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Chapter 1

Introduction

1.1 CoCoNUT

CoCoNUTis a software system for performing the following compaetjenomics tasks:

1. Finding regions of high similarity (candidate regiongohserved synteny) among two or mul-
tiple genomes, and aligning them.

2. Comparison of two multi-chromosomal or two draft genorfesraft genome is not a single
sequence but it is a set of sequences called contigs); thentwersion handles at most two
such genomes.

3. finding repeated segments in large genomic sequences.

4. Mapping a cDNA/EST database to a large genomic sequence.

To cope with the large genomic sequendgeCoNUTis based on thanchor-based strategthat is
composed of three phases:

1. Computation of fragments (similar regions among gen@eguences).

2. Computation of highest-scoring chains of colinear fragte. Each of these highest-scoring
chains corresponds to a region of similarity. The fragmémteach of such chains atbe
anchors

3. Alignment of the regions between the anchors of a chainsinygustandard dynamic program-
ming.

The fragments we use are computed usingMheatch package, which is based on an efficient data
structure called thenhanced suffix arrayThe wide variety of application€oCoNUTcan be used
for is attributed to the number of variations of the chainatgp. Our progranHAINERCcarries out
the chaining step in our system. It includes various vanetiof the chaining algorithm to solve the
above mentioned different tasks.

The third phase of the anchor-based strategy finalizes thgaason by computing an alignment
on the character level. For comparing two genomes or repeayss, CoOCoNUTuses a tradi-
tional sequence alignment algorithm. For comparing mlgltgenomes, a wrapper of the program
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CLUSTALW is used. For cDNA mapping, we use a variation of ttendard dynamic programming
algorithm, where the splice site signals and the gene streietre taken into account.

In CoCoNUT there are further options to post-process the resultiradnsh(aligned chains). For
example, when comparing genomic sequences, we can detesyritenic regions and report permu-
tations for these regions. These permutations can thenpog ia0 a another program to compute a
rearrangement scenario. Another example of post-prowpssithe clustering of cDNAs aligned to
the same locus. This option enables to study variants oféhegproduced by alternative splicing.

1.2 Block-diagram of the system

The block diagram in Figure 1.1 layouts how ieCoNUTsystem works. It shows the three phases
of the anchor-based strategy along with some extra posepsing options specific to each compar-
ative task. The user has a full control over each process.ekample, one can compute chains,
visualize them and end the comparison. One can also detefeingy regions without computing an
alignment, to speed up the comparison. More details abasitisteps are given in the following
chapters when discussing each of these tasks. Our systenmiedular that any programs or scripts
can be easily modified, extended, or replaced with other megduithout affecting the remaining
parts of the system. For instance, the user can replacértiatch package with any other program
(e.g., BLASTZ) provided that the input has the format usethensystem. The user can also replace
or modify some scripts of the system depending on his needs.

In fact, the user can compare two finished genomes throughmyeither the the task of comparing
two genomes or the task of comparing multiple genomes. Hewéwe constraints on fragments will
limit the choice to one task; this will be explained in Chaysie

1.3 Manual organization

This manual is organized as follows. In Chapter 2, we intoedformal definitions of fragments
and chains. The installation and system requiremenGo@oNUTare given in Chapter 3. Chapter
4 briefly describes and navigates through the basic furdlitces of CoCoNUT In Chapter 5, we
handle the task of comparing multiple genomic sequenceapt€h6 addressed the task of comparing
two multi-chromosomal or two draft genomic sequences. lagiér 7, we show holCoCoNUTis
used to analyze repeated sequences and to detect largensaighaplications. The task of mapping a
cDNA/EST database to a genomic sequence is is handled in€téap
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Figure 1.1:The input to the fragment generation tool are the files cairigithe genomic sequences. The choice of
the fragment generation program depends on the number ofgenand the type of fragments to be us€HAINERIs
called with the options appropriate for each comparativeorgec task. The post-processing for reporting syntenioregis
useful for multiple-chromosomal genomes, but it is mealeisg)in case of draft genomes. The feedback arrows symbolize
recursive calls: It is possible to further chain the outpigreed regions or the output chain. Note that it is possible t
perform post-processing without computing a detailedratignt, i.e., just using the chains. The post-processingrpt
depends on the comparison task carried out.



Chapter 2

Basic algorithms in CoCoNUT

To completely understand how our system work, we presestdmmne details about the algorithms in
our system and how they are used to solve the previously omatticomparative genomic tasks.

2.1 Basic concepts and definitions

Forl < i < k, let S; denote a string of lengths;|. The stringS;[1..n] is a DNA sequence or a
complete genome of characters (nucleotidesy;|; . .. h;] is the substring of; starting at position
[; and ending at position;. A fragment is a similar region occurring in the given genem&his
region is specified by the substrings|l; ... k1], Salla ... hal, ..., Sk[lx ... hi]. Afragment is called
exactif Si[ly...h1] = Salla...he] = ... = Si[li... hg], i.e., the substrings composing it are
identical. In this case, one speaks of fragments of the typkiple exact match Such a match is
calledleft maxima) if S;[l; — 1] # S;[l; — 1], for somei # j, and it is calledright maximalif
Silhi + 1] # S;[h; + 1], for somei # j. A maximal multiple exact matcllenoted bymulti-MEM,

is left and right maximal, i.e., the substrings cannot bemotéd to the left and to the right in &,

1 <i < k, simultaneously.

A multi-MEM is calledrare if the substringS;[l; . .. h;] composing it appears at mastimes in each
S;, 1 < ¢ < k. In this manual, we will call the value the rarenessvalue. Amulti-MEM is called
unique and abbreviated bynulti-MUM, if » = 1. That is, the famousnaximal unique matches
(MUMs) used in the program MUMmer araulti-MEMssuch that- = 1 andk = 2 (i.e., for two
sequences).

If character mismatches, deletions, or insertions argvaltin the substrings composing the fragment,
then we speak of aon-exact fragment.e., Si[ly ... hi] = Sa[la ... ho] =~ ... = Sgllk ... hi].

Our system can basically use any kind of fragments, providatithey are output in the adopt€a-
CoNUTformat. However, we use (rare@)ulti-MEMsas the default fragments in our system because
of the following:

o multi-MEMsare easier and faster to compute, and because they caneaab@wacy compara-
ble to other matches.

e The number of non-exact matches is too high to process whepang large genomic se-
guences, which might require extremely large computatitesgpurces.
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e Although the sensitivity increases when using non-exadthes, the specificity is reduced.

Geometrically, a fragmenf of k& genomes can be represented by a hyper-rectangk# inith the

two extreme corner pointseg(f) andend(f). beg(f)= (l1,1s,...,lx), where the fragment starts at
positionsly, ..., I In Sy ... Sk respectively, andnd(f)= (hi, he, ..., hx), where it ends at positions
hi,...,h; in S1... S, respectively; see Figure 2.1. With every fragmégntve associate a positive

weight f.weight € R. This weight can, for example, be the length of the fragmentdse of exact
fragments) or its statistical significance. In our systems, wge the fragment length as the defualt
fragment weight.

We also define two imaginary points= (0,...,0) (the origin) anct = (|S1],...,|Sk|) (the termi-
nus) as imaginary fragments with weightin some output files iICoCoNUT, the origin point might
be reported,; it is done for ease of computations.

The programCHAINERIs used on our system to compute significant chains of fraggndn case
of comparing genomic sequences, each chain correspondsetgoa of similarity among the given
genomes. In mapping cDNAS, each chain corresponds to thigoposhere each cDNA is mapped in
the genome and it gives a hint on the exon-intron structutieeofiene. In the following, we will handle
the more general chaining problem used for comparing gesoifieen we will handle variations of
it for another comparative genomic tasks, such as cDNA nmgpand detection of large-segmental
duplications.

2.2 The basic chaining problem

Definition 2.2.1 We define a binary relatiorc on the set of fragments by < f’ if and only if
end(f).x; < beg(f').x; forall 1 <i < k.If f < f/, we say thaff precedes’’.

Definition 2.2.2 A chainof colinear non-overlapping fragments (or chain for shm8 sequence of
fragmentsfi, fo, ..., fr such thatf; < fi;1 forall1 <i < ¢. Thescore of C'is

‘ -1
score(C) = Zfi-weight - Zg(fi-i-lv fi)

i=1 =1

whereg(f;+1, fi) is the cost of connecting fragmeyitto £, in the chain. We will call this cosgap
cost The gap cost implemented in the current versiolCbfAINERIs defined as follows. For two
fragmentsf < f/,

k
g(f' f) = beg(f").x; — end(f).z;]
=1

That is, the gap cost between two fragments is the distarteesba the end and start point of the two
fragments in the.; (rectilinear) metric.

Givenn weighted fragments from two or more genomes, the followiragpbfems can be defined:

e Theglobal chaining problenis to determine a chain of maximum score starting at the rofigi
and ending at terminus
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Figure 2.1: The fragments in (a) can be represented by (Hyymatangles in a space with dimension
equals the number of genomes, and each axis corresponds fgeanme, as shown in (b). Given a

set of fragments, an optimal global chain of colinear noarapping fragments (left figure) starts and
ends with two imaginary fragments of weight equals cbeandt.

(b) '

Such a chain will be calledptimal global chain Figure 2.1 shows a set of fragments and an
optimal global chain.

e Thelocal chaining problemis to determine a chain of maximum scaore0. Such a chain will
be calledoptimal local chain It is not necessary that this chain starts with the origirrmuls
with the terminus. Figure 2.2 shows a set of fragments angtimal local chain.

e Given a threshold’, theall significant local chains probleris to determine all chains of score
> T. Itis easy to see that the all significant local chains pmobie the generalization of the
local chaining problem.

In local chaining, some chains can share one or more fragnuambposing a cluster of fragments.
In the example of Figure 2.2, the local chaifis 3,6} and{1, 4,6} share the fragmerit and make
up a cluster of the fragmentd, 3,4,6}. The cluster{7,8,9} contains two local chain§7,8} and
{7,9}. To reduce the output size, we report the clusters and frarn easter we report a local chain
of highest score as a representative chain of this clushes.répresentative chain is a significant local
chain. In the example of this figure two chains are reporfédd, 6} and{7,8}. The fragmentq2}
and{5} in the figure are chains of one fragment. They would be regaftieir score is> T.

CHAINERuses technigues from computational geometry to solve thimicly problems. These tech-
niques are based amthogonal range search for maximumhich is implemented iICHAINERusing

an optimized version dfd-tree [4]. For more algorithmic aspects©@HAINERand these techniques,
see [1-3].

The user can constrain the gap length between the fragnvemits) is achieved by limiting the region
of the range queries. In other words, no two fragments carobeexcted in a chain if the number of
characters separating them exceeds a user-defined tltte$hd option prevents unrelated fragments
from extending the chain.



g, — i

°
7

@ ° (b) g

1

Figure 2.2: Computation of an optimal local chain of colinean-overlapping fragments. The op-
timal local chain is composed of the fragments 1, 4, and 6. |ot& chains{1, 3,6} and{1,4,6}
share the fragmentand make up a cluster of the fragmefits3,4,6}. The representative chain of
this cluster is the chaifil, 4,6}. The chain{7, 8} is a representative chain of the clus{&rs, 9}.

2.3 Variation: Chaining multi-chromosomal or draft genomes

A multi-chromosomal genome is a genome composed of multijlemosomes. Each chromosome is
represented by a string. A draft genome is not a single segugiring), but it is a set of subsequences
of the genome (substrings) called contigs. Both draft oitirsliromosomal genome are usually given
by multiple-fasta files. Comparing draft or multi-chromosal genomes is to find local chains such
that the chains are not crossing the borders between theggsdqohromosomes). This is because
two consecutive contigs (chromosomes) in the input file atenrcessarily adjacent to each other in
the genome. Therefore, we variate the local chaining praegdy limiting the region of the range
queries, to meet this requirement. Figure 2.3 shows an deamhpwo draft (or multi-chromosomal)
genomes compared to each other.

2.4 Variation: Chaining for cDNA mapping

Mapping cDNA/EST to a genomic sequence is to find the regianganomic sequence, from which

the cDNA/EST stems from. This is also a variation of the latalining problem, where (1) gap costs
are not considered (gaps correspond to non-coding intr@@sdverlaps between the fragments of a
chain are allowed. It was observed that the fragments ysaedlrlap at the exon-intron boundaries.

