap) is triggered to find the overlap.

Details of OVERLAPPER

Input: a query sequence ) of length n, a subject sequence dbs of length m

Output: the (almost) optimal alignments of the highly similar substrings of @ and
dbs

Data Structure

e An array D: DJi] contains a list of hits in the diagonal i, for —m < i < n; D is

called the diagonal array.

e An array Band: Band[t] = D[t..t + k — 1], for —m <t <n — k + 1. For fixed T,

a band is significant if its size is more than 7.
e A list SB : contains i if Band]i].size > 7; SB is the list of all significant bands.
Algorithm
1. Build a look-up table of all w-mers in dbs;

2. Scan @) to find hits, append each hit in its corresponding diagonal :
D[j —i] « (i,7) if dbs[i..i+w—1] =Q[j..J + w — 1];
Time : O(]Q| + total number of hits).

Note since we scan () sequentially, the first coordinate ¢ of each diagonal is in

increasing order.

3. Find all significant bands:
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(a) for —m < t < n—k + 1, compute Band|[t].size = Y5} D[t + i].size; if
Band|t].size > T, append t to the list SB;
Time: O(n + m);

(b) eliminate the overlapping bands : scan through the list SB, delete the smaller
overlapping bands in |SB| time.

(c) merge DIt..t + k — 1] by first coordinate to Band[t] for each t € SB.

Time: O(total number of hits in the bands).

4. For each significant band, find ’dense’ region:

4.1 Scan through the hits in the band, count the consecutive hits whose first

coordinate is within [w + 1, x], maintain the maximum count.
Time = O(total number of hits in the bands).

4.2 If maximum count > 7, align the region bidirectionally around a seed
(e.g. the central point of the region, which can be obtained while scanning in
the above step) by a k-band alignment algorithm (or X-drop, or the “greedy”

algorithm if it is linear gap), stop when falls below X of the best score yet seen.

4.2.3 Orientation Information

There are sequences from paired-end plasmid reads, ESTs and mRNAs. These se-
quences are aligned against all fragment sequences. Based on these alignments, we
further process the relative orientation of fragment pairs. Each paired-end plasmid
read consists of two sequences in opposite orientation, one forward and one reverse.
According to the alignments with each plasmid pair, we derive the relative orientation

of fragment pairs. See Example 3.
Example 3

Plasmid Pair : {G33-617D11.f, G33-617D11.r}

Fragment Information:
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AP001919.271 AP001919.2 1 49377

AC020735.578 AC020735.5 18463 27385

Alignment Information:
G33-617D11.f AP001919.2 99.83 1 602 9041 8439

G33-617D11.r AC020735.5 99.83 1 575 20594 20020

According to the alignments in Example 3, fragment AP001919.2~1 is in oppo-
site orientation with the forward sequence G33-617D11.f; fragment AC020735.578 is in
opposite orientation with the reverse sequence G33-617D11.r. Thus the relative orien-
tation of AP001919.2~1 and AC020735.5"8 is —1, i.e., opposite.

Each mRNA (similarly EST) consists of a set of disjoint exons (see, for example, [5]
for a detailed description). According to the alignments with each mRNA, we derived

the relative orientation of fragments pairs. See Example 4.

Example 4

mRNA: AB000267.1

Fragment Information:
AC060812.3711  AC060812.3 134632 169945

AL158047.671 AL158047.6 1 165274

Alignment Information:
AB000267.1 AC060812.3 100.00 1 133 169081 169213

AB000267.1 AL158047.6 97.13 131 373 140031 140274

In Example 4, fragment AC060812.3711 contains an exon of AB000267.1 from 1
to 133; fragment AL158047.671 contains the next exon of AB000267.1 from 131 to
373. (Ideally, the exons should be disjoint, but due to the sequence errors, we allow
25bp distance between exons.) Thus the relative orientation of AC060812.311 and
AL158047.671is 1, i.e., the same.
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4.3 Our BARNACLE Assembler

A contig is a contiguous region that is covered by a set of overlapping BAC clones. A
subcontig is a contiguous region that is covered by a set of overlapping fragments.

Given a set F of fragments and a set O of overlaps between fragments, by an
assembly of F we mean fragments are positioned relative to each other (in a linear
order) according to some overlaps in O such that the sequences of each overlapping
region are almost the same (subject to the allowed-errors).

The assembly of the fragments which cover the subcontig is called the subcontig as-
sembly. The contig assembly is defined similarly. When there is no danger of confusion,
we will also refer to the subcontig (resp. contig) assembly as subcontig (resp. contig).
Because of the gaps between fragments of a BAC, a contig is an ordered and oriented

set of subcontigs (see Figure 4.5).

A contig of three overlapping BACs

Subcontigs

Figure 4.5: Contigs and subcontigs. A contig of three overlapping BACs and its corre-
sponding ordered and oriented subcontigs.

We say an overlap is true if the fragments are derived from the overlapping segments
of the genome, otherwise the overlap is repeat-induced (see Figure 4.6) [13]. A repeat-
induced overlap is due to a repeated region, which occurs in two or more different
location of the genome. The overlaps which are not true are called False Positives
(FPs). In other words, repeat-induced overlaps are FPs. On the other hand, the
overlaps which are true but not detected are called False Negatives (FNs). FPs and
FNs are called noise. In addition, due to laboratory errors, there is another type of
noise, called chimeras, in which two separate sequences are mistakenly put together to

form a BAC.

Given a set of fragments, because of the noise, there might be many assemblies. The
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(1) true overlap

(2) repeat-induced overlap

R ]
B
_ \
A B

Figure 4.6: True vs. repeat-induced overlaps. Consider the overlap of two fragments
A and B. There are two possible inferences. (1) The overlap is true, where the frag-
ments are from the overlapping segments of the genome. (2) The overlap is induced by
repeated sequence R.

goal is to construct the true assembly. The assembly problem would be straightforward
if we could divine all true overlaps, i.e., if the data of overlaps were noise-free. The key
objective is thus to clean up the noise as much as possible and assemble the fragments

according to the true overlaps.

Definition 5 Two BACs/fragments are agreeable if their chromosome assignments are

the same or at least one of them is Unknown.

Formally, the input to BARNACLE consists of a set of BACs, overlaps of agreeable
fragments and relative orientation of fragment pairs. The output consists of a set of
contigs, and for each contig, its assembly and a consensus sequence deriving from the
assembly.

To measure the quality of the assembly, we introduce the definition of warp:

assembled BAC length
estimated BAC length

warp =

Intuitively, assuming that the estimated BAC length is accurate, then if the assembly
is good, the assembled BAC length should be close to the estimated length, thus the

warp should be close to 1. In other words, the number of BACs with warp around 1 will
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be a good indicator whether the assembly is good or not. However, in some cases, the
estimated BAC length might not be accurate, e.g., a BAC of length around 180Kb but
an estimated length of around 6Kb (which is total length of fragments of the BAC).
Thus to better measure the assembly, we make use of the upper bound of a BAC’s
length, e.g., for the human genome, the BAC length is upper bounded by 250Kb. One
can then measure the assembly by the number of misassembled BACs, whose warp> 1.5

and their assembled length is more than 250Kb.
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Chapter 5

The Algorithm

In this chapter, we first illustrate the basic idea of the algorithm, then present the high
level description of the algorithm. Each step of the algorithm, is explained in detail in

the individual subsections of Section 5.2.

5.1 High level description of the algorithm

The basic idea of the algorithm is illustrated in Figure 5.1. The high level description
of the algorithm is shown in Table 5.1. Each step is explained in detail as an individual

subsection of the next section.

5.2 Details of each step

Before we go into the details of each step, we introduce our representations for fragments

and overlaps, and notation of oriented subsets.

Fragment Representation

For each fragment f, let m; denote the length of f. Recall that each fragment can be in
one of the two possible strands/orientations (either as given or its reverse complement).
The positive orientation (as given) is represented by [1,m |, while the reverse comple-
ment of f is represented by [my, 1]. In either representation, the first base is called the
left end of f while base at position my is called the right end of f (See Figure 5.2).
Notice that the left (right resp.) is relative to the given orientation (and not its own

orientation).
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A."*Conservatively’’ assemble fragments into subcontigs

Contig 1
Interval representation
of clones

Contig 2

Interval representation
of clones

C. Orient and order subcontigs

L7 11 o
Clones

Subcontig

Figure 5.1: The idea behind our algorithm. Conceptually, the algorithm consists of
three steps. (A) Fragments are “conservatively” assembled into subcontigs. The details
of this step constitute steps 1-6 of the algorithm. (B) Consistent repeat-induced overlaps
and chimeric clones will destroy the interval property of the clone graph. Resolving this
step corresponds to step 7 of the algorithm. (C) According to the interval realization of
clones obtained from the interval clone graph, subcontigs are oriented and ordered in
steps 8-10 of the algorithm. Remark: Steps 11-15 of the algorithm, which use additional
information to adjust the ordering and correct the orientation, are not shown in this
figure.