Allowing overlapping fragments in a chain (while subtragtthe amount of overlap from the objective

function) improves the chain coverage and reduces themgrime. More details about this algorithm

is given in [8].
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Figure 2.3: The contigs (chromosomes), c12 andc: 3 of the first draft (multi-chromosomal) genome
are compared to the contigs (chromosomgs)coo andcog of the second genome. The fragments of
each chain must come from only two contigs (chromosomaes),the chain cannot cross any border
between two contigs (chromosomes). The range maximum gsidirngited to contig (chromosome)
boundaries to satisfy this constraint.

2.5 \Variation: Chaining for finding repeats and large segmetal dupli-
cations

For repeat analysis, the fragments are of the type maxinpalated pairs. Formally, the substrings
Slly...h1] and Siy ... ho] correspond to a repeated pair whose first occurrence is imetjien

[l1 ... h1] and whose second occurrence is in the redign. . hy]. These fragments can also be
regarded as maximal exact matches obtained by comparingetieme to itself. The fragments can
also be represented in a 2D space such that:thend y-axis correspond to the same genome. To
avoid redundancy, we assume tlat< l», which also implies that; < ho. Figure 2.4 shows an
example of fragments and their 2D representation. The wftaadgorithm for handling repeats works
exactly like the algorithm for local chaining but with onetexconstraint. Lefz;..x,] and[y;..y,]

be the chain boundaries corresponding to the first and sesctutrence of the repeated segment.
Then, we restrict that,, < y;. In Figure 2.4 (a), we show a chain composed of the fragmgnts
and f> and f3. The fragmentf, cannot be appended to this chain because it would cause dapve
of the regions bounding the two occurrences of the repeatp&mdromic repeats, where the chain
is constructed from fragments from the positive strand &ednegative strand, this restriction is au-
tomatically satisfied. That is for palindromic repeats {oba we use the same algorithm for local
chaining.

2.6 The alignment step

The alignment step in our system is carried out by the progeadithainerandestchainer The former
is used for genomic sequences, and the latter is used for ¢BBIAsequences.

The programalichainer applies a standard dynamic programming algorithm betweemdgions of
the fragments of each chain. For two genomes, we use a buitide. For multiple genomes we use

11



(b) (©

Figure 2.4: (a) The fragments are repeated pairs and in €y)dte represented as if we compare the
genome to itself. (c) 2D plot of the fragments. Note that tfagments appear only in one octant
(the region bounded by the lines= 0 andy — x = 0), because we have the constraint that the first
occurrence of the repeat is before the second one.

a wrapper of the CLUSTALW program.

The programestchaineruses a variation of the dynamic programming algorithm tgrathe regions
between the fragments of a chaestchainettakes into account (1) the splice-site signals (the canon-
ical ones or those described by a Position Weight Matri@g],(2) the exon-intron structure.

2.7 Post-processing: finding syntenic regions

Two similar regions are called syntenic if they are dired¢titowing one another in the compared
genomes. LetBy,..., B; denote the regions of high similarity amoiggenomes. In the sequel,
we also call these regiordocks The blocks can be the chains output fr&@HAINERor, the chains
output fromalichainersuch that their alignments have percentage identitieseittated a user-defined
threshold, or as we will see, the chains obtained by a re@uc$iaining over the chains.

Letbeg(b;) andend(b;) denote the points whetg starts and ends in the given genomes, respectively.
Let w(b;) denote a function that assigns a weight to each block. Asutéfaour system we take

w(b;) = Zle(end(bi).wj — beg(bi).x;j).
The synteny determination problem is defined as follows:

Definition 2.7.1 Given the se3 = {by,...,b;} of local alignments, find a subsBt C B such that
the following two conditions hold:

1. Zyﬂ w(b;) is maximumyp; € B'.

2. For any two region®’,b” € B', V' [beg(V').z;..end(t').z;] N " [beg(b").x;..end(b”).z;] = 0,
for all dimensiondl < j < k.

This problem is known in the literature as the Maximum Indefsnt Set, which is NP-complete.
Therefore, we use a heuristic method to find a set of non-appithg blocks with score as high

12



as possible. For this purpose, we use 1D chaining algoriteratively w.r.t. each dimension. Let
B’ = {b1,...,b:} denote the blocks in an optimal 1D chain fréngenomes w.r.t. dimension;. The

score of this chain is
t

> (end(v)).x; — beg(b)).x;)

i

It is clear that after each iteratian done w.r.t. genome, no two blocks in the resulting chain are
overlapping in genome. Because we choose the chain with the highest possible,sserebtain
good solution to the problem. BoCoNUT the progranthainer2permutation.is an implementation
of this algorithm.

The programchainer2permutation.has some options and variations that are of practical use for
biological data. The program can filters out repeats, amavallittle overlapping between the blocks.
Filtering repeats is useful because some genomes are hagdiitive, and filtering repeats before the
1D chaining is useful to report better results. Allowing gaps in the chains aims at overcoming any
drawback in the method for determining the blocks. In otherds, the boundaries of the block might
be mistakenly flanked to the left or the right.

2.8 Post-processing: clustering cDNAs and finding repeategenes

In CoCoNUT the programestchainer2cluster is use to carry out this task. The program
detects repeated genes by inspecting if each cDNA has euttimins mapped to different loci in
the genomic sequences. It clusters the genes by colledirggpth loci, the genes mapped to it. This
module is straightforward and requires just to sort the wughains: once w.r.t. their number in the
cDNA file and once w.r.t. their position in the genome.

13



Chapter 3

Installation and system requirements

3.1 System requirements

e Linux-Unix operating system.
e Perl (at least version v5.8.1).
e Gnuplot (at least version 3.7), optional for producing ie®gf comparison results.

e TheVmatch package with the progranmsultimat andramaco (previously callednemspe),
available ativww.vmatch.de . (Be sure that youv¥match distribution contains the programs
mkrcidx ,vseqinfo ,mkvtree , andvsubseqselect ,as well.)

3.2 Installation

3.2.1 Pre-compiled version

The distributed version dEoCoNUTis the fileCoCoNUT.distrib.tar.gz . The distributed ver-
sion includes th&match andmultimat (the programramaco is distributed withmultimat) package
is pre-compiled for Linux 32bit, Linux 64bit machines, amd for MAC OS.

To haveCoCoNUTrunning, first decompress this file using the following comoha
> gzip -cd CoCoNUT.distrib.tar.gz | tar xvf -
The destination directory of the system is calledCoNUT.distrib . It is then recommended to

download the test data and put it in teCoNUTdirectory. Then run the test scripestScript.pl
to check your installation; see Subsection 3.2.3.

If there is a problem or you have another architectures, tfeadext section.

3.2.2 Another architecture or installation problem

If there is a problem or you have another architecture, tleoged as follows:

14



1. Decompress the fil€oCoNUT.distrib.tar.gz

2. Be sure you obtain the corredimatch package withmultimat and ramaco (including the
programs specified above). Note thathaco was previously callednemspe The following
versions are already tested wiloCoNUT

e Vmatch version 2.0, compiled in July 2007.
e multimat version 2.0 compiled in June 2007.
e ramaco (previously callednemspd version 2.0 compiled in June 2007.

Recent versions can be used provided that they have the s&inoé arguments and output
formats.

3. It is recommended to put the decompresStndatch and multimat packages in the direc-
tory bin . (Note thatramaco is distributed withmultimat). l.e., now we have the directories
bin/multimat.distrib andbin/vmatch.distribution within the CoCoNUTdi-
rectory; see Section 3.4 for more details aboutGlo€oNUTdirectory structure. Alternatively,
you can set theonfig file as explained in Section 3.3. Another easy way is as falow
In the distribution, you have the two filesonfig.i686-pc-linux-gnu-32-bit and
config.i686-apple-darwin-32-bit . Rename one of them to be callednfig , and
then reset the paths to thénatch andmultimat packages; see Section 3.4 for more details
about theconfig file. In the distributed version, we use symbolic links tordb the con-
fig file we would like to use over the machine we have. For exampk used the following
commands for the Linux version:

>rm -f config
>In -s config.i686-pc-linux-gnu-32-bit config

4. Be sure that your cc, gcc, and g++ compilers are propeshailed in your system

5. Gotothesrc directory, open thdlakefile , and set the variablRIACHINEOSBITS to the
path that matches your installed version. Do not forget toroent out or delete the two lines
MACHINEOSBITS=i686-pc-linux-gnu-32-bit and the lineMACHINEOSBITS=
i686-apple-darwin-32-bit . Note that this line should be in accordance with the con-
tent of the config file you use, see Section 3.3 for details ttha@uconfig file.

6. Inthesrc directory, run the following three commands

CoCoNUT.distrib/src> make clean
CoCoNUT.distrib/src> make
CoCoNUT.distrib/src> make install

The first command deletes the object files, which might notdmpatible with your machine,
the second builds the source code of @@CoNUTC/C++ programs, and the third program
copies the executables in the proper destination dir@gavithin thebin directory, which is
under theCoCoNUTdirectory.

7. Now move up to theCoCoNUTdirectory, install the test data in this directory, and rbe t
TestScript.pl to test your installation; see Subsection 3.2.3.
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For successful running, we recommend that you do not chdregditectory structure of the system.
Moreover,CoCoNUTmust be called while being in its directory.

The main program interfaceoconut.pl  exists in thecoconut directory. In addition, you will
find theconfig file, where you can specify the location of tienatch package, as will be explained
in Section 3.3.

64bit version

For 64bit machines, write open the Makedef file and replaeelitte "WORDSIZE=-m32" with
"WORDSIZE=-m64". Note that the line "WORDSIZE=-m32" is gihally commented out so that
you can use your default settings, and as it might cause garoblith some settings, please restore it
back if it matches your settings. To compile, run the thremmmands

CoCoNUT.distrib/src> make clean
CoCoNUT.distrib/src> make
CoCoNUT.distrib/src> make install

For further setting specific to your machine, you have to thditMakedef file in the source directory.

3.2.3 Testing Installation

Install the test data from theéoCoNUTweb site and decompress it in tB®CoNUTdirectory. Then
run the scripfTestScript.pl to test your installation.

Usage: TestScript.pl [options]+

-multiple --> test compare two or more finished genomes
-pairwise --> test compare two finished or draft genomes

-map --> test map a cdna library to a genomic sequence

-repeat  --> test find repeats in a genomic sequences

-all --> test all the CoCoNUT tasks

-V --> verbose mode, show intermediate steps
Example:

> TestScript.pl -all

This script checks the installed packages and runs the dgargjwen in Chapter 4. This might take
sometime, but it is a useful test. After the successful cetignt of the test, it is recommended to
open the output files in the destination directory and dishe output; see Chapter 4 for exploring
and testing alCoCoNUTfunctionalities.

Further compilation options

For any further compilation options you would like to use or &ny options to modify, edit the
Makedef file in the directorysrc , and recompile the sources using the three commands giose .ab
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3.3 The config file

The config file contains the paths for the programs neededhéosytstem. Below we show the default
config file. The lines separated By are comment lines. The line starting with “FRAGMENT="
specifies the path to thématch package. The line starting with “FRAGMENMULT” specifies the
path to the programsmaco andmultimat. Each specified directory should contain the associated
programs distributed withmultimat andramaco. The line starting with “CHAINING=" specifies the
path to the program€HAINER chainer2permutation,xand other programs for format transforma-
tion. The line starting with “ALIGN=bin/align” specifies ¢path to the prograrmalichainer.

# PATHS

#fragment generation directory for the program vmatch
FRAGMENT=bin/vmatch.distribution

#fragment generation directory for program multimal/rama co
FRAGMENT_MULT=bin/multimat_ramaco.distrib

#chaining directory
CHAINING=bin/chainer

#align directory
ALIGN=bin/align

3.4 Files and directory structure

The system has the following directory structure:

e bin : Thisdirectory contains the following four sub-direcesil)vmatch.distribution ,
2) multimat_ramaco.distrib , 3) chainer , and 4)align . The first one contains
programs from thé&/match . The second one contains programs from dhétimat/ramaco
package famaco was previously calleanemspe. Programs in both directory are used to
compute the fragments. Collectively, these programsrafecidx ,vseqinfo , mkvtree ,
multimat , ramaco , vmatch , and finallyvsubsegselect . These programs will be dis-
tributed according to a license wivw.vmatch.de . If Vmatch is already installed on your
system, we recommend that you copy these programs to thesgireetories. Otherwise, you
might carefully re-edit the config file. Trehainer directory contains th€HAINERprogram
for computing the chains and other programs for format foangation and post-processing.
Thealign directory contains programs for computing alignments @nctimaracter level given
the chains produced by the progr&@RAINER

¢ finalscripts . This directory contains Perl’s scripts for performing eteint comparative
genomic tasks. These scripts encapsulate the programs ibirth directory. This direc-
tory includes four sub-directorieccomp_finished , comp_pairwise , map_cdna, and
repeat . The first one includes scripts for comparing multiple fiedlgenomes. The second
includes scripts for comparing pairwise draft or finishedayaes. The third includes scripts
for mapping cDNA sequences. The fourth contains scriptsdpeat analysis.
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e src : This directory contains source code fGHAINER and the post-processing modules
align_cdna_mod (for aligning the cDNAs given chainsgdna_postprocessing (for
clustering cDNAs and reporting repeated genfis)l permutations (for computing syn-
tenic regions and filtering repeats in genomékgr_alignment (for filtering alignments
with score less than a certain threshold), and finalign_module_draft (for aligning
genomes given chains). The sources of\fheatch package are not included.

3.5 Testdata

Test data can be downloaded from the system web-page. Weshppbed some data to demonstrate
our system. In this manual we will assume that the test de¢gatdiry exists in th€oCoNUT.distrib
directory. The test data directory contains the followingctories:

e ecoli _shig : contains the three fasta fil®&&C.000913.fasta ,NCO007384.fasta ,and
NCO007613.fasta  containing the three bacterial genontescherichia coli Shigella sonnei
Ss046 andShigella boydii Sh22#espectively.

e chlamd : contains the three fileSE001273.fasta ,AE001363.fasta ,andAE002160.fasta
containing the three bacterial genom@klamydia trachomatisChlamydia pneumoniaeand
Chlamydia muridarumrespectively.

e draft : contains two directorieartificial andyeast The former contains the two files
NC_002745.fna.draft.shuffled andNC_003923.fna. draft.shuffled con-
taining shuffled contigs from the genom8saphylococcus aureus subsp. aureus Naad
Staphylococcus aureus subsp. aureus MVeBpectively. The latter directory contains the
two filesyeast _genome, which contains the finished multi-chromosomal genom8.afere-
visiae ands.paradoxus.scfld , which contains the 333 scaffolds of the draft genome of
S. paradoxugassembled from 832 contigs; see [5, 7]).

e cdna: contain the directonArabidposis , which contains the two filesdnal.seq and
chroml.seq . The first contains cDNA sequences frérmbidopsis thaliana The second is
Chromosome | of the Arabidopsis genome.

e repeat : contains the directonArabidposis , which contains Chromosome | of the Ara-
bidopsis genome.
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Chapter 4

CoCoNUT in a nutshell: Exploring the
main functions

The objective of this chapter is to test your installatiord 4o explore the main functionalities of
CoCoNUT We will briefly investigate some of the output files to asairthe correct installation. We
will use the program default estimated parameters, whightmot be the best. More on parameter
tuning is addressed in detail in the following sections.iéBy this is done by re-editing the parameter
file and passing it t€oCoNUT)

By calling CoCoNUTwithout parameters, you will obtain the following.
> coconut.pl

Usage: coconut.pl -task_name arguments

task_name: -multiple --> compare two or more finished genom es
-pairwise --> compare two finished or draft genomes
-map --> map a cdna library to a genomic sequence
-repeat  --> find repeats in a genomic sequences

To view arguments for each task, run coconut.pl with task_na me

Example:

> coconut.pl -multiple

This means that you have to specify the task you want to aciigimgnd pass in addition the argu-
ments and input data. In the following, we will explore theraimentioned four tasks.

4.1 Comparing finished genomes

4.1.1 Testdata

We use the three bacterial genon@damydia trachomatifAE001273.fasta ), Chlamydia pneu-
moniae(AE001363.fasta ), andChlamydia muridarunfAE002160.fasta ). (These are also in
the test data distributed withoCoNUT). We assume that these data are intdstdata/chlamd
directory within theCoCoNUTdirectory.
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4.1.2 Main options of CoOCoNUT
To see the main options of this task, run the following comdhan

> coconut.pl -multiple

Usage: perl coconut.pl -fp multimatframaco <Options> seq_ 1 seq_2 <seq_3> ... <seqg_k>
Arguments:

-fp . fragmnet generation prog. Specify either multimat or r amaco
Options:

-pr . parameter file (optional), if not given defaults are co mputed

-V . verbose mode, i.e., deisplay of the program steps

-forward : run the comparison for forward strands only

-align : compute alignment using clustalw

-plot : produce Postscript 2D plots of the chains

-plotali X : filter out alignments with idenetity < X (0< X <=1 ) and produce 2D plots

-indexname : specify the index if constructed
-useindex : do not construct index again

-usematch : do not compute matches again, this construct no i ndex
-usechain : use the computed chains and complete processing .

-usealign : use the computed alignments and complete proces sing

-prefix . specify a prefix name for the output files

-syntenic  : computes sysntenic regions by removing repeats and applying

1D chaining over all dimensions.

4.1.3 CallingCoCoNUT

To find similar regions in the three aforementioned genomesCoCoNUTas follows.

> coconut.pl -multiple -fp ramaco -v -plot -syntenic \\
testdata/chlamd/AE001273.fasta testdata/chlamd/AEQ02 160.fasta \\
testdata/chlamd/AE001363.fasta

The argumentmultiple specifies the task of comparing multiple genomes; the otfggpmaents
and options are specified as follows:

e The argumentfp ramaco specifies that the programmaco is used to generate the frag-
ments. This program generates fragments of the typemaie-MEMs

e The option-v (verbose mode) shows the intermediate steSafoNUT

e The option-plot produces Postscript 2D plots of the similar regions (chaifke produced
plots are projections of the chains with respect to all p@gevgenomes.

The parameters estimated (e.g., minimum fragment lengthireaximum gap between fragments) for
comparing these three genomes are stored in the autorhatgealerated filgparameters.auto

You can re-edit the paramters and pass this filEe@€oNUTand run the system again, starting from
the phase with the changed paramters using the optisematch ,usechain ,orusealign . For
more details about the format of the parameter file, see@e6tR. The other options are handled in
the tutorial of Chapter 5.
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4.1.4 Ouput files

The output files have the preffragment and they are stored in the directory of the first genome
(the prefix and the destination directory can be changed twéloption-prefix , as explained in
Section 5.1). As a result of the above options, the follovaagof files are generated.

e fragment.ppp, fragment.ppm, fragment.pmp, and fragmpemh, containing fragments @HAINER
format. The letter “p” in the extension corresponds to thsifpe (+) strand, and the letter
“m” corresponds to the negative-J strand. The file “fragment.ppp” contains fragments from
the positive strands of the three genomes. The file “fragmppnt’ contains fragments from
the positive strands of genomes 1 and 2 and the negativadstfagenome 3. The file “frag-
ment.pmp” contains fragments from the positive strandsemiognes 1 and 3 and the negative
strand of genome 2. The file “fragment.pmm” contains fragimémom the positive strand of
genomes 1 and the negative strands of genomes 2 and 3.

e *.ppp.chn, .ppm.chn, .pmp.chn, and *.pmm.chn files, stptime resulting chains from the
*.ppp, *.ppm,*. pmp and *.pmm fragment files.

e *.ppp.ccn, *.ppm.ccn, *.pmp.ccn, and *.pmm.ccn files, @mning the resulting chains for the
respective fragment files, but in compact form for plottingg., just the chain boundaries are
stored, not the fragments of the chains.

e *.dat and *.gp files, used for generating plots usgmyplot

e *.1x2.gp.ps, *.1x3.gp.ps, and *.2x3.gp.ps, postscrigsfitontaining the plot of the chain pro-
jection w.r.t. the first and second genome; the first and tggdome, the second; and third
genome, respectively.

e *.dat.syn.1x2.gp.ps, *.dat.syn.1x3.gp.ps, and *.dat2&y3.gp.ps, postscript files containing the
plot of the syntenic regions projection w.r.t. the first am¢and genome; the first and third
genome, the second; and third genome, respectively.

To visualize the output chain with respect to the first andsdagenome, run
> gv testdata/chlamd/fragment.mm.ccn.1x2.gp.ps

The other projections of the chain are in the filestdata/chlamd/fragment.mm.ccn.1x3.gp.ps
and testdata/chlamd/fragment.mm.ccn.2x3.gp.ps . Figure 4.1 shows the postscript
files for all the three projections.

To visualize the output syntenic regions with respect tditlseand second genome, run
> gv testdata/chlamd/fragment.mm.ccn.dat.syn.1x2.ps

The other projections of the syntenic regions are in the t¥es festdata/chlamd/fragment-
.mm.ccn.dat.syn.1x3.gp.ps andtestdata/chlamd/fragment.mm.ccn.dat.syn.2x3.-
gp.ps . Figure 4.2 shows the postscript files for all the three tiges.

Note that other files would have been generated, if more postessing steps had been chosen. For
example, the files containing the alignments on the nudeodivel have not yet been produced,
because no option for producing the alignment was set indhewand line.
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Figure 4.1: Comparison of the three bacterial genon@slamydia trachomatifAE001273.fasta ),
Chlamydia pneumonia@AE001363.fasta ), and Chlamydia muridarun{AE002160.fasta ). The up-
per left plot is a projection of the chains with respect to fingt (x-axis) and second genomes (y-axis). The
upper right plot is a projection of the chains with respedhifirst (x-axis) and third genomes (y-axis). The
lower plot is projection of the chains with respect to thesset(x-axis) and third genomes (y-axis). Red lines
are chains between strands with the same orientation aed {inres are chains between strands with different
orientations (inversion).

Producing alignment

To produce alignments on the nucleotide level, add the opdtign  to the aforementioned com-
mand line. The produced files would be *.ppp.chn.align, fpghn.align, *.pmp.chn.align, and
* pmm.chn.align files, storing the alignment of the respecthains on the nucleotide level. These
files are namely

testdata/chlamd/fragment.mm.pmm.chn.align
testdata/chlamd/fragment.mm.pmp.chn.align
testdata/chlamd/fragment.mm.ppm.chn.align
testdata/chlamd/fragment.mm.ppp.chn.align

Below is a snapshot of the alignment file, where we show thelasn in the alignment filestdata/-
chlamd/fragment.mm.ppp.chn.align . (Dots in the alignment refers to matching character with
that of the first sequence.) Details of the alignment file farma given in Section 5.5.

# Chain no. 113
# Contigs 1 1 1
# Boundaries: 84:1018109-1018192 84:1175861-1175944 84: 293512-293595
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Figure 4.2:The output 2D plots after using the syntenic option when canimg the three bacterial genomes

Chlamydia trachomatiGAE001273.fasta
muridarum(AE002160.fasta

), Chlamydia pneumonig&E001363.fasta
). The upper left plot is a projection of the syntenic regiaith respect to

), andChlamydia

the first (x-axis) and second genomes (y-axis). The uppht plpt is a projection of the syntenic region with
respect to the first (x-axis) and third genomes (y-axis). [bheer plot is projection of the syntenic region with
respect to the second (x-axis) and third genomes (y-ax&).liRes are regions between strands with the same
orientation and green lines are regions between strantigiifierent orientations (inversion).

50:1018109-1018158 50:1175861-1175910 50:293512-29356

3:1018159-1018161 3:1175911-1175913 3:293562-293564
Seq 1:_cgc

Seq 2:it.._

Seq 3:_t..