A fragment f
1 m
left end right end

Figure 5.2: Fragment representation. A fragment f is represented by [1,m|, where m
is the length of f. The reverse complement of f is represented by [m, 1].
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A. “Conservatively” assemble fragments into subcontigs.
1. Classify fragments: singleton, subfragment and maximal fragment.
2. Assemble consistent overlapping maximal fragments into subcontigs.
3. Put back good subfragments to subcontigs.
4. Detect and resolve conflicting chromosome assignments.
5. Construct a BAC graph from subcontigs.
6. Resolve inconsistent overlaps according to the connectivity of the BAC graph.
B. Detect and remove consistent repeat-induced overlaps and chimeric clones.
7. For each component G; of the BAC graph, if GG; is not interval, resolve the
component by removing repeat-induced overlaps or suspicious chimeric BACs.
C. Orient and order subcontigs.
8. Obtain the interval representation of BACs.
9. Orient subcontigs.
10. Assign coordinates to subcontigs and order subcontigs by sorting lexicographically.
11. Detect the potential false negatives and remove the involved fragments.
12. Detect false positives (consistent repeat-induced overlaps that do not destroy
the interval property).
D. Adjust the ordering and correct the orientation of the subcontigs using
additional information.
13. Adjust the order of the subcontigs according to the extra fragment information.
14. Orient subcontigs according to the relative orientation of fragment pairs generated
from plasmid reads, ESTs and mRNAs data.
15. Derive a consensus sequence for each contig from the assembly of maximal

fragments of the contig.

Table 5.1: The high level description of the algorithm.
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Overlap Representation

Because of the property of reverse complementarity, if fragments f and g overlap, the
reverse complement of f overlaps with the reverse complement of g. For each fragment
pair, it suffices to know where the overlap is and what the relative orientation of the

fragments is.

Let € be the end-allowed-error for overlaps with f. For example, e; = min{10% -
my, 1000} for the public working draft of the human genome. Given an fragment pair
f, g, based on the local alignments of f and g, we preprocess at most one valid overlap
between them : f,[a1,as], g, [b1,b2], by checking whether the alignment could be a

dovetail overlap (see Figure 5.3) or a containment (see Figure 5.4). Let §(f, g) denote

Figure 5.3: Dovetail overlap. The overlap of f and g: f,[a1,as9],g,[b1,b2]. Assume
a1 < az and ap < my —ep. If by < by, then by < 1+ ¢4 else by < my — €5. We call a;
the end point of g on f, and by the end point of f on g.

al a2

97" b2

Figure 5.4: Containment overlap. The overlap of f and g: f, [a1, a2], g, [b1, b2]. Assume
a1 < ao. If by < by, the sequence of g is contained in f, otherwise the reverse complement
of g is contained in f. Note that |by — ba| < mg — €.

the relative orientation of f and g in the overlap. Without loss of generality, assume
that a1 < ag. If by < by, then both f and g are in the same orientation, otherwise they

are in the opposite orientation; that is, either f overlaps with the reverse complement
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of g or g overlaps with the reverse complement of f. Thus,

1 (ag—al)(bg—b1)>0
5(f,9) =

-1 (ag—al)(bg—b1)<0

Oriented Subset

For f € F the set of all fragments,

N(f)={g € F: g overlaps with f}.

That is, N(f) is the set of fragments which overlap with f. Recall that there is relative
orientation of an overlapping fragment pair. To check if a fragment overlaps with two
or more different fragments in the same relative orientation, we introduce the concept

of oriented subset.

Definition 6 For f,g € F, define N(f) C N(g) (pronounced as N(f) is an oriented
subset of N(g)) if for alla € N(f), a € N(g) and 6(f,a) =(f,g)-d(g,a).

Thus, N(f) is an oriented subset of N(g) if every oriented fragment that overlaps with

f also overlaps with g in the same orientation.

5.2.1 Classify Fragments

Let F be the set of all fragments and let O be the set of all overlaps between fragments.

Definition 7 A fragment f € F is a singleton if it has no overlaps with other fragments

in F, otherwise it s a non-singleton.

A non-singleton fragment f € F is a subfragment if there exists a fragment g € F

such that f is completely contained in g. For example, g in Figure 5.4 is a subfragment.

A non-singleton fragment f € F is a maximal fragment if it is not a subfragment

m F.

Fragments are classified as follows:
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fragments
/ \
singleton non-singleton

/ N\

subfragment maximal fragment

5.2.2 Assemble consistent overlapping MF's into subcontigs

Let MF be the set of all maximal fragments of F.

For f € MF, define

L(f) = {g € MF: goverlaps with the left end of f},

R(f) = {g€ MF: g overlaps with the right end of f}.

Fragments in L(f) (R(f) resp.) are called left (right resp.) neighbors of f (See Fig-
ure 5.5).

13

ri

r2

11
12

Figure 5.5: Neighbors of a fragment (orientation not shown). The fragments in L(f) =
{l1,l2} (R(f) = {r1,7r2, 73} resp.) are ordered by their end point on f. Thus /; is the
rightmost left neighbor of f and rq is the leftmost right neighbor of f.

Definition 8 Let f, g be two maximal fragments and f overlaps with g such that f €

R(g) (and g € L(f)). We say f and g overlap consistently if

R(g) C R(f)u{f}
(5.1)

L(f) C L(g9) U{g}
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Condition (5.1) is called the consistency condition. See Figure 5.6 for an example

of a consistent overlap versus inconsistent overlaps.

Consistent Overlap

@
f
g
Inconsistent Overlaps
@) (©)
- f
f g

9 _

Figure 5.6: Consistent vs. inconsistent overlap (orientation not shown). (1) The overlap
of {f, g} is consistent because the consistency condition is satisfied, i.e., R(g) T R(f)U
{f}and L(f) C L(g) U{g}. (2) The overlap of {f, g} is not consistent because R(g) £
R(f)U{f}. (3) The overlap of {f, g} is not consistent because L(f) Z L(g) U {g}.

Suppose that g € L(f) (and f € R(g)), then for the overlap of f and g to be
consistent, it is necessary that f be the leftmost right neighbor of ¢ and g be the
rightmost left neighbor of f. The leftmost right neighbor and the rightmost left neighbor
of f are called consecutive neighbors of f. Therefore, to identify the overlaps that are
consistent with a fragment, it is sufficient only to check the consistency condition for
the fragment with its consecutive neighbors.

For efficient implementation, all fragments in L(f) (R(f) resp.) are sorted according
to their end points in f, for each maximal fragment f. The maximal fragments are
then incrementally assembled into subcontigs by checking if the consistency condition
is satisfied for the consecutive fragments. The pseudocode is shown in Table 5.2.2. See
Figure 5.7 for an example. Note that consecutive fragments which do not satisfy the
consistency condition are not assembled. These inconsistent overlaps are resolved later
in Section 5.2.6.

The time complexity of this step is O(logA - Ej) (sorting) + O(A -
Eyr) (assembling) = O(A - Epy) time, where Ny (f) = {g € MF : {f, g9} € O}
and A = maxsepmr [Nu(f)|, and Enp = X e pr [Nu(f)], f € MF.



1. for all f € MF

2.
3.

© o N o w

11.
12.
13.
14.
15.
16.
17.

unvisit( f);

while there exists an unvisited MF do

let current-fragment an unvisited MF
* left neighbor *
IsLeft=1;
if (IsLeft) then
let nbr be the 1st left neighbor of the current fragment;
else
let nbr be the 1st right neighbor of the current fragment;
while current-fragment and nbr are consistently overlapping do
assemble current-fragment and nbr;
IsLeft = IsLeft * §(current-fragment, nbr);
current-fragment=nbr;
if (IsLeft) then
let nbr be the 1st left neighbor of the current-fragment,
else
let nbr be the 1st right neighbor of the current-fragment;

* gimilarly for right neighbor *

37

Table 5.2: The pseudocode of assembling consistent overlapping MFs into subcontigs.
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f4
f3
f2
f1
f4
f3
f2
f1
f4
f3
f2
fl

Figure 5.7: Assembling consistent overlapping maximal fragments. First, f1 and fo are
assembled; then fo and fs3, f3 and f;.

5.2.3 Merge good subfragments into subcontigs

Before we describe how subfragments are assembled, we introduce the definition for
good subfragments (GoodSub), whose overlap is analogous to the consistent overlap of

maximal fragments.

Definition 9 A subfragment b is a GoodSub if for each fragment p which contains b,
N(b) C N(p), otherwise b is a BadSub.

See Figure 5.8 for an example. Any overlaps of a fragment and a GoodSub are also

called consistent overlaps.

B

—_

Figure 5.8: G is a GoodSub, while B is a BadSub.
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We merge GoodSubs into the corresponding subcontigs. That is, for each fragment
in a subcontig, if it has a GoodSub, we put the GoodSub into the subcontig. See Figure

5.9 for an example.

f4

f1 ¢

QD
o

GoodSub

Figure 5.9: Merge GoodSubs into Subcontigs. In this subcontig of {f1, f2, f3, f1}, the
GoodSubs a, b of f1, c of f3 are put back into the subcontig.

5.2.4 Detect and resolve conflict chromosome assignments

In this section, we first introduce the scheme adopted to assign chromosome for the pub-
lic working draft of the human genome. Then we describe how conflicting chromosome
are detected and resolved in this data set.

For the public working draft of the human genome, a BAC is assigned to a chromo-

some based on:

e STS: presence of at least two STSs that have been mapped to the same chromo-

some;
e GenBank: annotation on the submitted GenBank record;

Otherwise, the chromosome of the BAC is Unknown.

Notice that an unknown chromosome BAC is allowed to overlap with any BACs
associated with any (known or unknown) chromosomes. Thus, we might have a sub-
contig with two or more known chromosome fragments connected by some unknown
chromosome fragments. Also, an unknown chromosome BAC might have fragments

in different chromosome subcontigs. In either case, the unknown chromosome BAC is
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called conflicting chromosome BAC. The conflicting chromosome BACs might be due
to noise (repeat-induced or chimeric BAC) or chromosome misassignments.