31:1018162-1018192 31:1175914-1175944 31:293565-29359

LT N g TR g T g gt 1S

Statistics:

Number of unaligned gaps: 0
Total Match length:

Seq: 1 :81

Seq: 2 :81

Seq: 3 81

Total aligned gap length:
Seq: 1 :3

Seq: 2 :3

Seq: 3 :3

Total unaligned gap length:
Seq: 1 :0

Seq: 2 :0

Seq: 3 :0

Total identity in aligned gaps: 1
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# Identity ratio of chain: 0.976190 0.976190 0.976190

If you could visualize the files and read the alignment fileenttyour installation for this task is
successful.

4.2 Comparing draft/ multi-chromosomal genomes

42.1 Testdata

We will compare the finished multi-chromosomal genomeSotcerevisiado the draft genome of
S. paradoxusThesS. cerevisiaeonsists of 16 chromosomes and the mitochondrial genoneze@
sion humbers are from NG01133 to NC001148 and N01224). TheS. paradoxusiraft genome
consists of 333 scaffolds from 832 contigs assembled in][5(The contigs are deposited in Gen-
bank with accession numbers from AABY01000001 to AABYO188®.) Both genomes are in the
test data distributed witGoCoNUTand reside in the directorgstdata/draft/yeast . The file
containing theS. cerevisiagenome is callegeast _genome, and the file containing th8. para-
doxusdraft genome is called.paradoxus.scfld . As stated in the previous section, we assume
that the test data are in thestdata/  directory within theCoCoNUTdirectory.

4.2.2 Main options of CoOCoNUT
To see the main options of this task, run the following comdhan

> coconut.pl -pairwise

Usage: perl coconut.pl <Options> seq_1 seq_2

Options:
-pr . parameter file (optional), if not given defaults are co mputed
-V : verbose mode, i.e., deisplay of the program steps
-forward . run the comparison for forward strands only
-align : compute alignment using clustalw
-plot . produce Postscript 2D plots of the chains
-plotali X : filter out alignments with idenetity < X (0< X <=1 ) and produce 2D plots

-indexname : specify the index, if constructed
-useindex : do not construct index again

-usematch : do not compute matches again, this construct no i ndex
-usechain : use the computed chains and complete processing

-usealign : use the computed alignments and complete proces sing

-prefix . specify a prefix name for the output files

-syntenic : computes sysntenic regions by removing repeats and applying

1D chaining over all dimensions.

4.2.3 CallingCoCoNUT

> coconut.pl -pairwise testdata/draft/yeast/yeast geno me
testdata/draft/yeast/s.paradoxus.scfld -plot -v -align -syntenic
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Figure 4.3: Comparison of the finished multi-chromosongal cerevisiagx-axis) and the draft genonts.
paradoxugy-axis). Red lines are chains between strands with the saimetation and green lines are chains
between strands with different orientations (inversion).

The argumentsv , -plot ,-align , are as defined before in Sections 4.1,-ve for verbose mode,
-plot  for producing 2D postscript plot, ardlign  for producing alignment on the character level.

The parameters estimated (e.g., minimum fragment lengthireaximum gap between fragments) for
comparing these three genomes are stored in the autorhagealerated filgparameters.auto

You can re-edit the paramters and pass this filEe@€oNUTand run the system again, starting from
the phase with the changed paramters using the optisesatch ,usechain ,orusealign . For
more details about the format of the parameter file, see@e6tl. The other options are handled in
the tutorial of Chapter 6.

4.2.4 Output files

We have the same types of output files as mentioned in thegqueBection. In addition, we have
the extrax.ctg files which report coordinates relative to the contig/chosome along with the
contig/chromosome number, and we have some more intertediilies needed for completing the
processing pipeline.

To visualize the output chain with respect to the first andsdagenome, run
> gv testdata/draft/yeast/fragment.mm.ccn.1x2.gp.ps

The resulting chains are plotted in the fidstdata/draft/yeast/fragment.mm.ccn.1x2.gp.ps ;
see Figure 4.3 (left).

To visualize the output syntenic regions with respect tditlseand second genome, run
> gv testdata/draft/yeast/fragment.mm.ccn.dat.syn.1x2 .ps

Figure 4.3 (right) shows the postscript files for the reagltiegions.

Below is a snapshot of the alignment fitstdata/draft/yeast/fragment.mm.pp.chn.align
where we show its header and part of the first chain. (Dotsaralignment refers to matching charac-
ter with that of the first sequence.) Details of the alignnfidé@format is given in Section 5.5. For the
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alignment output, the user can choose to report coordimgttesr w.r.t. the concatenated sequences or
w.r.t. each contig/chromosome.

# Number of genomes: 2

# Seq 1: testdata/draft/yeast/yeast_genome

# Seq 2: testdata/draft/yeast/s.paradoxus.scfld

# Chain file: testdata/draft/yeast/fragment.mm.pp.chn. ordered
# Orientation: + +

# Chain display options: palindrome, absolute positions

# Chain no. 1

# Contigs 1 1

# Boundaries: 538:1677-2214 530:2824130-2824659

28:1677-1704 28:2824130-2824157
97:1705-1801 88:2824158-2824245

Seq 1. TACGGTATTTATATCATCAAAAAAAAGTAGTTTTTTTATTTTATGTTCGTTAATTTT 60
Seq 2A. T e Coieeee e . o C

Seq 1:CAATTTCTATGGAAACCCGTTCGTAAAATTGGCGTTT
Seq 2.....G....... G.TTTA... .. ...CC

46:1802-1847 46:2824246-2824291
1:1848-1848 1:2824292-2824292
Seq 1.G

Seq 2:A

35:1849-1883 35:2824293-2824327
28:1884-1911 28:2824328-2824355

Seq 1:AACACCGGTGATCATTCTGGTCACTTGG
Seq 2T, G....A

If you could visualize the files and read the alignment filenttyour installation for this task is
successful.

4.3 Repeat analysis

4.3.1 Testdata

Our test data is the Arabidopsis chromosome I. The sequderds Gialledchrl.fasta in the test
data distributed witliCoCoNUT), and we assume it resides in the directimstdata/repeat/Arabidposis
within the CoCoNUTdirectory.

4.3.2 Main options of CoOCoNUT
To see the main options of this task, run the following comdhan

> coconut.pl -repeat
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Usage: frepeats.pl <Options> input_seq

Options:
-pr . parameter file (optional), if not given defaults are co mputed
-V . verbose mode, i.e., deisplay of the program steps
-forward : run the comparison for forward strands only
-align : compute alignment
-plot . produce Postscript 2D plots of the chains
-plotali X : filter out alignments with idenetity < X (0< X <=1 ) and produce 2D plots

-indexname : specify the index if constructed
-useindex : do not construct index again

-usematch : do not compute matches again, this construct no i ndex
-usechain : use the computed chains and complete processing

-usealign : use the computed alignments and complete proces sing

-prefix . specify a prefix name for the output files

-sysntenic : computes sysntenic regions by removing repeat s and applying

1D chaining over all dimensions.

4.3.3 CallingCoCoNUT
CoCoNUTis called as follows:

> coconut.pl -repeat testdata/repeat/Arabidposis/chrl. fasta -v \
-plot -align -syntenic

The argumentsv , -plot , -align , are as defined before in Sections 4.1,-ve for verbose mode,
-plot  for producing 2D postscript plot, ardlign  for producing alignment on the character level.

The parameters estimated (e.g., minimum fragment lengthyreaximum gap between fragments) for
comparing these three genomes are stored in the autorhatiealerated filgparameters.auto

You can re-edit the paramters and pass this fil€Edé@€oNUTand run the system again, starting from
the phase with the changed paramters using the optisssatch ,usechain ,orusealign . For
more details about the format of the parameter file, see@e¢tR. The other options are handled in
the tutorial of Chapter 7.

4.3.4 Output files

We have the same types of output files as in Section 4.1. Thisdause finding repeated regions can
be regarded as comparing the sequence to itself.

To visualize the resulting 2D plot, run
> gv testdata/repeat/Arabidposis/fragment.mm.ccn.1x2. gp.ps

The resulting chains are plotted in the filstdata/repeat/Arabidposis/fragment.mm.ccn.1x2.gp. ps;
see Figure 4.4 (right).

To visualize the output syntenic regions, run
> gv testdata/repeat/Arabidposis/fragment.mm.ccn.dat. syn.1x2.ps

Note that the reported are repeats with just one copy. Repatt more than one copy are filtered
out.
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Figure 4.4:The chains corresponding to the repeated regions in theidapsis chromosome 1. The andy- axis are
for the same chromosome. Note that the area above the ugmamail is the one containing chains. The other area is not
plotted because it is symmetric to the first one.

Figure 4.4 (left) shows the postscript files for the resgltiegions. The large genomic regions are now
much more clearer on the upper-right corner of the plot. Nlwiea more refined strategy including a
second chaining step is handled in Chapter 7.

The alignment file looks like the one in Section 4.2. If you Idovisualize the files and read the
alignment file, then your installation for this task is sussfal.

4.4 cDNA mapping

441 Testdata

We use theé\. thalianachromosome 1 and a databaséothalianacDNAs. These example sequences
are distributed wittCoCoNUTtest data, and we assume they reside in the diretdstgdata/cdna/Arabidposi
under the nameshroml1.seq andcdna.seq , respectively.

4.4.2 Main options of CoOCoNUT
To see the main options of this task, run the following comdhan

> coconut.pl -map

Usage: perl coconut.pl <Options> -cdna cdna_database -gdn a genome_seq
Options:
-pr . parameter file (optional), if not given defaults are co mputed
-V . verbose mode, i.e., deisplay of the program steps
-forward : run the comparison for forward strands only
-align : compute alignment using clustalw
-plot : produce Postscript 2D plots of the chains
-plotali X : filter out alignments with idenetity < X (0< X <=1 ) and produce 2D plots
-indexname : specify the index if constructed
-useindex : do not construct index again
-usematch : do not compute matches again, this construct no i ndex
-usechain : use the computed chains and complete processing
-usealign . use the computed alignments and complete proces sing
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-prefix . specify a prefix name for the output files

-0 [chainer|
blast] : specify output format (chainer|blast), chainer fo rmat is default
-cluster : Find cluster of genes mapped to the same locus, and report

repeated genes

4.4.3 CallingCoCoNUT

> coconut.pl -map -cdna testdata/cdna/Arabidposis/cdnal .seq -gdna
testdata/cdna/Arabidposis/chroml.seq -v -plot -align -0 blast

The parameters estimated (e.g., minimum fragment lengthireaximum gap between fragments) for
comparing these three genomes are stored in the autorhatiealerated filgparameters.auto

You can re-edit the paramters and pass this fil€Edé@€oNUTand run the system again, starting from
the phase with the changed paramters using the optisssatch ,usechain ,orusealign . For
more details about the format of the parameter file, see@e8tR. The other options are handled in
the tutorial of Chapter 8.

4.4.4 Output files

We basically have the same files as described in Section 4tk tNat some files have not yet been
produced, because the respective options are not set. &ompdx, a cluster file, which clusters the
cDNAs mapped to the same genome location, is not produced;sapter 8 for more details.

To visualize the resulting 2D plot, run

> gv testdata/cdna/Arabidposis/fragment.mm.ccn.1x2.gp .ps

The resulting chains are plotted in the fidedata/repeat/Arabidposis/fragment.mm.ccn.1x2.gp. ps |
see Figure 4.5.

Here is a snapshot of the resulting alignment file (includimg header) in BLAST format. Dots in
the alignment refers to matching character with that of tfe $iequence. For each exon, we write the
starting and end positions in the respective cDNA and in gregic sequence.