If the chromosome assignments are of high confidence, then clearly we have repeat-
induced overlaps or chimeras. Chromosome assignments based on STS natures are

considered more reliable than those based on annotations in the GenBank records.

Identify conflicting chromosome BACs

Notice that if an unknown chromosome BAC is not conflicting, then it overlaps with
at most one known chromosome BAC. If there is one known chromosome, we assign
the chromosome to the BAC. However, if an unknown chromosome BAC is conflicting,
then either it overlaps with two different chromosome BACs or it overlaps with an-
other conflicting chromosome BAC. To identify conflicting chromosome BACs, we use
a greedy approach to assign unknown chromosome BACs until a conflict occurs. Once
a conflict is detected, all the original unknown chromosome neighbors of the conflicting

BAC become conflicting also.

Resolution of conflicting chromosome assignments

Once the set of all conflicting BACs has been identified, we first identify the poten-
tial chromosome misassignments by determining whether unassigning GenBank assign-

ments (i.e. become unknown) will eliminate the conflicts.

1. Assign unknown as much as possible and identify the conflicts;

2. Unassign the GenBank assignment neighbors which overlap with the conflicting

chromosome BACs;

3. repeat the above.

Note that we unassign the GenBank assignments and then reassign them, this might
result in changing the chromosome assignments. Check if there are any known agreeable
overlaps after the change, if there are, make the change, otherwise leave the chromosome

as it is. After changing some chromosomes and the corresponding set of overlaps,
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we assume the remaining conflict chromosome problems are due to noise, repeats or
chimeras.

The problem of resolving the conflicts due to noise is complicated by the fact that
there are several possible problematic BACs. Without any other further evidence, we
solve this problem progressively. First, resolve the more confident conflicting BACs, e.g.
the BAC overlaps with more than one known chromosome BACs directly, by evaluating
the length of overlaps to decide if they are due to repeats or due to chimeras. If the
length of overlaps is less the 25Kb, we classify it as a repeat otherwise a chimera. For
the repeats, we remove the overlaps; for the chimeras, we remove the BACs. After these
confident conflicting BACs are resolved, some conflicts might become non-conflicts and
we can then assign the chromosome. For the remaining conflicting BACs, that is, each
of them overlaps with one known chromosome BAC and another conflicting BAC, we
evaluate the length of overlaps with the known chromosome to decide if they are due

to repeats or due to chimeras.

5.2.5 Construct a BAC graph from subcontigs

For f € F, let B(f) denote the BAC of f. Denote the set of all the overlaps in
the subcontigs by G. That is, G consists of the transitive closure of the consistent
overlaps. To resolve the inconsistent overlaps, we first construct a BAC graph G =
(V, E) according to the overlaps in G, where V = {By,..., By} and {B;, B;} € E if
there is an overlap of a fragment of B; and a fragment of B; in a subcontig. That is, two
BACs B;, B; overlap if there is an overlap between their fragment pair. See Figure 5.10

for an example.

5.2.6 Resolve the inconsistent overlaps

The inconsistent overlaps are resolved according to the connectivity of the BAC graph.
See Figure 5.11 for an example. Let f, g be consecutive fragments (e.g., f is the leftmost
right neighbor of g). Suppose that the overlap of f and g fails to satisfy the consistency
condition (5.1). Then if {B(f),B(g)} € FE, i.e., there is at least one fragment pair

of B(f) and B(g) in G, make the overlap of f and g satisfy (5.1) by identifying and
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Subcontigs:

L 3
n r2 g

BAC Graph:

Figure 5.10: A BAC graph contructed from subcontigs. Fragments r1, ..., r4 belong to
BAC R; by, bo, b3 are fragments of BAC B and g is a fragment of BAC G. There is an
edge of BAC R and BAC B because of several overlaps of fragment 7; and b;. Similarly
there is an edge of BAC R and BAC G because of the overlaps of fragments ¢ and rs3
or 74 in the subcontig.

eliminating the repeat-induced overlaps (FPs). After the FPs are eliminated, some
overlaps might become consistent. Update the assemblies of subcontigs and the BAC
graph; repeat the above step until no more inconsistencies can be resolved. For the
remaining inconsistencies which do not have connectivities, we resolve them according
to the length of overlaps.

Remark: some inconsistencies might suggest possible FNs. For example, see Fig-
ure 5.12, suppose g is the leftmost right neighbor of f, and f is the rightmost left
neighbor of h. However, g and h do not overlap. Thus, the overlaps of f and g, f and
h are inconsistent. But {B(f),B(g)} € E and {B(f),B(h)} € E, this might suggest
that there is an FN between g and h. In this case, our current algorithm breaks ties by
choosing the longer overlap one. A future work might include exporting the suspicious

FN pairs and further examining their alignments.

5.2.7 Resolve non-interval components

By definition, if our subcontig assemblies are good, the BAC graph thus constructed
must be interval. However, since the consistent overlaps are only a necessary condition
for the true overlaps, there might be some consistent repeat-induced overlaps in the
subcontigs. In addition, there might be some chimeric BACs. That is, the subcontig

assemblies might contain noise and thus the BAC graph might not be interval. Before
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Figure 5.11: Resolving inconsistent overlaps according to the connectivity of the BAC
graph. The same BAC fragments are shown in the same color. Fragments r; (b;, g;
resp.) are fragments of BAC R (B, G resp). Assume that BAC R is adjacent to BAC B.
(1) There are inconsistent overlaps between fragment {b1,r2} and {b1,¢1}. Since BAC
R is adjacent to BAC B, the overlap of {b1,r3} is chosen and the overlap {by, g1} is
discarded as a repeat-induced overlap. (2) Fragment r3 is a BadSub because fragment
go overlaps with rg but not by which contains r3. Since BAC R is adjacent to BAC B,
rg is made to become a GoodSub of by. That is, the overlap of rg and go is discarded
as a repeat-induced overlap.

we can obtain an interval realization of the BACs to orient and order subcontigs, we

need to resolve these non-interval components.

Recall that there are five different linear time interval graph recognition algorithms
(see Section 3.3), which check whether the input graph is interval, and if it is, output
an l-ordering of its vertices. For our purposes, which include obtaining an I-ordering
if the graph is interval and otherwise identifying the forbidden subgraph of the non-
interval graph, we employ the 5-swWEEP LBF'S algorithm. Since the algorithm is based
on LBFS, if the input graph is not interval, the ordering so produced by the algorithm

fails only when it reaches a forbidden subgraph. This enables us to identify the forbidden
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hl h2

gl
g2

Figure 5.12: Suspicious FNs. The overlaps of f and g9, f and ho are inconsistent
because g2 and hy do not overlap. However, B(f) overlaps with both BACs B(g2) and
B(hsz). This would suggest an FN of go and hs.

subgraph.
Before we describe how the non-interval components are resolved, we sketch the

5-swWeep LBFS algorithm.

The 5-sweep LBFS Algorithm

This algorithm consists of two passes: first, an ordering of the vertices is produced;
second, determine whether the graph is interval by checking whether the ordering is an

T-ordering.

5-sweep LBFS Algorithm

1. Perform 5 sweeps of LBFS
Input: a graph G = (V, E).
Output: an ordering ¢ of V.
The ordering was produced by 5 sweeps of LBFS, with the later LBFS using the

ordering of the previous LBF'S for tie-breaking.

2. Determine whether G is interval by checking whether ¢ is an I-ordering of V', that
is, whether all vertices of V satisfy the right-nbr-consecutive (RNC) condition

w.r.t. ¢.

To implement this efficiently, we construct for each vertex a right neighbor ad-
jacency list and arrange the elements in increasing order. This can be easily
implemented in linear time by reversing the order of vertices and redistribut-

ing their neighbors. Thus, for each v € V, RN(v) = {uq,...,ur}, where
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o(v) < ¢(u1) < ... < ¢(ug), and check that the elements are consecutive, i.e.,

that for each v € V', ¢(ujy1) = ¢(u;) + 1 with ug = v.

Identifying a forbidden subgraph

Suppose G is not interval. Let fv be the smallest vertex in the ordering that fails to
satisfy the right-nbr-consecutive (RNC) condition, i.e. 3i, u;, u;11 € RN (fv) such that
é(uit1) > é(u;) + 1. Denote the smallest such u; 1 by b3, and let by = ¢~ (d(u;) +1) ¢
RN (fv). Since ¢(b1) < ¢(b3), by the LBFS property (Theorem 6), there exists an a
with ¢(a) < ¢(fv) such that {a,b1} € E. Since ¢(a) < ¢(fv) and fv is the smallest
failing vertex, a satisfies the right-nbr-consecutive (RNC) condition. Thus we have
{a, fv} € E because ¢(a) < ¢(fv) < ¢(b1). Let bp be the largest such vertex. Thus,
for each non-interval component, we have identified these four vertices {b1, bp, fv, b3}
as shown in Figure 5.13. Note that {b1, fv} ¢ E and {bp, b3} ¢ E. We call the path
through of by, bp, fv, and b3 a bow. Figure 5.14 illustrates the bow in each type of

forbidden subgraph.

fv b3

_____________ .
bp bl

Figure 5.13: The “bow” of {by, bp, fv, b3}.

Based on the connectivity around the bow, we identify a corresponding forbidden

subgraph which contains the bow as follows:!