# Chain file : testdata/cdna/Arabidposis/fragment.mm.pp .chn.ctg.ordered
# Genome file: testdata/cdna/Arabidposis/chroml.seq
# cDNA file : testdata/cdna/Arabidposis/cdnal.seq

#**************

# Chain no.: 1

# AT1G08520.1, id: 1

# cDNA length: 2548

# Identity: 2548 = 100%

Exon 0O: cDNA:0-398, gDNA:2696414-2696812

GCAATCAGGAAAGGATGACGAGACAAAAGATAGAGAAGCAAAAGY PMERTTT T 59
............................................................ 2696473

GATACAGTAGAAAATACTATCTCTTAACTTCTTCTTCTTCTTCTTCTICOTATCT 119
............................................................ 2696533
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Figure 4.5:The plot of the mapped Arabidopsis cDNAg-éxis), and the first Arabidopsis genomgedxis). Left: The
mapped chains. The range of theaxis is the whole cDNA length, and the position of a cDNA & psition w.r.t. the
whole database, i.e., w.r.t. the concatenated cDNA segsgenc

TTGAAAATGGCGATGACTCCGGTCGCGTCATCATCTCCAGTTTCAEZCT®TITT 179
............................................................ 2696593

CGCTGCAATCTCCTCCCTGATCTCTTACCTAAGCCTCTGTTTCTCTCCBABCGA 239
............................................................ 2696653

AACAGAATTGCCTCGTGCCGCTTCACTGTACGTGCCTCCGCGAAGECGABTCC 299
............................................................ 2696713

CCTAACGGTGTCCCTGCCTCCACATCAGATACGGATACGGAGACEBGNTRICIAT 359
............................................................ 2696773

Here is a snapshot of the alignment file (including the hedddhe chainer format.

# Chain file : testdata/cdna/Arabidposis/fragment.mm.pp .chn.ctg.ordered
# Genome file: testdata/cdna/Arabidposis/chroml.seq
# cDNA file : testdata/cdna/Arabidposis/cdnal.seq

#**************

# Chain no.: 1

# AT1G08520.1, id: 1

# cDNA length: 2548

# Identity: 2548 = 100%

[0, 398] [2696414, 2696812
[399, 577] [2697017, 2697195]
[578, 662] [2697285, 2697369
[663, 979] [2697455, 2697771]
[980, 1103] [2697874, 2697997]
[1104, 1196] [2698113, 2698205]
[1197, 1292] [2698629, 2698724]
[1293, 1436] [2698973, 2699116]
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[1437, 1643] [2699196, 2699402]
[1644, 1799] [2699469, 2699624]
[1800, 1907] [2699815, 2699922]
[1908, 2042] [2700023, 2700157
[2043, 2201] [2700257, 2700415]
[2202, 2322] [2700520, 2700640]
[2323, 2547] [2700736, 2700960]

The tail of the alignment file contains statistics about tbaat/acceptor profil matrix based on the
splice alignment, the di-nucleotide frequency at the spéight and histogram of the aligned chain
coverage.

If you could visualize the files and read the alignment filenttyour installation for this task is
successful.
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Chapter 5

Comparison of finished genomes

In this chapter, we discuss the comparison of finished gesorRer single-chromosomal genomes,
each genome must be given as a single fasta file. Multi-chsomal genomes should be compared
by all pairwise comparison of chromosomes, where each absome is given as a single fasta file.
Figure 5.1 summarizes the task of comparing multiple gesoméheCoCoNUTsystem. The input
to the system is a set of genomic sequences. The basic stepdrdany comparison are fragment
generation and chaining. After running these two phasesgbiecan finish the comparison or proceed
to (1) visualize the resulting chains by producing 2D pl¢23,perform an alignment on the character
level for each chain, (3) compute syntenic regions, or (4jope a second chaining step over the
produced chains. Then use these results to compute agasgritenic regions and plot the chains.

After computing the alignment, the regions of low sequedesiity are filtered out. Then itis possible
to detect the syntenic regions or perform a second chainémm s

For repeating some parts of the comparison with differerdpaters, the user can re-start the com-
parison at four points: (1) after the index generation, (Brahe fragment generation, (3) after the
first chaining, and (4) after finishing the alignment. Forrapée, if the user already computed the
fragments, and computed the chains, then he could run tpenadint program later using the already
computed fragments and chains. He can also repeat this gtedifferent parameters.

5.1 Calling CoCoNUT

The programCoCoNUTis called as follows:

> coconut.pl -multiple -fpmultimat|ramaco [option§ genome; ... genomey,

Here is a description of the options:

-multiple
Specifies the task of comparing two or more finished genomes.

-fp - multimagramaco
The user must specify whether the programltimat or ramaco is used for generating the

fragments.
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> gi genome 1
GCCGCGCGT Input genomes
CGGT

CG..

Fragment Generation Phase
Construct Index

(.p[p|m]+) | Compute Fragments|
Chaining Phase
(.chn, .ccn, .stc) Chaining

use index & proceed

use fragments & proceed

use chains & proceed

Post-processing Phase l ‘ l
(-ps) ‘ 2D Plots ‘ ‘ Alignment ‘ ‘ Synteny & Repeat filter ‘ (.syn)
(-align)
Filter alignment with 2D Plots (.syn*.ps)
identity < T

(.align.filtered, .chn.filtered,

.cen filtered, .stc) use alignment & proceed

2D Plots ‘ ‘ Synteny & Repeat filter ‘ (filtered.s;

(filtered*.ps)
2D Plots (-filtered.syn*.ps)

Recursive Chaining

Chaining

}

2D Plots Synteny & Repeat filter

2D Plots

Figure 5.1:A flow chart for the task of comparing multiple genomes. Therusn repeat the comparison starting from
the four pointsuse index, use fragment, use alignment, and use @rairproceed further in the comparison. The brackets
beside each box enclose the file extensions produced by tgh s

-pr parameter file
Specifies the parameter file containing the parameters ofythiem. This file is generated
automatically, if no file is specified. All the options, extémr -v and-plot , are functionless
if a parameter is specified. That is, the options in the paraniile dominate. The format of
the parameter file is given in Section 5.2.

-forward
run the comparison for forward strands only. This optionuisctionless if a parameter file is
given. Restricting the processing to the forward strang @nhchieved by deleting the option
-p from the fragment line in the parameter file.

-plot
produce Postscript 2D plots of the chains. For multiple gees the plots are projections of
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the chains w.r.t. each pair of genomes.

-align
compute an alignment on the character level for the homoisgegions.

-plotali filter value0 < 7 <1
filter out alignments with percentage identityr and produce 2D plots.

-syntenic
compute syntenic regions. This option is based on a progerdladchainer2permutation,x
which first removes repeats and applying 1D chaining ovetimiensions. As default, regions
overlapping with at least0% of their length are filtered out as repeats. Moreover, itlssd
that a fragment can overlap with the successive one in a 1ih ehigh at most20% of its
length.

-useindex
do not construct the index again. This option is useful if ogeeats the comparison with
different fragment parameters. Also, with the programmaco, one can compare the indexed
genome to another genomes without re-constructing thexinde

-indexname
specify the index, if constructed. This option is useful$e indices that are already constructed,
and stored somewhere in your system.

-usematch
do not compute the fragments again. With this option thetcoo®d index is used again.

-usechain
use the computed chains and proceed in processing.

-usealign
use the computed alignments and proceed in processing.

-prefix  prefix name
specify a prefix name for the output files. This prefix name khimelude the destination path,
otherwise the resulting files will be in tieoCoNUTdirectory. If this option is not set, then the
default prefix for the index itndex and for the fragments and post-processinfgagment
The resulting files will be stored in the directory in whicketfirst input genome resides.

verbose mode, i.e., display of the program steps.

5.2 The parameter file

The parameter file contains parameters for each step in thparison. The parameter file, if not
specified, is automatically generated with parametermas#id statistically. Below is an example of
a parameter file for the programultimat. The lines separated b are comment lines. The line
starting with “FRAGMENT=" specifies the parameters passethé fragment generation programs
multimat/ramaco. The line starting “CHAINING=" specifies the parameters gmkto the chaining
programCHAINER The lines starting with “ALIGN=" specifies parameters pak$o the program
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alichainer used to generate the alignment. Finally the line “SYNTENspécifies the parameters
passed to the progranhainer2permutation.xhat determines syntenic regions and reports permuta-
tions. In the remaining part of this chapter, we handle eddhase parameters in detail along with
the respective program implementing it.

FRAGMENT= -p -d -v -I 20

CHAINING= -I -chainerformat -lw 7 -gc 100 -length 40
ALIGN= -palindrome

SYNTENY= -overlapl 0.2 -filterrep 0.7

5.3 The fragment generation phase

There are two fragment generation programs that can be ubed womparing multiple finished
genomes:multimat and ramaco. While multimat is based on an index constructed for all the se-
guencesramaco constructs the index for the first sequence and takes the stlgeiences as queries.
(In CoCoNUT we assume that the user inputs the shortest sequenceTfrstrareness value must be
set inramaco, but it is optional to do so imultimat.

In the parameter file, the line starting with “FRAGMENT=" gjifees the parameters passed to the
multimat/ramaco program. The parameters fotultimat are

A/
to specify the minimum fragment length, i.e., generaterfragts with length at leagt

to generate fragments for the positive strands only,

to generate fragments between all the positive and negatremds. If there are multiple
genomes, then fragments from all combinations betweendbiiye and negative strands are
computed. For example, let “p” and “m” denote a positive andegative strand, respec-
tively. For three genomes, we have fragments from the caatibims “ppp”, “ppm”, “pmp”,
and “pmm”.

verbose mode, where some more details are stored in thetoogich file.

To restrict the processing to the forward strand only, omeishdelete the optiorp from the fragment
line.

Another important parameter fenultimat is the option “-unitolr”. This option generatesulti-
MEMssuch that the substrings comprising the match appear attwdsimes in one of the sequences
(of course the substring appears at least once in each sjudVithr = 0, the reported matches are
multi-MUMs For two sequences, these are the well-known MUMs.

Forramaco, we write just the minimum fragment length and the rarenafisey which is equivalent to
-unitol . The following is an example showing how to write the fragtearameters when using
the progranramaco.
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FRAGMENT= 20 5
CHAINING= -l -chainerformat -lw 27 -gc 500 -length 40

For the automatically generated parameter file, the “-lindption and the rareness value is set to
five.

5.3.1 The fragment generation parameters

Now, we discuss some issues about setting the parametdrs fsthgment generation phase.

The minimum fragment length The default minimum fragment length is estimated using a sta
tistical model, which is suitable in average for all comparis. However, for closely related se-
gquences, the minimum fragment length can be increased,cid generating redundant fragments
and unnecessarily increase the comparison time. For tistahated sequences, the minimum frag-
ment length should be decreased as much as possible to edhgv sensitivity. Thus, we sug-
gest you first run the system with the default parameteressnjou know that the sequences are
closely related. Then you can reduce the minimum fragmenmgtihein the generated parameter
file, which is calledparameters.auto . Afterwards, you run the system again using the option
“-pr parameters.auto ”, which sets the parameter file option. This procedure carepeated
until no improvement is observed.

The rareness value: On the one hand, using the rareness options makes it possihksign the
minimum fragment length parameter a value less than the etneithout the rareness value, which
is useful when detecting syntenic regions of highly divatgéut less repetitive, genomes. On the
other hand, setting these options should be done with soree This is because homologous regions
repeated more thantimes will not be detected.

5.3.2 The choice of the fragment generation program

To conclude this issue, Figure 5.2 shows a flowchart to hedputter to make a decision whether
multimat or ramaco should be used. The progratamaco is basically designed for ramaulti-MEMS
and it has two interesting features:

1. The index is constructed for only one sequence, and ther abhquences are sequentially
matched as queries against this index to compute the fragmdihis feature enables one to
run large scale comparisons with minimal memory requirdmevioreover, the constructed
indices can be used later for comparison with other genomespnnection with the option
-useindex of CoCoNUT

2. The intermediate comparison results can be stored sdhibdtagment generation between a
new genome and already processed genomes can be done witheating the whole experi-
ment. For example, if we compare two genomes, gagnd go, then the index is constructed
for g1 and some intermediate information will be stored when guagry.. If a third genome
is to be compared tg; andgs, then the intermediate information can be used to gendnate t
fragments between the three genomes. l.e., we save cdirgirtite index ofg; and querying
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multimat
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Figure 5.2:A flow chart to decide if to usenultimat or ramaco.

g2 again. This feature is not implemented@oCoNUT but the user can make use of it (by
editing some external script) and then @@CoNUTto further process the resulting fragments;
see the manual ohmaco for more details about this feature.

5.4 The chaining parameters, and the progranCHAINER

The chaining step in thEoCoNUTsystem is performed using the progr&HAINER In this chapter
we discuss the parameters related to the comparison ofpteutienomic sequences. In the above
example of the parameter file, the line starting with “CHANG=" specifies the parameters passed
to this program. These parameters are

-1 local chaining
to solve the local chaining program. The gap cost betweefrdigenents in a local chain is the
L distance between the start and end points of the fragments.