1. {b1,b3} € E: The forbidden subgraph is of Type I:

!There might be more than one forbidden subgraph which contain the bow, as is often the case for
the vertex corresponding to a chimeric BAC.
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I: (npoints: n>3)

9:b3

fv

bp bl

\%

Figure 5.14: The “bow” of {b1, bp, fv, b3} in each type of forbidden subgraph.

fv--b3
I I

bp--b1

2. {b1,b3} ¢ E: There are several possibilities:

(a) bp # 1 (i.e. bp has a left neighbor): In this case, one of the following holds.

i. fv and bp have no common left neighbors. Let bg be such a largest left

neighbor of bp. The forbidden subgraph is of Type II:
b3

I
fv
I

e0--b0--bp--bl--el
ii. Let bg be such a smallest common left neighbor of fv and bp. Then the

forbidden subgraph may be of Type III, Type IV, or Type V:
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fv

/|

b0--bp--b1

A. Type III (3ep € Adjbo] such that {eg,bp} ¢ E):
Either {bo,b1} ¢ E:
b3

/

fv

/|

e0--b0--bp--bl
or {bo,bl} e E:
b3

fv
/|
e0--b0--bp
A\

bl--el

B. Type IV (fv <y < by and {y, b3} ¢ E):
b3

/
fv--y
/7
b0--bp--b1
\ |

el

C. Type V (fv <y < by and {y, b3} € E):
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b3
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b0--bp--b1
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(b) bp = 1: The forbidden subgraph is of Type I of a cycle. In this case, we flip

the graph and traverse from the other end.

Question: Which vertices/edges of the forbidden subgraph are the cause of the noise?

Theoretically, the subcontig assemblies, which constitute the forbidden subgraph,
might not be sufficient to identify the noise. For example, if the forbidden subgraph
is a 4-cycle as shown in Figure 5.19, the noise could be an FN of the diagonal or
one of the four edges could be FP. To check whether it is an FN, the alignments of
the involved BACs need to be further examined. To check whether one of the four
overlaps is repeat-induced, one could consider the resulting interval realization and the
subcontig assemblies to access the possibility of repeats. For instance, suppose that the
edge {a,d} in Figure 5.19 is repeat-induced, and that the graph becomes interval if the
edge {a, d} is removed. Then consider the interval realization of the graph. The interval
for vertex d would be a subinterval of the interval for vertex c; that is, d would have
had to overlap ¢ heavily. Thus, for the edge {a, d} to be an FP, the length of overlap of
{a,d} should be short and the length of overlap of {¢, d} should be long with respect
to the length of BAC d (such that {a,c} does not overlap). Ideally, to confidently
identify the noise, the involved BACs and the corresponding subcontig assemblies of
the forbidden subgraph should be exported for further examination (and/or to request
additional biological information about them to assist in identifying the noise). Without
additional information, we heuristically identify the noise based on the structure of the

forbidden subgraph and the subcontig assemblies.

Before we describe the idea of resolving the non-interval components, we analyze

each type of the noise and its effect on the graph structure.
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Analyzing Noise
There are three types of noise: chimeras, false positives and false negatives.

Chimeras Recall that a chimera arises when two separated sequences from the genome
join together to form a BAC that consequently is no longer a contiguous sequence
of the genome. We say the chimera consists of two parts, one for each contiguous
sequence. Depending on the coverage of sequences (and hence the connectivity of
the BAC graph), there are three types of a chimera as illustrated in Figure 5.15.

The forbidden subgraph thus caused by each type depends on the connectivity of

Type (c1) chimera
Type (c2) chimera
Type (c3) chimera

Figure 5.15: Depending on the coverage of the sequences, there are three types of a
chimera. Type (cl): The two parts of the chimera are far aparts in one single contig.
Type (c2): Two parts of the chimera lie in two different contigs. Both of them lies
in the middle of the contig. Type (c3): Two parts of the chimera lie in two different
contigs. One part of the chimera lies in the middle of the contig; the other part lies in
the end of another contig.

the contig. For example, the three possible cases of Type (c2) are illustrated in

Figure 5.16.

FPs As in the chimera case, depending on the coverage of the sequences, there are
three types of a repeat as illustrated in Figure 5.17. The corresponding forbidden

subgraphs caused by the repeat in Type (r2) is illustrated in Figure 5.18.
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one chimeric BAC

Figure 5.16: Three cases of a chimera of Type (¢2) shown in Figure 5.15. The forbid-
den subgraph is of Type II or Type III. Note that there might be several overlapping
forbidden subgraphs caused by the chimera.

FNs We expect FNs to be rare at this stage. The FNs usually are due to the draft
quality of the sequences or due to polymorphism. But since each draft BAC has
several fragments, two BAC overlaps usually would have several fragment pairs
overlap (and therefore missing some overlaps will not affect the BAC edges). Thus
FNs are more likely due to short finished BAC sequences (as from the real case).

The forbidden subgraph thus caused will be a Type I (4-cycle) graph.

Remark: Forbidden subgraph introduced by repeats and chimeras look similar in
the BAC graph level. It is difficult to tell a repeat from a chimera without further
examination. Also, even if the noise that causes the forbidden subgraph is due to a

repeat, in some cases we can not tell which part of the clone is the repeat.
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Type (r1)

e )
Type (r2)
Type (r3)

.....

Figure 5.17: Depending on the coverage of the sequences, there are three types of a
repeat. Type (rl): the repeat occurs in the same contig which would cause a cycle.
Type (r2): the repeat occurs in two different contigs. Both of them lie in the middle of
the contig. Type (r3): the repeat occurs in two different contigs. One of them is in the
middle of its contig; the other lies in the end of its contig.

Overview of the method for resolving non-interval components

Suppose the non-interval component contains only a chimeric BAC. Then the non-
interval graph would become interval if the chimera were removed. Motivated by this
idea, we define a vertex v € V' to be I-critical if G|y 1,y is interval. Notice that if G
contains only one forbidden subgraph, then all of the vertices of the forbidden subgraph
are I-critical because the removal of any of them would destroy the forbidden graph
and thus make the graph interval. Also, note that each of the involved vertices of an
FN is also I-critical; and if one of the sequences of the repeat occurs only in one BAC,

it would cause only one I-critical vertex.

Given a non-interval component G;, we identify a forbidden subgraph; and check

whether at least one of the vertices of the forbidden subgraph is I-critical. If so, we say

G; is fixable.
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\:|\/
/repeat
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2
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Figure 5.18: Three cases of a repeat of the Type (r2) shown in Figure 5.17 and their
corresponding forbidden subgraphs caused.

For the non-fixable component, we employ a divide-and-conquer method by dividing
the graph according to some articulation points (APs) so that each subcomponent is
fixable. After fixing the subcomponents, the non-fixable component would become
fixable as the AP would become I-critical. When there are no APs (and no I-criticals),
this is likely because the noise involves more than one BAC. In this case, we choose
one of the two breaking points depending on the connectivity. More discussion of

articulation points is contained in a section below.

To resolve the fixable component (which can always be resolved by removing an
I-critical vertex), a heuristic based on the structure of the forbidden subgraph and the
corresponding assemblies is developed. In general, a fixable component G is resolved

by one of the following:
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a d

Figure 5.19: A Type I forbidden subgraph. One of the four edges would be FP or one
of the diagonals {a, c} and {b,d} would be FN. For the RV case, all four vertices are
equally likely.

e FN: adding an FN edge; or

e FP: removing FP edges due to an identified repeat; or

e RV: removing a vertex which is either a suspicious chimera or contains an uniden-

tified repeat.

Based on analyzing each forbidden subgraph, we heuristically identify the possible
FNs, FPs and RVs. Figure 5.19 gives an analysis of Type I forbidden subgraphs.
Figure 5.20 shows Type II and Figure 5.21 shows Type III. Note that Type IV and V

are similar to Type III (we omit their analysis).

Suspicious Chimeras

For the RV case, we further analyze the relationship of the removed (I-critical) vertex
with the resulting interval graph to classify the noise type: more suspicious chimera,
less suspicious chimera or unclassified.

We say the removed BAC is a more suspicious chimera if it is of the Type (msl) or
Type (ms2) shown in Figure 5.22, or a less suspicious chimera if it is of Type (Is) shown
in Figure 5.22. Notice that this type might correspond to Type (¢3) in Figure 5.15 or
Type (r3) in Figure 5.17. Thus the removed BAC could be a chimera or could contain

a repeat. The more suspicious chimera is much more unlikely to be due to repeats. See
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b2

bl b3
€ e3

Figure 5.20: A Type II forbidden subgraph. The vertices {e1, €2, €3} are the AT-triple,
also called outer vertices; {b1, ba, b3} are called inner vertices. The edge of {b;,e;} is
called the outer branch; {c, b;} is the inner branch. Observe that if one of the outer
branches is FP, say {c, b;}, then removing the branch {¢, b;} would result in the interval
for b; being a subinterval of the interval for ¢ in the interval realization. Thus it is more
likely that the noise occurs in the inner branch. Also, although when all of the vertices
of the forbidden subgraph are I-critical, (for the same reason of being a subinterval
in the realization,) ¢ is more likely to be the problematic one. Therefore, if we have
to remove one I-critical vertex in order to resolve the component (for the RV case), ¢
should be chosen.

b2

bl b3
€ e3

Figure 5.21: A Type III forbidden subgraph. We define inner and outer vertices. The
vertices {e1, €9, eg} are called outer vertices; {b1, be, b3} are called inner vertices. The
edge {e;, b;} is an outer branch; {b;, b;+1} is an inner branch. Because if the FP is an
outer branch, the inner vertex would become subinterval, we assume the noise is more
likely caused by the inner branch than by the outer branch. But if we have to remove
one I-critical vertex in order to resolve the component and all three b;s are I-critical,
we arbitrarily choose one of them.
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Figure 5.23 for the analysis of Type (ms2) for the possibility of containing repeats. To

ensure correctness, follow-up by genome centers of these cases are necessary.