-chainerformat
to report the resulting chains GHAINERformat. The resulting chain files have extension
“.chn”. For chains computed w.r.t. the reverse compleméahg sequence, the coordinates are
given w.r.t. the reverse complement sequen€adAINERcan report output in another table-
wise format with extensior.dbf . However, in theCoCoNUTsystem we use theHAINER
format for the following phases of the system. In other woifli is required to produce only
chains without visualization and post-processing, oneusanthe default format or report to
the stdout with the option “-stdout”; see t#HAINERmManual for more details about the other
formats.

-gc gap constraint
specifies the maximurgap length allowed between two fragments in the chain. For exeamp
-gc 300 imposes that the start and end point of two fragméhemnd f;; in a local chain are
not separated by a distance larger than 300 bp in any gen@mésg( fi+1).z, —end(f;).x, <
300 for every genomé® < r < k.

-w multiplying factor
multiplies the weight of every fragment by a numerical valand uses the result as the weight
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of the fragment. The valuécan be a non-integer value. The default value/far1 for global
chains without gap costs and for cONA/EST mapping, whilesit( otherwise. Using this
option is essential for finding homologous regions of redusequence conservation. In other
words, to connect fragments with larger gap distances.

-length average chain length
specifies the minimum average chain length. Fgenomes and a chain starting with fragment
f and ending with fragmenf’, the average chain length is

k

Z(end(f’).wi — start(f).xz;)

=1
For examples;length 50 vyields all representative local chains whose averageheadgrger
than or equal to 50.

=

Other options ofCHAINERthat can be used with option “-I” include the following:

-s score
Specify the minimunscoreof the reported chains; the default value is zero. For exampl
500 yields all representative local chains whose score is talga or equal to 500.

-perc percentage
reports chains whose minimum score is higher than a pegemtathe highest score of a local
chain. For examplejperc 80 reports all chains whose score is at least 80% of the highest
score of a local chain. Note that we take the maximum of thepgrametersperc and-s if
both are set to different values.

-d chain size
specifies thehain sizei.e., the minimum number of fragments in a reported chain.

-cluster  cluster file
reports cluster of chains in a cluster file; S@dAINERmanual for details.

-stdout  standard output
Output the chains to the standard output. The chains aretegpm table format; see the
CHAINERmanual for more details. The default outputGHAINERIs to store the chains in
table-format in a file with extensiobf . But for CoCoNUT, we adopt th&€CHAINERformat.

See theCHAINERmManual (distibuted witlCoCoNUTmanual) for more details about these and other
options.

5.4.1 The input and output files for the chaining step

The fragment file produced by the fragment generation progsdirst transformed to thEHAINER
format. Below is an example of a fragment file for three germmeCHAINERformat. The first
line is a header line containing the keywor@HA 3and specifying the number of genomes. Each
fragment starts with the charact#r which is followed by the fragment weight. As default in our
system, the fragment weight is its length. TiHebracket encloses the start and end positions of the
fragment in the* genome. For example, the first fragment in this file startoaitipn 225137 and
ends at position 225150 in the second genome.
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>CHA 3
#14

[938654,938667] [225137,225150] [214465,214478]
#14

[862792,862805] [437801,437814] [138894,138907]
#14

[1041684,1041697] [949290,949303] [317847,317860]

The format transformation step includes also a classifinadf the fragments w.r.t. the DNA strand.
Let the set of stringg[m|p]*~! of lengthk denote the combinations of all comparisons involving pos-
itive and negative strands férgenomes, wherg andm stand for the positive and negative strands,
respectively. For example, if we have three genomes, thdrawethe stringgspp, ppm, pmp, pmm.
The stringppp stands for comparing the three positive strands of all tmoges, and the stringmyp
corresponds to the comparison among the positive strarftedirst genome, the negative strand of
the second genome, and the positive strand of the third gené&ssume the fragment file generated
by the fragment generation program is calfedgment , then the resulting files after the trans-
formation have the extensiongm|p]*~!. For three genomes, we have the fifemgment.ppp
fragment.ppm ,fragment.pmp ,andfragment.pmm

In the transformation step, it is also assured for a fragrfrent some negative strands that the coor-
dinates in the negative strands are given w.r.t. the negatiands. (Note that the coordinates output
from multimat andramaco are w.r.t. the positive strand only.)

The chaining step is done for each of the files output from thesformation program separately.
That is, for the three genomes in the example given above;hhming step is performed for each
one of the four files separately. The output of the chainieg #cludes, for each combination, the
following set of files:

e chain fileswith extension*.chn : These files contain the computed chains. For the three
genomes in the example given above, we have as output thefrilgsent.ppp.chn ,
fragment.ppm.chn | fragment.pmp.chn |, andfragment.pmm.chn . Below is an
example of a chain file for three genomes containing two @hain

>CHA 3

#4527.000000

[1018162,1018192] [1175914,1175944] [293565,293595] 18 00
[1018109,1018158] [1175861,1175910] [293512,293561] 23 78
#2172.000000

[1016423,1016436] [1174342,1174355] [291826,291839] 97 1
[1016318,1016331] [1174237,1174250] [291721,291734] 18 71
[1015908,1015927] [1173827,1173846] [291311,291330] 20 34
[1015863,1015880] [1173782,1173799] [291266,291283] 17 44

The first line is a header line containing the keywor@HA 3 specifying the number of
genomes. Each chain starts with the chara#tewhich is followed by the chain score. The
fragments composing the chain are written in the followings in a descending order. At the
end of the line defining the fragment, the fragment id. (numimethe fragment file is given.

e compact chain filesvith extension+.ccn : These files contain chain files but in a compact
form. That is, the chain boundaries are given without thgrfrants of each chain. For the
above chain file, the compact chain file is
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>CHA 3

#4527.000000

[1018109,1018192] [1175861,1175944] [293512,293595]
#2172.000000

[1015863,1016436] [1173782,1174355] [291266,291839]

For the three genomes example given above, we have as dugdiiesfragment.ppp.ccn ,
fragment.ppm.ccn  ,fragment.pmp.ccn , andfragment.pmm.ccn

o statistics fileswith extensior+ .stc : This file contains statistics about the chaining task. Here
is an example of a statistics file

3 3041 262 14
1041888 1229966 1069216
# no. of chains: 112

The numbers from left to right in the first line are number ohgmes, number of fragments,
maximum fragment length, and minimum fragment length. Thmipers in the second line
are the maximum end positions of the fragments in each gendrhe third line stores the
number of computed chains. For the three genomes exampa gilvove, we have as out-
put the filesfragment.ppp.stc , fragment.ppm.stc , fragment.pmp.stc , and
fragment.pmm.stc

5.4.2 The chaining parameters and the recursive chaining djpn

Now, we discuss two issues regarding the chaining step: maming parameters, and the recursive
chaining.

The chaining parameters

The most important parameters that affect the sensitivity specificity of the procedure are (1) the
multiplying factorl,, and (2) the gap constraigt.

The multiplying factor should be adjusted in connectionhvitie gap constraint, and the minimum
fragment length parameter. As we mentioned before, theesifax chainC' is

t -1
score(C) = Zfi.length - Zg(fi-i-la i)

i=1 i=1

A significant chain should have score larger than zero. Wighnbultiplication factor, the chain score

IS
t -1

score(C) = le x filength — Zg(fi+1, fi)>0

i=1 =1

Assume, in the worst case, that a chain has only two fragmgnend f» and assume that both
fragments has the minimum fragment lengtfror theL; metric,g(f1, f2) = Ele(fg.xi—fl.mi) =
k x ge, and we have

2Xlyxl—kxgec>0
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For automatically generated files, we get= 500 for two genomes, angc = 1000 for more than
two genomes. We then use the above formula to comipute

Note that this is the worst case for a chain in our programabee a similar region usually has a chain
of multiple fragments.

Recursive chaining

In CoCoNUT we can callCHAINERIteratively to chain the produced chains, or to chain therit
chains. In other words, the user can directly carry out arsgcbaining step over the resulting chains,
or he can first compute detailed alignment over the chainshercharacter level then carry out a
second chaining. . The optieplotali 7 should be set to filter out chains whose alignment has
percentage identityc 7. The first chaining step is basically to find locally alignesjions. The
second chaining step can be used to help identifying symtegions automatically. To have a second
chaining step, one should edit a second chaining commarteeiohain file. CHAINERhas a special
option for this task calledneighbor . This option requires just to specify the gap constraimigesi
the multiplying factor is forced to b, = 1, and the gap cost functigy f, f’) is the constant function
zero. Thatis, this option works as if we cluster the fragrmdéised on their neighborhood. The choice
of the gap constraint parameter with the optiaeighbor is up to the user, and it is actually very
dependent on the evolutionary distance between the genofkesording to our experiments, we
observed that for closely related bacteria, the numbemiidse range 10 to 50 Kbp. For a comparison
of the human genome with the mouse genome, it is between 1 to@ What is, we recommend that
the user runs this step with different parameters. Notetkiwtiser can use the optionssechain

to just perform this step without repeating the steps of hmarison from the beginning, i.e., the
previously computed index, fragments, and chains of thediep are used. At the end of this chapter,
we shed more light on this option.

The user should not confuse this option with the syntenimaptiscussed later. The recursive chain-
ing step is basically used to find larger chains. When theamslare input to the syntenic steps, small
re-arrangements lying within these large chains will bergd, which is useful for studying genome

rearrangement on the macro-level. Note also that this mjgiaot always needed for computing syn-
teny. In most of the cases, it is enough to find the syntenionsgust after computing the chains,

removing low score ones, and filtering out the repeats.

5.5 The alignment parameters, and the progranalichainer

In the parameter file, the line starting with “ALIGN=" contai the parameters passed to the program
alichainerused to compute alignments on the character level.

The options ofalichainerthat can be changed in the parameter file are as follows.

-gl alignablegaplength
specifies maximal length of a region between the fragmendsobiain to be aligned, default is
1000 bp. Regions longer than the given value will not be alijrNote that this option should
be set in accordance with the gap constraint parameter afhthi@ming step. This fact can be
easily overlooked if the parameter file is manually re-etite
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-palindrome
reports coordinates w.r.t. the forward strand, not wing. reverse complement one.

-match
show the nucleotide sequence of the aligmadti-MEMs

-0 mgdlineal
choose either mga/lineal output format. The MGA format isLaABT like format introduced
first in the program MGA [6], in which the aligned regions areeg in fasta format, or BLAST
like format; specifically the alignment is given in multigiaes, each is at most 60 characters
long. In the lineal mode, the alignment is given by a singhe.liThe lineal mode is easier to
parse and can has use for visualization tools.

For this program, there are some additional output optipesific to the alignment of draft genomes;
these will be discussed in Chapter 6.

The alignments are computed for each chain file, i.e., foh @aenbination. For the three genomes
in the example given above, the input is the fiftegment.ppp.chn , fragment.ppm.chn
fragment.pmp.chn ,andfragment.pmm.chn . The output of the files has the additional exten-
sion.align . For these files, the output is the following four filésagment.ppp.chn.align ,
fragment.ppm.chn.align ,fragment.pmp.chn.align ,andfragment.pmm.chn.align

In Figure 5.3, we show a part of an alignment fitagment.pmp.chn.align . This file was
generated for the chain fifleagment.pmp.chn . The first seven lines compose a header showing
the number of genomes, the genome names, the input chaithéletrand orientation, and the chain
display options.

The alignment of the'” chain starts with the lin¢¢ Chain no. 4. The next line# Contigs

1 1 1 is meaningful only when comparing draft genomes, here ith@asignificance, since the
genomes are finished (i.e., each genome is a single sequéheghird line specifies the chain length
and boundaries in each genome. In this exampl&€hain no. ¢ spans 233 bp in the first genome
from 51272 to 51504. In the second genome, whose negatamdsis compared, the chain spans 230
from 432381 to 432610. The coordinates are given with rddpethe positive strand of the second
genome, because the chain display optjpalindrome  was set.