More Suspicious Chimera:

Type (msl) removed BAC

Type (Mms2) removed BAC

Less Suspicious Chimera:

Type (Is) removed BAC

Figure 5.22: Depending on the connectivity of the graph, the removed BAC is classified
as the more suspicious chimera and the less suspicious chimera. Type (msl) and Type
(ms2) are the more suspicious chimera, while Type (1s) is the less suspicious chimera.

Choice of Articulation Points

As described above, given a non-fixable graph, we employ a divide-and-conquer method
to partition the graph so that each subcomponent is fixable. The natural idea is then
to partition the graph according to some articulation points (APs). But how should the
AP be appropriately chosen so that the graph can be resolved efficiently and correctly,

i.e. so that each subcomponent can be resolved independently?

If the AP is not a vertex of a forbidden subgraph, removing the AP will not effect
resolution of the subcomponents. Suppose that the AP is a vertex of a forbidden
subgraph. Assuming that only one vertex is involved in the noise, then if AP is not the
problematic vertex, the removal of the AP will make the problematic vertex become

non-problematic (the forbidden subgraph will be destroyed by the removal of the AP)
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More Suspicious Chimera:

Type (ms2) removed BAC

1. There are only two contigs after removing the BAC, i.e. the contig itself is connected.

(1.1) Both of the two parts of the BAC liein athe middle of along subcontig

—_— e — —
agap of the other BAC

2. One contig is connected by one part of the chimera, i.e., the removal of the part would
disconnect the contig:

Figure 5.23: Depending on the connectivity, there is a possibility that the more sus-
picious chimera is not a chimera but rather contains a repeat. For case 1, in which
there are two contigs after removing the BAC, it is very likely it is a chimera. Even
though there might be a gap in one contig, it is unlikely that it would be a repeat for
otherwise it would result in a large gap in the other BAC. However, when one contig is
connected by the removed BAC, i.e. the removal of the BAC would result in three or
more contigs, it is possibly due to a repeat as shown in case 2.
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in the subcomponent. The problematic vertex becomes “visible” only when the AP is
put back. Thus, in this case, the removal of AP will not affect the resolution of the
subcomponent. However, when there is more than one vertex involved in the noise, the
removal of the AP might affect the resolution of the subcomponent. In this case, where
there are no I-critical vertices, it is very likely that one of the problematic vertices will
be an articulation point (e.g. repeats with more than one BAC as shown in (1) of
Figure 5.18). Thus in this case, and in general, we would choose the articulation point
closest to the failing vertex.

Also, when there are no APs (i.e. no I-critical vertices and no APs), how should
we resolve the non-interval component? We choose the failing vertex (fv) or breaking
point (bp) of the detected bow as the partition point. The removal of these vertices

might destroy a forbidden subgraph and thus result in the graph being fixable.

The Divide-and-Conquer Procedure

The following is the procedure for resolving the non-interval components.
F1X_NON-INTERVAL(G)
Input: non-interval graph G

Output: interval graph G’

1. If G is non-interval, identify the bow {b1, bp, fv, b3} and from it identify the for-

bidden subgraph;

2. If at least one of the vertices of the forbidden subgraph is I-critical, FIXABLE(G);

3. Otherwise, let u be the first articulation point(AP) after the breaking point bp.
When there is no such articulation point, if {bp, fv} disconnects the graph, u :=

fuv, else u := b3.

4. Remove u, and recurse on each component G; by FIX_ZNON-INTERVAL(G;). Now
all components are interval, i.e. u will become I-critical, resolve the graph by

FIXABLE(G);
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G’ =F1xABLE(G)
Input: non-interval graph G with at least one I-critical vertex

Output: interval graph G’

1. Identify the bow and a forbidden subgraph containing the bow (note: at least one

of the vertices of the forbidden subgraph is I-critical);

(a) {b1,b3} € E: Type I forbidden subgraph;
i. If one of { fv,b1}’s BAC lengths is less than 10K, check whether fixable
by the FN {fv,b1}.

ii. Else if one of {bp,bs}’s BAC lengths is less than 10K, check whether
fixable by the FN {bp, b3}.

iii. Let BL be the minimum overlap length of potential FPs of the 4 edges,
{{fv,bp},{fv,bs}, {b1,bp},{b1,b3}}. If BL < 25K, remove the FP, oth-
erwise REMOVERV (v), where v is a vertex of the forbidden subgraph and
is I-critical.

(b) {b1,b3} ¢ E:
i. {fv,bo} ¢ E: Type II of the forbidden subgraph.

A. Let OB be the minimum overlap length of potential FPs of the 3

outer branches.

B. Let IB be the minimum overlap length of potential FPs of the 3

inner branches.
C. If OB < IB and OB < 8K, remove the branch.
D. Else if IB < 20K, remove the branch.

E. Otherwise REMOVERV (v), where v is a vertex of the forbidden sub-
graph and is I-critical.
ii. {fv,bo} € E: Type III of the forbidden subgraph;
A. Let BL be the minimum overlap length of potential FPs around the
3 inner points.

B. If BL < 20K, remove the branch;
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C. Else REMOVERV (v), where v is a vertex of the forbidden subgraph

and is I-critical.

REMOVINGRV (v)
Input: non-interval graph G, where v is I-critical

Output: interval graph G’

1. Let d be the number of interval components of G if we remove v.

2. For each component G;, i =1...d, let OL; be the length of overlap of v with Gj;.

3. If OL; < 25K, remove all the overlaps.

4. Classify the type of v: if v is in the middle of 2 contigs, it is a more suspicious
chimera; if v is in the middle of one contig and at the end of another contig, it is

a less suspicious chimera; otherwise, unclassified noise (would be FNs).

5.2.8 Obtain the ordering of BACs in the interval representation

After all non-interval components are resolved, we apply the 5-SWEEP LBF'S algorithm
to the interval graph to obtain an interval representation and an I-ordering ¢ of BACs.
Also, from the interval representation, we enumerate BACs by blocks, which will be

used to assign coordinates for subcontigs and also reorder the BACs of end-blocks.

Recall that blocks are defined for proper interval graphs. To assign blocks for a
general (not necessarily proper) interval graphs, based on the I-ordering, we identify
the subBACs whose interval in the realization is a subinterval of another interval in
the realization. Then restricting to the graph without those subBACs (i.e. the proper
interval graph) blocks are enumerated. This can be easily implemented by the definition
of block, that is, we increment the block index once the BAC’s neighbors are different
from the previous. Then for each subBAC, we use the block of the BAC which contains
it. Thus, for each BAC B, we have its rank ¢(B) and its block 7(B) in the interval

representation.
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5.2.9 Orient Subcontigs

As we mentioned before, each fragment can be used in either direct or reverse orien-
tation. Each subcontig can have either orientation. In this section, we will use the
ordering and the block enumeration of BACs to orient subcontigs. Intuitively, if a sub-
contig is “long” enough, we orient the subcontig such that the ranks of BACs in the

subcontig are in “increasing” order, see Figure 5.24.

4 4

Figure 5.24: Two possible orientations. Orient each subcontig such that it reflects the
correct ordering. In this case, it is the left one.

For each subcontig Sy, let
ar = B(u) with u € Sk, ¢(B(u)) < ¢(B(w)), Yw € Sk,

er = B(u) with u € Sk, ¢(B(u)) > ¢(B(w)), Yw € Sk

i.e., ar (er resp.) is the smallest (largest resp.) BAC of Si. Call a; and ey the end
BACs of subcontig Si. Define Ay (Sk) = m(ex) — m(ag). If Ayp(Sk) > 0 orient the
subcontig such that the blocks are increasing, otherwise orient the subcontig according
to the rank of fragments in the subcontig. Specifically, let Fy(,,) (Tw(ak) resp.) be the
starting (end resp.) position of a BAC of block m(ay) in Si. Then we orient Sy such
that Fra,) < Fr(e,) (8ip Sk if Friay) > Fr(ep) and Triay) > Trer)); I Friay) > Fr(ey)
and Ty (q,) < Tr(e,), Orient according to Fy, instead of Fp(,, ). That is, if Apg(Sk) =0
orient the subcontig such that the ranks are increasing, i.e. according to Fy, , Fe, etc.

We use Ayx(Sk) to measure the correctness of the orientation of Sy. If axer ¢ F,
we are sure that the orientation is correct, or if Ay (Sk) > 1, we are quite confident of
the orientation.

We call the orientation of S Sure if ager, ¢ E or Api(Sk) > 1. For the unsure
orientation, we use additional information (including end fragments, plasmid-pair, EST,

mRNA) to orient them in Section 5.2.14.
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Remark: we orient subcontigs before we order them because we need the orientation
of subcontigs in order to compute warps (which is then used to adjust the ordering of

end-blocks).

5.2.10 Assign coordinates to subcontigs and order subcontigs by sort-

ing lexicographically

In this step, we use the ordering and the block enumeration of BACs to assign coordi-
nates to subcontigs so that they can be ordered by sorting according to these coordinates
lexicographically.

Observe that the corresponding end BACs of the adjacent subcontigs must be either

the same or overlapping (see Figure 5.25). The necessary condition, which we call the

Genome Sequence

BACs

Subcontigs

The corresponding end BACs of the adjacent subcontigs
should be either the same or overlapping.