Each fragment of the chain is given in a single line. This ghsicomposed of three fragments, these
are pointed to by arrows. The first fragment, e.g., has lebdtand starts at position 51272 and ends
at position 51285 in the first genome.

The regions between the fragments are given in the same fasitae fragments but the alignment
of these regions follows directly the coordinate line. Ekeé in the alignment starts by the keyword
Seq i: , wherei is the sequence number. The alignment line is limited to @daxters. The points
in the alignment line corresponds to a character identictie character of the first sequence that lies
in the same column.

After the last fragment of the chain, we report some stasisti
e Number of unaligned gaps : counts the number of unaligned gaps. Note that the length

of each un-aligned gap is higher than what is specified by ptiero-gl . In this example, no
such gaps exist.
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Number of genomes: 3

Seq 1: testdata/chlamd/AE001273.fasta
Seq 2: testdata/chlamd/AE001363.fasta
Seq 3: testdata/chlamd/AE002160.fasta

Orientation: + - +

B T T S

# Chain no. 1
# Contigs 1 1 1
#

Boundaries: 233:51272-51504 230:432381-432610 234:369

14:51272-51285 14:432597-432610 14:369584-369597

145:51286-51430 145:432452-432596 146:369598-369743

Seq l:gttgccttaccccaaatatgcaacaggatttggtgtgcgttgttta
Seq 2:agac.g...t.a......tt...t....t..cat
Seq 3:i.Ct bt | PR

Seq l:gaaattcctatctaaatagttatt gtttagcgatattaaa_t
Seq 2:a..tagt..t.....g.....gc.ttcta... ttt..g..tt.g.
Seq 3:c..g.t...ceee... Cot v gtt.g.c...a.

Seq 1l:agtttttaataaaaa_gttaaaaactaacca

Seq 2:tag...tt.... .. gtc.tt_

Seq 3:0...eeee tttttta........ Coee_

17:51431-51447 17:432435-432451 17:369744-369760

35:51448-51482 32:432403-432434 35:369761-369795
Seq l:cattctcectgtcgatagatcaaataagtagtag

Chain file: testdata/chlamd/fragment.mm.pmp.chn.orde

Chain display options: palindrome, absolute positions

red

584-369817

«~ Fragment

attcattatatgga
c..t...cta..
[ U a.

aattgtgtgtggtt

...gact.tat..
..aaagadt.....

~— Fragment

60

120

Seq 2:ca..cg......C.......... gg......a

Seq 3:....... | FOTTOTPPPTRTPI g....

22:51483-51504 22:432381-432402 22:369796-369817 ~— Fragment

g e L P E

Statistics:

Number of unaligned gaps: 0
Total Match length:

Seq: 1 :53

Seq: 2 53

Seq: 3 53

Total aligned gap length:

Seq: 1 :180

Seq: 2 :177

Seq: 3 :181

Total unaligned gap length:

Seq: 1 :0

Seq: 2 :0

Seq: 3 :0

Total identity in aligned gaps: 101
Percentage identity of chain: 0.660944 0.669565 0.658120

Figure 5.3: An example of an alignment file with one chain. This file was eyated from
fragment.mm.pmp.chn file.

e Total Match length : this counts the total exact fragment lengths. For the tfnag
ments, we have totally 53 bp in each sequence.

e Total aligned gap length : this lists the total length of the regions between the frag-
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ments in each genome. In this example, these are 180, 177,8&nuh the first, second, and
third genomes, respectively.

e Total unaligned gap length : this lists the total length of the unaligned gaps.

e Total identity in aligned gaps : this lists how many characters are identical in the
aligned gaps.

e Percentage identity of chain : this lists the ratio between the total identical char-

acters (in fragments and in aligned gaps) and the chainHengtach genome. In this example,
the percentage identities axe0.66, ~ 0.67, and~ 0.66 in the first, second, and third genomes,
respectively.

5.6 The synteny parameters, and the progranchainer2permutation.x

Two similar regions are considered syntenic, if (1) theyegppn the same order in all given genomes,
and (2) they are not interrupted by any other segment.

The line “"SYNTENY="in the parameter file specifies the partamepassed to the prograrmainer2permutation,x
which performs the following tasks over the computed chainshe filtered chains (the alignment of
these chains has nucleotide identity larger than a usenatkthreshold):

1. It filters repeated sequences.
2. It computes syntenic regions and reports permutationhése segments.

3. It plots the syntenic regions w.r.t. all pairwise projecs.

A fragment is considered as a repeated one, if it is oventeppiith another fragment with a facter
of its lengt, wherer is larger than a user-defined threshold.

We compute the syntenic regions by applying one-dimenk@raning iteratively w.r.t. each genome.
We allow that the fragments of the chain can overlap with #ofae of its length, wherg. is larger
than a user-defined threshold.

-overlapl T
The option-overlapl 7 permits any fragment in a chain to overlap with the next fragm

with percentage of its length.

-overlap2
This option allows any fragment in a chain to overlap with et fragment with at mogt— 1
bp, where/ is the minimum region length.

filterrep ration
The option-filterrep 7 filters out any fragment overlapping with another fragmeithw
more thanl00 x 7,0 < 7 < 1, of its length in any genome as a repeated one.

If no option is given, the default is not to filter repeats aliobano overlapping between the fragments
of the chain.
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5.6.1 The input and output files

The input to thechainer2permutation.yrogram is adat file. This file contains the result of all
comparisons for all combinations ingmuplot format. Below is an example of @dat file. The
.dat file contains the fragment coordinates only w.r.t. the pasitrand of all the sequences. There
is no score of each regiorchainer2permutation.xakes the total length of the region in all genomes
as its score. Each region in a chain file is represented byihes:| The first line contains the point,
where the region starts in all genomes. The second line icsntiae point, where the region ends in
all genomes. Here is an example of a chain file. (The regiotieagtoint zero are extra ones added to
ease the processing.)

#-- MATCHES pm

0 0
0 0
#-- MATCHES pp
0 0
0 0

1041677 317840
1041892 318058

1039820 316016
1040040 316236

The output files othainer2permutation.gan be divided into the following groups:

e A synteny file with extensior .syn : An example of this file is given below. The first set
of lines are header lines containing the inputat file, the number of input regions, the
minimum region length in each genome, the total score in d&xithaining step w.r.t. each
genome, and the final total score.

The following lines contain the permutations respectivéhessyntenic regions. These permu-
tations are reported as follows. After filtering the repeats computing the 1-dimensional
chains, they are sorted w.r.t. its order in each genome. Weereport the id of each region in

the input file (i.e., the region number in the input file). Werihmap the first permutation to the
identity permutation and rename the regions in the otheoiges w.r.t. the identity permuta-

tion. The regions following each other with the same digtand not interrupted by any other
region are coalesced in a single compact region, which am thported in a compact form.

For example, if genome one is composed of the three regidhs2+3), and the regions of

the second genome w.r.t. identity genome are (+1 -3 -2) amddbions of the third genome

are (+1 +2 +3), then the regions 2 and 3 can be coalesced, amdipact presentation of the
three genomes is (+1 +2), (+1 -2), and (+1 +2). In between,apert the synteny blocks in

non-compact form, and in compact form. (We use the word (noompact chain because of
the 1D chaining algorithm used.) The compact form, eithetHe blocks and the permutations,
is the final result of the synteny determination.

o A repeat file with extension.rep.dat . The repeat file is given irdat format.
e 2D plot files in postscript format with extensienps .

e Other intermediate files for producing the plots.
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Input file: testdata/chlamd/fragment.mm.ccn.dat
Number of input regions = 406

Min. region length in sequences 1..k: 43 43
Total Score in dimension: 0 = 30298

Total Score in dimension: 1 = 29536

Total score: 59834

g I T ey

++

Permutaions in terms of chain id's in input file:

Genome 1. +1 +406 +405 +404 +403 .......
Genome 2: +1 +131 +130 +129 +128 .......

#* 3t

# Permutations w.r.t. identity permutation:

# Genome 1. +1 +2 +3 +4 +5 +6 +7 +8 +9 ....
# Genome 2: +1 +277 +278 +279 +280 +282 ....

# Reporting Optimal Non-compact Chain:
# + +

[0,0] [0,0]

# + +

[1564,3630] [320265,322331]

# o+ +

[4211,4449] [322912,323150]

# o+ +

[6999,7162] [325669,325832]

# Reporting Compact Chain:
#+ +

(0,0] [0,0]

#+ +

[1564,719983] [320265,1069389]
#+ +

[720013,854021] [7,134526]

# + +

[854022,859132] [152153,157260]
# + +

[859977,873000] [136085,149033]
# + +

[880418,881177] [134544,135302]
# Compact permutations w.r.t. identity permutation:

# Genome 1. +1 +2 +3 +4 +5 +6 +7
# Genome 2: +1 +3 +6 +5 +4 +7 +2

5.7 The 2D plots

The 2D plots are generated for either (1) the chains, (2)e@harsive chains, (3) the filtered chains
after the alignment, and (4) the syntenic regions. The opfidot generates plots for the chains
and recursive chains. Choosing the optiptot and-syntenic  will automatically generate plots
for the filtered chains and the syntenic regions. In the 2@spleach chains is represented by a line
connecting its start and end points in the genomes. Each @Dspé projection of the comparison
w.r.t. two genomes. For the three genomes example menttmfede and for plotting chains, we have
the three postscript fildsagment.mm.ccn.1x2.gp.ps , fragment.mm.ccn.1x3.gp.ps ,
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Figure 5.4:Projections of the comparison of the three genofesonnei S. sonngiandS. boydii From left to right,
we have the projection$x2, 1x3, and2x3. Red lines correspond to chains between positive strandlgeeen lines
correspond to chains between the +ve strand of the genonteeanaxis and the -ve strand of the genome ongkexis.

andfragment.mm.ccn.2x3.gp.ps . The first file contains the projection of the chains w.r& th
first and second genomes, and the second contains the oject.t. the first and third genomes,
and the third one contains the projection w.r.t. the secontlthird genomes. We use red lines in the
direction “north-east” to represent chains computed betwerward strands, and use green lines in
the direction “south-east” to represent chains computédd®n the positive strand of the genome on
x — axis and the negative strand of the genomeyon axis. Figure 5.4 shows an example for 2D
plots from comparing three genomes.

For 2D plots of chains, the input to the plotting step are thragact chain files with extensienccn
computed bYCHAINER These files are processed to adjust the coordinates bduk positive strand,
and to transform the format into thymuplot  format.