Figure 5.25: The condition of adjacent subcontigs. The corresponding end BACs of the
adjacent subcontigs must be either the same or overlapping.

adjacency condition, for two adjacent subcontigs Si and Sk.1, is

e = ak4+1 Or exag4+1 € F.

The natural way to assign coordinates for each subcontig Sy, is then [¢(ag), ¢(ex)].
However, recall that there are gaps in BACs. A subcontig does not necessarily
include fragments from each BAC in the corresponding region of the realization.
If the missing fragment of the subcontig does not correspond to a fragment of one of
the end BACs, then the coordinate of subcontig is still correct. However, if the missing

fragment corresponds to one of the end BACs, then the coordinate is incorrect, and
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--------- 1 (block 1)
2 (block 2)
_____________ 3 (block 2)
4 (block 3)
e e — == = = 5(block 4)
[1,3] [33] [2.5]
[1,3] [2,3] [2,5]

Figure 5.26: An end BAC is missing, resulting an incorrect coordinate for the subcontig.

hence the order of subcontigs is incorrect. For example, see Figure 5.26. Observe that
if we sort subcontigs by [¢(ar), #(ex)], only missing the smallest end BAC will affect
the ordering. Thus one way to amend the problem is to scan the sorted subcontigs from
left to right, and move the misplaced one, which is detected by the adjacency condition,
backward. Similarly, this can also be done in reverse by sorting subcontigs according
to [p(ex), p(ar)]. We say the subcontigs are ties if the adjacency condition is always
satisfied for any order of them. For example, suppose {2,3},{3,4} € E, then [2,4]
and [3, 3] are ties, for the adjacency conditions are satisfied for either of the orderings
[1,3],[2,4],[3,3],[4,4] and [1, 3], [3, 3], [2,4], [4,4]. But which one is the true one? See
Figure 5.27 for the corresponding realization. If we assume that [3, 3] misses the smallest
end BAC, i.e. it should have been [2, 3], then the order is [1, 3], [3, 3], [2, 4], [4, 4] as shown
in (1) of Figure 5.27. But if we assume that [3, 3] misses the largest end BAC, i.e. it
should have been [3, 4], then the order is taken as [1, 3], [2,4], [3, 3], [4, 4] as shown in (2)
of Figure 5.27. Without extra information, theoretically it is impossible to know which
one is the case. Notice that if we use the second order, i.e., [1, 3], [2,4],[3, 3], [4,4] as in
(2) of Figure 5.27, the assembled length of BAC 3 is larger (while the assembled length
of BAC 2 is smaller).

Subject to minimize the warping of BACs, which is defined by the ratio of the assem-
bled BAC length and the estimated BAC length, the assembled length will be minimized

if the missing one is of the same block BAC. For this reason, we use [7(eg), ¢(ax), ¢(ex)]
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@
_________ 1 (block 1)
2 (block 2)

_____________ 3 (block 2)
7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 4 (block 3)
B B3 24 [44]
@)
_________ 1 (block 1)

2 (block 2)

---------------- 3 (block 3)
77777777777777777777777777777777777777777777777777777777777777777777777777 oo oo A(block 3)
"""" nag 24 (33 4

Figure 5.27: The subcontigs ordering and the corresponding interval realization.

as the coordinates of subcontig S;. See Figure 5.28 for another example. In essense,
we are assuming that the block of the missing end BACs are the same as the present
one. As a result, if the block of the missing one is greater, then the ordering might not

be correct, as shown in Figure 5.29.

For example, the following are ordered subcontigs:

Sy =[B—t1,4],5 =[B,10,10],53 = [B+ 1,4,11],5, = [B + s, 11, 15]

where 7(10) = B, w(11) = B +1, as shown in the Figure 5.29. To correct this problem,
we scan all the subcontigs from right to left and check if they satisfy the adjacency
condition. If not, i.e. exary1 ¢ E, but exi1ar € E, switch k and k£ + 1 In the above
example, if we switch So and S3, the adjacency condition is satisfied. This can be
explained by a gap in BAC 11 and 7(10) < w(11). The subcontig S = [B, 10, 10]
should really be [B + 1, 10, 11].
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)
________ 1 (block 1)
2 (block 2)

_________ 3 (block 3)
7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 - 4 (block 3)
g SEINY I 49
2

________ 1 (block 1)
2 (block 2)

__________ 3 (block 3)
777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 4 (block 3)
*********** wa 4 B3I wa

[2,1,2] [3,2,4] [333] [344]

Figure 5.28: The subcontigs ordering and the corresponding interval realization. The
second order will be used if the coordinates [7(ex), @(ax), @(er)] is used for a subcontig.

Adjust the ordering of BACs in the end-blocks

Recall that by Theorem 5, the ordering is unique up to the permutation of vertices
within each block. The ordering within each block is not known. Which permutation
is the true one? Again without extra information, it is impossible to tell. Here we
resort to the warping of BACs as a measurement. Note that for the inner blocks, it will
not matter much as it is more likely determined by the assemblies automatically. But
for the two end-blocks, we need to adjust the ordering because only one end overlaps
with the adjacent block, see Figure 5.30. We permute the ordering in the end-blocks

according to the assemblies with the adjacent block such that the warping is minimized.

5.2.11 Detect FNs

In the perfect, i.e. noise-free, world, we can adjust the ordering such that all adjacency

conditions are satisfied. Accordingly, when some subcontigs cannot be ordered such
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Figure 5.29: The ordered subcontigs are S1 = [B —t,1,4], S, = [B, 10,10], 53 = [B +
1,4,11), 584 = [B + s, 11, 15], where 7(10) = B, w(11) = B + 1.

block 1
q e 1
h P2

4

Permute the ordering of BACsin block 1 according to their overlaps
with the BACs in block 2:

c————1

4
4]

Figure 5.30: For end-blocks, which have only one adjacent block, we permute the BACs
within the end block according to the subcontig assemblies such that the warping of
the BACs is minimized.

that they satisfy the adjacency condition, it indicates either that the subcontig is mis-

assembled due to the repeat-induced overlaps or that there are FNs (see Figure 5.31).

We expect the repeat-induced overlaps to be rare at this stage because of the clone
graph being interval. To further verify the identification of the FNs, we aligned the
involved fragments with their overlapping clones. Examining these alignments reveals
several possible causes, which include the consequences of repeat-masking, low accuracy
of some draft sequences, chimeric fragments or fragment misassemblies and polymor-

phism.
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Genome sequence

Overlapping BACs -

Subcontigs

Figure 5.31: FNs detection. No matter how we order the subcontigs, the subcontig in
the box will violate the adjacency condition. This is due to a FN as the arrow shows.

5.2.12 Detect FPs

There are possible repeat-induced overlaps which do not destroy the interval property
of the graph, these can be the subBAC (or subinterval) in the interval realization. They

can be detected because they would cause the parent BAC to be expanded (warping):

____________ (parent BAC will warp)

Thus, if a BAC A is warped and it has a subBAC S which only overlaps with the BAC

partially, we remove the overlaps between A and S.

5.2.13 Adjust the ordering of subcontigs

If there are ties (defined above) in our ordering, we employ some additional informa-
tion to break these ties. There are two types of additional information including (1)
the identification of the end fragments of a BAC and (2) some partial order of some

fragments within a BAC (see Section 4.2.1).

Adjust the ordering of subcontigs according to the end fragment information

and correct the corresponding orientation

As always, the information (here, which fragment is the end fragment) might not be
reliable. We test the reliability by checking whether we can adjust the order according to
the information such that the adjacency condition is still satisfied. In other words, the
end fragment information are only used to break ties. Also, the orientation is corrected

such that the end fragment is the extreme fragment of the BAC in the assembly.
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For each BAC B which has end fragment information, i.e., one or two end fragments,
first according to their current position in the contig, we decide which one is the left end
fragment and which one is the right end fragment. Then we orient the fragments so that
they are the extreme fragments of the BAC. To ensure the reliablity of the information,
these adjustments (order and orientation) are always subject to the adjacency condition,
i.e., whether we can adjust the order and orientation according to the information such

that the adjacency condition is still satisfied.

Adjust the ordering of subcontigs according to the partial order fragment

information and correct the corresponding orienation

This step is almost the same as the one above. For each group of the ordered fragments,
we break “ties” according to the given partial order, also orientations are corrected
accordingly. We do these steps in two sweeps, one from left to right and then right
to left. (Because we only initialize a group when the fragment is the extreme. Note
that subcontigs are lexicographically sorted by the increasing order of fragments in
each subgroup. These two sweeps in general are sufficient for the partial order group

ordering).

5.2.14 Orient subcontigs according to plasmid-read, EST, mRNA
data

Note that the relative orentation of fragment pairs generated from plasmid-read, EST

and mRNA are noisy. See Section 4.2.3 for how the pairs are generated.

First, observe that each fragment pair should be quite close (on average 6Kb apart
for plasmid pairs; and assume that introns are not too long for ESTs/mRNAs), we
exclude those fragment pairs whose corresponding BACs are not overlapping or the
difference of their corresponding blocks is more than 1 for pairs generated from plasmid
reads, or more than 2 for pairs generated from ESTs/mRNAs. Then we progressively
orient subcontigs according to the information. That is, we first orient subcontigs with

strongly supported information, and then less confident ones and so on.



68

We classify the confidence of the orientation of subcontigs into 4 levels:

3 ifager ¢ E
2 if Ayr(Sk) > 1 or supported by an end fragment
level=

1 if Ablk(Sk) >0

0 otherwise

Note that for level > 2 we are quite confident of the correctness of the orienation. We
say that the orientation of a subcontig with level > 2 is Sure. The relative orientation

of fragment pairs is mainly used to orient the “unsure” (i.e. level < 2) fragments.

For each subcontig Sk, we organize all its relative orientations into a list of agreeing
subcontigs (Support) and a list of disagreeing subcontigs (Against). Let ns = |Support|,
the number of relative orientations of subcontigs which support its current orientation;
na = |Against|, the number of relative orientations of subcontigs which are against its
current orientation. We change the orientation of unsure subcontigs according to the

relative orientations progressively as follows:
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for level =0 to 1 do
for each subcontig Sy on level with na > ns
if all the orientation of subcontigs in its Against list are Sure,
flip the subcontig S; and prompt its level to 2;
for each subcontig Sy on level with na > ns
if [{S; : S; € Against]Sy] and level(S;) > 2}| >
I{S; : S; € Support[Sk] and level(S;) > 2},
flip the subcontig S; and prompt its level to 2;
for each subcontig Sy on level with na > ns
if all the orientation of subcontigs in its Support list are unsure,
flip the subcontig S; and prompt its level to 2;

5.2.15 Derive a consensus sequence for each contig

We derive a consensus sequence for each contig from the assembly of the maximal
fragments of the contig. When choosing a sequence to represent an overlapping region,
the priority is given to higher phase sequences. For example, if an overlapping region
consists of a phase 3 sequence and a phase 1 sequence, the phase 3 sequence is chosen
to represent the overlapping region. If all the sequences in the overlapping region are
of the same phase, then a middle point of the region is chosen as a transition point for

going from one sequence to another.
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Chapter 6

Results and the comparison with the public assemblies

In this chapter, we present the result of our algorithm when applied to the input of the
April freeze of the public working draft of the human genome. In Section 6.1, we de-
scribe the details of the input of the April freeze. We present our results in Section 6.2.
We compare the results with the NCBI’s public assembly and GIGASSEMBLER’s assem-
bly in Section 6.3. Finally, in Section 6.4, we present examples of errors detected by

BARNACLE in this data set.

6.1 Input of the April freeze

The sequence information with chromosome assignments, local alignments of all frag-
ment sequences against all fragment sequences, local alignments of all fragment se-
quences against plasmid reads, ESTs and mRNA sequences were provided by NCBI.
We further processed these local alignments to generate valid fragment pair overlaps and

relative orientation of fragment pairs. The details of the April freeze are as following:

1. Sequence Information

phase BACs fragments total length in Gbp average number of fragments

1 19132 333676 3.2 17.44
2 1923 11159 0.3 5.80
3 10204 10204 1.2 1.00

Total 31259 355039 4.7 11.36
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Among the 31259 BACs, 403 BACs with 1802 fragments were removed by NCBI
because of complete containment. For comparison purposes, we also removed
these BACs. That is, 30856 BACs with 353237 fragments were used as input.
2. Chromosome Assignment
The scheme employed by NCBI to assign a chromosome to a BAC is based on:
e STS: presence of at least 2 STS markers that have themselves been mapped
to the same chromosome;

e GenBank: annotation on the submitted GenBank record;

Otherwise, the chromosome of the BAC is Unknown.

The STS maps used are GENETHON, MARSHFIELD, WI-YAC, GM99-GB4,

SHGC-G3. The chromosome assignments of BACs are summarized as below:

STS GenBank Unknown

16626 12809 1824

3. Overlap Information There are 381,038 fragment pairs of the same chromo-
some or at least one of them an unknown chromosome. We generated these over-
laps based on the local alignments of each fragment sequence against all other
fragment sequences provided by NCBI. They actually first RepeatMasked the se-
quences, masking off the regions which are known from repeat libraries, e.g. Alu
repeats, to avoid too many spurious alignments and then did the all-against-all

sequence local alignments by NCBI’s Megablast. There are 5087 nt-pairs.

4. Orientation Information Relative orientation fragment pairs are generated
from paired-end plasmid reads, ESTs and mRNAs. There are 343, 360 fragment
pairs from plasmid reads, 276, 105 from ESTs and 288,675 from mRNAs.

6.2 Results on the April freeze

We assemble 244, 629 non-singleton fragments into 25101 subcontigs, with length 2.11

Gbp. From these subcontigs, we obtain a clone graph of 29019 BACs in 3047 connected
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components, as shown below.

number of BACs number of connected components

21347 2904 (Interval)
7672 143 (Non-interval)
29019 3047

Upon resolving non-interval components, 137 problematic BACs, which are either sus-
picious chimeras or contains unidentified repeats, are removed. The result is 28854

non-singleton BACs in 3296 interval components, as shown below.

BACs Fragments Used/Fragments Contigs Length in Gbp

singletons 1865 25114/25114 1865 0.270
non-singletons 28854 321968/324699 3296 2.611
30719 347082/349813 5161 2.881

We remove 2731 (= 349813 — 347082) fragments based on our FN detection which

indicates the fragments should be contained in some subcontigs.

6.3 Comparison with the two public assemblies: NCBI’s assembly

and GIGASSEMBLER’s assembly

In this section, we compare our results with the two public assemblies: NCBI’s assembly

and GIGASSEMBLER’s assembly:
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NCBI’s Assembly:

BACs Fragments Used/Fragments Contigs Length in Gbp

singletons 1829 28263/28263 1829 0.273
non-singletons 29027 300185/324974 3269 2.564
30856 328448/353237 5098 2.837

The 24789 (= 353237 — 328448) fragments were absent from NCBI’s assembly for

reasons we do not know.

GIGASSEMBLER’s Assembly:

Since GIGASSEMBLER made use of the fingerprint clone contigs, their “contigs” are not
the same as our contigs as some of them might contain gaps between two neighbor

clones which do not overlap.

BACs GIGASSEMBLER’s Contigs Length in Gbp

30897 3718 2.7711

Out of the 30897 BACs, 30784 are the same as ours; but 113 BACs are different (some
of them have different accession versions.) When comparing with their assembly, only

the common 30784 BACs are considered.

We compare the assemblies by considering the warps (defined in Section 4.3) of

BACs.
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Warp Our Assembly NCBI’s Public Assembly GIGASSEMBLER’s Assembly

<=15 28622 25987 26602
1.5—-1.8 1249 1368 1248
1.8—-2.0 334 598 568
2.0-5.0 507 2335 2127
5.0—-10.0 7 436 193

> 10.0 0 132 46

Note that warp might not be a good measurement if the estimated BAC length is
not accurate. Since each BAC’s length should not be more than 250Kb, we compare

the assemblies by BACs’ assembled length after restricting warp > 1.5:

Assembled BAC Length Our Assembly NCBI’s Public Assembly GIGASSEMBLER’s Assembly

250K — 300K 679 869 817
300K — 500K 750 2074 1976
500K — 700K 34 673 539
700K — 1M 0 349 206
1M —2M 0 296 121
2M —3M 0 45 15

3M —13M 0 31 5

Total 1463 43371 3679
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6.4 Examples of Suspected Errors Detected

e Chimeras. Among the 137 problematic BACs that we removed, 59 are the most
suspicious chimeras, 59 are less suspicious chimeras which can be also due to
repeats, and 19 contain unclassified noise which includes the possible FNs. See

Figure 6.1 for an example of a most suspicious chimera.

BACAL138797.8

Afragments o~ = 14fragments

AC020645, AL 136147, AC027424, AL445433 /ACO026874, AC073027, AL390781, AL500523

The BAC at NCBI's build:
4 fragments

AC020645, AL136147, AC027424, ALA45433

Figure 6.1: An example of a suspicious chimera. The suspicious chimera BAC
AL138797.8 has 19 fragments. Four fragments (total length of 110,361bp) overlap
with one middle segment of a contig; another 14 fragments (total length 44, 852bp)
overlap with one middle segment of another contig. Below, the BAC in NCBI’s build,
5 fragments were absent, 10 of the 14 fragments became singletons (i.e. the overlaps
were discarded).

¢ Chromosome misassignments. We detect and change 147 BACs’ chromosome
assignments. Independent follow-up shows that 78 of them have at least one STS
supporting the suspicions. Many of them contains 2 or more STSs in the TNG

map which was not used in this build by NCBI. See Figure 6.2 for an example.

e Wrong overlaps generated from the annotation of some finished se-
quences. According to the annotation of GenBank records, NCBI generates
some nt-pairs between finished sequences. The nt-pairs are believed to be true

overlaps and thus would be chosen when there is a conflict. For this reason, both

!We hypothesize that this number would be even worse if they had not thrown away the 24K
fragments. Note while it is true that the warped BACs are misassembled, it is not necessary that
the non-warped BACs are correctly assembled. Indeed, the suspicious chimeric BACs we detected are
usually non-warped in NCBI’s assembly because of the way their assembly is done.
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(1) Our assembly after correcting the chromosome assignment of BAC AC051655 :

STSWI-12698
AC007032 AP000791
Chromosome 7, — AP002349
— AC007030
— AC051655 —=— misassigned to chromosome 17
ACO073073
Unknown AC074013
chromosome AC073317
--- Chromosome 7
ACO073138 ACO007384

(2) The corresponding BACsin NCBI's build - 3 separate contigs:

Two contigs in chromosome 7:
AC007032 AP000791

AP002349
AC007030

AC073138 AC007384

One contig in chromosome 17:
AC051655

ACO073073
AC074013

AC073317

Figure 6.2: An example of a chromosome misassignment. BAC AC051655 was as-
signed to chromosome 17 according to the annotation at GenBank record. (1)BARNA-
CLE detects and corrects the chromosome assignment of BAC AC051655. Independent
followup shows BAC AC051655 shares an STS marker which was used to assign chro-
mosome for BACs AP002349 and AC007030. (2) The corresponding BACs in NCBI's
build.
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(1) NCBI's“ngtable’ for BACs (AB020858 ... AB020868):

AB020868 AB020867 AB020859 AB020858

(2) The overlaps of AC072058.1~51 with AB020858, AB020859 result in avery unusua cycle shown below if the ngtable were correct.

AB020859 AB020858

AC072058.1~5:

¢ Flipping both AB020859, AB020858

AB020859 AB020858

AC072058.1~51

\L The suspect is further supported by other fragments of AC072058.1

AB020859 AB020858

AC072058.1~51
(3) Our corrected annotation:

AB020868 AB020867 AB020859 AB020858

Figure 6.3: An example of wrong nt-pairs. According to the annotation of the 11
BACs of 8p21.3-p22 anti-oncogene of hepatocellular colorectal and non-small cell lung
cancer (AB020858 . ..AB020868), the NCBI’s “ngtable”, which is then used to generate
nt-pairs, is generated for these BACs as shown in (1). However, our “conservative”
assembly detects that all the BACs are in the wrong orientation/strand. For example,
the wrong orientation of AB020858.1 and AB020859.1 (and hence the nt-pair) was
detected by a draft BAC AC072058.1 (as shown in (2)). Similarly, we have five other
draft BACs to support the suspicion of wrong orientation of the other BACs. (3) is the
corrected annotation of these BACs.
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NCBI and GIGASSEMBLER assigned the highest score to these overlaps. However,
the nt-pairs could be wrong. See Figure 6.3 for an example. This simple example
shows that it is necessary to check the consistency of the underlying data in order

to achieve a high-quality assembly.

e Chimeric fragments or fragment misassemblies. According to our FN de-
tection, we aligned some involved fragments with their overlapping clones inferred
by the algorithm. Relaxing sequence identity to 90% and end-allowed-errors to
the mininum of 30% of the fragment length and 2000 bp for these alignments,
5283 more fragment pairs were identified. Examining some non-valid fragment
pairs reveals low accuracy of fragment quality, fragment misassemblies or chimeric

fragment (see Figure 6.4 for an example).

Fragments information:

AC010854.3~1 AC010854.3 1 169682

AP001275.3~11 AP001275.3 180848 187463

Alignments found:

AP001275.3 AC010854.3 180880 184257 59240 62617 99.85
AP001275.3 AC010854.3 184379 187355 115622 118598 98.72

AC010854.3~1
1 59240 626170 115622 118598 169682

180848 T 187463
AP001275.3-11

Figure 6.4: An example of a chimeric fragment. According to our FN detection,
we aligned AP001275.3711 against all its overlapping BACs. The alignments of
AP001275.3711 and AC010854.3 lindicate that AP001275.3711 consists of two se-
quences separated by more than 50Kb.
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Chapter 7

Future Work and Remarks

Our algorithm is simple and efficient. It takes 3 minutes on a Pentium III (933MHz)
computer to assemble the April freeze of the public working draft of the human genome.
Most importantly, we believe the assembly produced by BARNACLE is quite truthful to
the input data, as supported by the relatively low warp levels and the errors detected.

Nevertheless, there are still many improvements that can be made to BARNACLE based

on this framework.

Although the way we resolve the repeat problem by considering the consistency of
overlaps and the interval graph formalism is mathematically justifiable, it is theoreti-
cally impossible to resolve some repeats based only on the sequence overlap information.
For example, repeats which occur at one end of contigs due to the lack of coverage or
repeats which are longer than an entire BAC cannot be resolved. More biological in-
formation is needed to resolve these cases. For instance, the 500Kb inverted repeat on
chromosome Y is resolved by using the annotation of sequences in the GenBank. Hence,
to resolve the repeat problem accurately, an iterative process involving collaboration
with the sequencing centers and/or genome experts in repeats is necessary. Further-
more, there are various types of conflicts detected which require additional biological
information to resolve them correctly. Thus, when collaboration with the sequencing
centers and/or genome experts is possible, a future effort might output the problematic
subassemblies, which cause conflicts, to request additional information for resolving
them. With the additional information, we can then iterate the program (taking ad-

vantage of the efficiency of the algorithm) to reassemble the sequences. The conflicts

'For this step, GIGASSEMBLER takes about two hours on a cluster of 100 Pentium III CPUs. We
know that NCBI’s assembler takes less than one day, but do not know the actual time.
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detected include:

1. Conflicting Chromosome Assignments: There are three possible kinds of noise that
can cause a conflicting chromosome BAC. These are chromosome assignments,

repeats, and chimeras.

2. Non-interval Connected Components: There are three possible kinds of noise
that can cause a forbidden subgraph. These are repeats, chimeras, and FNs. The
forbidden subgraph together with the subcontig assemblies provide information

as to what additional information is needed to identify the noise.
Also, the improvements might include the following;:

1. Preprocessing step: The valid overlaps are generated from the local alignments
of fragments. As remarked in Section 4.2.2, due to the draft quality and poly-
morphism, some valid overlaps might correspond to several disjoint pieces of local
alignments. Better methods need to be developed to merge these pieces into valid
overlaps. Also, currently when there is more than one valid overlap between a
fragment pair, the longest overlap is chosen. This might not be the right choice.
Additional information is needed for these cases. The relative orientations of frag-
ment pairs generated from plasmid read, EST and mRNAs data (see Section 4.2.3)

are noisy. Better methods of screening the noise need to be developed.

2. FN detection: Possible FNs can be detected while resolving inconsistent overlaps
(see the remark in Section 5.2.6) and ordering the subcontigs violating the adja-
cency condition (see Section 5.2.10). The alignments of the involved fragments
need to be examined to identify the overlaps. There are two kinds of FNs: frag-
ment misassembly and polymorphism. In the public working draft of the human
genome, the fragment misassembly problem is quite serious. If possible, one might
want to take sequence reads as input directly and develop a two stages assembler:
assemble sequence reads into fragments and assemble fragment into contigs. This
way allow the second stage assembler (like BARNACLE) to directly verify whether

some fragments are misassembled.
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3. Ordering of the BACs: As mentioned in Section 5.2.10, the ordering of vertices
of a proper interval graph is unique up to the permutation of vertices within each
block. Thus the correct ordering of the the BACs involves both correctly identi-
fying the subBACs (to make the interval graph proper) and the permutation of
BACs within the same block. Once the ordering of the BACs has been determined
from the interval realization of the BAC graph, we can refine the ordering from
the subassemblies of subcontigs (thus the two problems, using the ordering of
BACs to order subcontigs and refining the ordering of BACs using the assemblies
of subcontigs, are intertwined). Currently, we adjust the ordering of BACs in the
end blocks only if some of the BACs are warped. A better reordering method

making better use of the assemblies of the subcontigs could be developed.

4. Resolving non-interval components: The heuristic used to resolve the non-interval
component might be improved. For example, how should the articulation points
be appropriately chosen to partition the graph? how can the noise (a vertex or a

set of edges), which causes the forbidden subgraph, be better identified?

5. Chimeras: Since we consider only the overlaps between agreeable fragments, the
chimeras with two sequences from two different chromosomes cannot be detected.
To detect such chimeras, overlaps between all possible fragment pairs need to be
considered. Also, for the suspicious chimeras, which might be due to repeats,

follow-up (or error tracking) needs to be done for verification.

Finally, we remark that another advantage of our algorithmic approach is that we
make better use of the available data. As it was also pointed out in [27], the clone-
overlaps inferred from the sequences are more informative than from the fingerprint
data. While the NCBI algorithm does not make use of the fingerprint-map as GI-
GASSEMBLER does, the way NCBI makes use of the fragment overlaps to infer the
clone overlaps is in the traditional, less informative physical-mapping clone overlap
fashion. More precisely, in physical-mapping, one only knows whether two clones over-

lap by some common fingerprints, rather than at which ends they overlap, while such
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information is explicit in the fragment overlaps. See Figure 7.1 for this important dis-
tinction. In particular, NCBI formulates a Maximal Interval Subgraph (MIS) problem
(which is NP-hard) to obtain a clone ordering, where the weight of a clone-overlap is the
summation of weights of all corresponding fragment pairs, which are assigned by some
score functions. In contrast, we first “conservatively” assemble fragments, which uses
the full information of fragment overlaps (and not just whether two fragments overlap),
and then infer the clone overlaps from these subassemblies.

(1) 3 sequence overlaps
EEuls

(2) Oneinterval representation of the 3 BACs if the overlaps were treated as fingerprint overlaps.

A

B
C

Figure 7.1: Sequence overlap vs. fingerprint overlap. (1) There are 3 sequence overlaps,
but they are incompatible. At least one of them is FP. (2) Treated as fingerprint overlaps
(whether two fragments overlap) would result in an incorrect interval representation of
the 3 BACs.

A main goal of the Human Genome Project is to provide an accurate reference
sequence of the euchromatic portions of all human chromosomes [15] and it is essential
for an assembler to resolve repeats correctly in order to achieve accurate results [11]. It is
our hope that future assemblers for clone-based sequences of whole genomes (including
other higher organisms, such as the mouse, maize and rice, etc.) will be developed and

improved based on this well-justified framework.
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