5.8 Summary of output files

At this point, we summarize the resulting output files aftemrging out each step. We recommend
to recall Figure 5.1 when reading this section. The follayviable describes the output files for each
step. Of course not all files are generated; only those that the users options. In this table, we
assume that the user assigns the resulting files the gragment , which is also the fragment file
name.
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Step

files

Fragment generation

fragment

Format transformation|

fragmentp {p/m}T
Ex.,fragment.pp, fragment.pm

First chaining

1- Chain files with extensiorchn
Ex.,fragment.pp.chn, fragment.pm.chn
2- Compact chain files with extensioccn
Ex.,fragment.pp.ccn, fragment.pm.ccn
3- Statistics files with extensiostc
Ex.,fragment.pp.stc, fragment.pm.stc

Alignment

files with extensionalign
Ex.,fragment.pp.chn.align, fragment.pm.chn.align

Filtered Alignment
(filtered chains)

The extensionfiltered is added to the alignment, chain, and compact chain files
Ex.,fragment.pp.chn.align.filtered ,

fragment.pm.chn.align.filtered ,

fragment.pp.chn.filtered ,

fragment.pm.chn.filtered ,

fragment.pp.ccn.filtered ,

fragment.pm.ccn.filtered ,

Second chaining
over compact chains

1- Chain files with extensiorchn
Ex.,fragment.pp.ccn.chn, fragment.pm.ccn.chn
2- Compact chain files with extensioccn

Ex., fragment.pp.ccn.ccn, fragment.pm.ccn.ccn
3- Statistics files with extensiostc
Ex.,fragment.pp.ccn.stc, fragment.pm.ccn.stc

Second chaining
over alignment
(filtered chains)

1- Chain files with extensiorchn

Ex.,fragment.pp.ccn.filtered.chn, fragment.pm.ccn filter ed.chn
2- Compact chain files with extensioccn

Ex.,fragment.pp.ccn.filtered.ccn, fragment.pm.ccn.filter ed.ccn
3- Statistics files with extensiostc

Ex.,fragment.pp.ccn.filtered.stc, fragment.pm.ccn filter ed.stc

Synteny

I. Files are generated with the extensisgn . For synteny over

1- first chaining, we havifagment.mm.ccn.syn

2- alignment, we haviragment.mm.ccn.filtered.syn

3- second chaining over chains, we h&nagment.mm.ccn.ccn.syn

4- second chaining over alignment, we h&agment.mm.ccn. filtered.ccn.syn

II. Files are generated with the extensioep.dat . For synteny over

1- first chaining, we haveragment.mm.ccn.dat.rep.dat

2- alignment, we haviragment.mm.ccn.filtered.dat.rep.dat

3- second chaining over chains, we h&agment.mm.ccn.ccn.dat.rep.dat

4- second chaining over align., we hdvagment.mm.ccn.filtered.ccn.dat.rep.dat

2D plots

The plots are with the extensiops

1- For first chaining, we havigeagment.mm.ccn.1x2.gp.ps

2- For alignment (filtered chains), we havagment.mm.ccn.filtered.1x2.gp.ps
3- For second chaining over chains, we have
fragment.mm.ccn.ccn.1x2.gp.ps

4- For second chaining over alignment, we have
fragment.mm.ccn filtered.ccn.1x2.gp.ps

5- For synteny over chains, we have
fragment.mm.ccn.dat.syn.1x2.ps

6- For synteny over alignments, we have
fragment.mm.ccn.filtered.1x2.gp.ps

7- For synteny over second chains over chains, we have
fragment.mm.ccn.ccn.dat.syn.1x2.ps

8- For synteny over second chains over alignments, we have
ffragment.mm.ccn.filtered.ccn.dat.syn.1x2.ps

5.9 Tutorial: Comparison of three genomes

To demonstrate the usage GOCoNUT we show step-by-step how to compare the three bacterial
genomesEscherichia coli Shigella sonnei Ss04@ndShigella boydii Sb227These genomes are in
the directory~/CoCoNUT/testdata/ecoli shig .
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Figure 5.5:Projections of the comparison of the three bacterial gesdnsonneiS. sonngiandS. boydii From left to
right, we have the projectiorisx2 , 1x3, and2x3.

Running with default parameters: FromCoCoNUTbasic directory, you can start the comparison
by using the default parameters. This is reasonable bedaigsassumed that we have no idea how
similar the three genomes are. We would like also to plot ttarts, to see how good the parameters
are before computing the alignment. Therefore, we use thtierogplot . Moreover, the verbose
mode optionv is used to see the intermediate step of the program. It wdsdobee more convenient
to assign a prefix to the output files; we can choose the peEefBsSb. Because the genomes are of
small size, we can directly use the programltimat. The command line for callin@oCoNUTis

> coconut.pl -multiple -fp multimat testdata/ecoli_shig/ NC_000913.fasta
testdata/ecoli_shig/NC_007384.fasta testdata/ecoli_s hig/NC_007613.fasta
-v -plot -prefix testdata/ecoli_shig/EcSsSb

The following is the automatically generated parametendilsch is alway callegharameters.auto

in our system. It sets the minimum fragment length to 15 bp asxigns 5 to the rareness value
-unitol . There is only one chaining step, where the length of eagnfemt is multiplied byl 02.
The maximum gap between two fragments in a chain is set to Bp0Chains with average length 30
bp are filtered out.

FRAGMENT= -p -d -v -unitol 5 -l 15
CHAINING= -l -chainerformat -lw 102 -gc 1000 -length 30

Now, we can have a look at the resulting plots. Letg., andgs denote the three input genomes
given in the command line, respectively. Because we hawetgenomes, there are three projec-
tions: ¢1 X g2, g1 X g3,, and gz x go. These are stored in the fild&scSsSb.ccn.1x2.gp.ps ,
EcSsSbh.ccn.1x3.gp.ps ,ECSsSh.ccn.2x3.gp.ps . Figure 5.5 shows these plots.

In the same directory, the index files have prdfigSsSb.index . The fragment file generated

by the programmultimat is EcSsSbh. The fragment files transformed ©OHAINER format are
EcSsSb.pmm, EcSsSh.pmp ,EcSsSb.ppm ,andEcSsSb.ppp . The chain files arEcSsSb.pmm.chn ,
EcSsSb.pmp.chn , EcSsSh.ppm.chn , andEcSsSb.ppp.chn . The compact chain files are
EcSsSb.pmm.ccn ,EcSsSb.pmp.ccn ,EcSsSb.ppm.ccn ,andEcSsSb.ppp.ccn . The statis-
tics files for the chains ar&cSsSb.pmm.stc , EcSsSb.pmp.stc , EcSsSb.ppm.stc , and
EcSsSb.ppp.stc

The coordinates in a chain file for a negative strand is givert.wthe negative strand. These co-
ordinates are transformed back to the positive strand faitipy. The all compact chains for all

combinations are stored in the flESsSb.ccn.dat . From this file, the projections for producing

the plots are obtained.
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55555

Figure 5.6:The comparison of the three bacterial genorBesonnej S. sonneiandS. boydij after filtering out chains
with average length less than 1000 bp. From left to right, exetthe projectiongx2 , 1x3, and2x3.

Repeating some steps with better parameters: From the plots, we can directly observe that the
three genomes are highly similar. We can also conclude tigattains with smaller average length
might appear by chance. Therefore, we open thepfileameters.auto and re-edit the option
-length 30 to be, saylength 1000 . We then re-rurCoCoNUTwith the option-usematch

so that the steps of index construction and the fragmentrgtoe are not repeated again. (Note that
the changed option affects only the chaining step.) The candhtine is

> coconut.pl -multiple -fp multimat testdata/ecoli_shig/ NC_000913.fasta
testdata/ecoli_shig/NC_007384.fasta testdata/ecoli_s hig/NC_007613.fasta -v
-plot -prefix testdata/ecoli_shig/EcSsSb -pr parameters .auto -usematch

The resulting plots are shown in Figure 5.6.

Automatic detection of syntenic regions We might now want to have a look at how the synteny
based on the resulting chains look like. We open theddeameters.auto and add the line
SYNTENY= -overlapl 0.2 -filterrep 0.7 . In order to re-use the previous comparison
results, we re-ru@oCoNUTwith the option-usechain

coconut.pl -multiple -fp multimat testdata/ecoli_shig/N C_000913.fasta
testdata/ecoli_shig/NC_007384.fasta testdata/ecoli_s hig/NC_007613.fasta -v
-plot -prefix testdata/ecoli_shig/EcSsSb -pr parameters .auto -usechain

The resulting plots ar&cSsSbh.ccn.dat.syn.1x2.ps , ECSsSb.ccn.dat.syn.1x3.ps ,
andEcSsSb.ccn.dat.syn.2x3.ps These plots are shown in Figure 5.7.

Now we can have a look at the resulting reports for computigstynteny stored in the synteny file
EcSsSb.ccn.syn  and repeat filkEcSsSb.ccn.dat.rep.dat

In the synteny file, we might have a look at the section repgrthe compact permutations w.r.t. the
identity permutation. We can see that we have an identitynption from 1 to 64. This means
that we have 63 synteny block (Number 1 in the permutatiomss an imaginary reference one).
The content of this section can be passed further to a profparonstructing phylogeny based on
rearrangement operations.

We can also scroll down in the file to the section for “Repart@ompact Chain:”. In this section, the
direction (w.r.t. positive and negative strands), andrtheordinates (boundaries) w.r.t. the positive
strand is reported.

The repeat fil&ecSsSh.ccn.dat.rep.dat contains repeated chains.oat file.
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Figure 5.7:The comparison of the three bacterial genoEesonneiS. sonngiandS. boydij after computing the synteny
over the chain files. From left to right, we have the projewibx2 , 1x3, and2x3.

Computing the alignment: Now we might want to compute an alignment on the charactel lev
for the chains. To compute the alignment, we have to edititteeALIGN= -palindrome in the
parameter filgparameters.auto . In order to re-use the previous comparison results, weme-r
CoCoNUTwith the option-usechain . Use the same command line mentioned in the previous step.

The resulting alignment files are in the fil&scSsSb.pmm.chn.align  ,EcSsSb.ppm.chn.align
EcSsSb.pmp.chn.align ,andEcSsSb.ppp.chn.align

Filtering out alignments with low identity and plotting the m:  Now we might want to filter out
chains with percentage identity less than, §&y;. To filter out alignments, and accordingly chains,
with percentage identity less than%, we use the optiorplotali 0.7 . In order to re-use the
previous comparison results, we re-t@nCoNUTwith the option-usealignment

> coconut.pl -multiple -fp multimat testdata/ecoli_shig/ NC_000913.fasta
testdata/ecoli_shig/NC_007384.fasta testdata/ecoli_s hig/NC_007613.fasta -v
-plot -prefix testdata/ecoli_shig/EcSsSb -pr parameters .auto -usealign
-plotali 0.7

By running the commani$ - = filtered * ,you can see all the produced files after this step of the
program. These files contain chains, compact chains, akgtsnsyntenic regions, and 2D plots of
the chains/alignment with percentage identity larger tH&hn.

Let us have a look at the 2D plots of the syntenic regions dwefittered chains. Figure 5.8 shows
the resulting plots.

Recursive chaining: Recursive chaining can be performed over the chains ordiltehains whose
identity is larger than a user-defined threshold. To runéleansive chaining step over the produced fil-
tered chains, add the lim@HAINING= -neighbor -chainerformat -lw 1 -gc 50000

-length 1000 to the parameter filparameters.auto . Then we can calCoCoNUTagain
using the-usealign  option to re-use the already computed results.

> coconut.pl -multiple -fp multimat testdata/ecoli_shig/ NC_000913.fasta
testdata/ecoli_shig/NC_007384.fasta testdata/ecoli_s hig/NC_007613.fasta -v
-plot -prefix testdata/ecoli_shig/EcSsSb -pr parameters .auto -usealign
-plotali 0.7

For this option, the recursive chaining is carried out oberfiltered chains because of the existence
of the option-plotali 0.7 . This option forces any post-processing to run over thedittehains.
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Figure 5.8:The comparison of the three bacterial genoEesonneiS. sonngiandS. boydij after computing the synteny
over the filtered chain files. From left to right, we have thej@ctions1x2 , 1x3, and2x3.

(To run recursive chaining over chains, not filtered chamsove the optiortplotali 0.7 J)
Moreover, the syntenic regions are automatically compfdethe recursively computed chains. The
files produced after this step are

e chain files:EcSsSb.pmm.ccn.filtered.chn , ECSsSb.ppm.ccn.filtered.chn ,
EcSsSb.pmp.ccn.filtered.chn , andEcSsSb.ppp.ccn.filtered.chn

e compact chain filesEcSsSh.pmm.ccn. filtered.ccn EcSsSb.ppm.ccn.filtered. cen,
EcSsSb.pmp.ccn.filtered.ccn , andEcSsSb.ppp.ccn.filtered.ccn

e statistics filesEcSsSb.pmm.ccn. filtered.stc EcSsSb.ppm.ccn.filtered. stc
EcSsSb.pmp.ccn.filtered.stc , andEcSsSb.ppp.ccn.filtered.stc

e synteny and repeat fil&cSsSb.ccn.filtered.ccn.syn ,and
EcSsSb.ccn filtered.ccn.dat.rep.dat

e chain plot files:EcSsSh.ccn. filtered.ccn.1x2.gp.ps ,
EcSsSb.ccn filtered.ccn.1x3.gp.ps ,andEcSsSb.ccn.filtered.ccn.2x3.gp.ps

e synteny plot filesEcSsSb.ccn.filtered.ccn.dat.syn.1x2.ps ,
EcSsSh.ccn.filtered.ccn.dat.syn.2x3.ps ,and
EcSsSb.ccn.filtered.ccn.dat.syn.1x3.ps

For recursive chaining over chains, the same set of filesradkuped, but without the wordiftered ”
in the extension.

The effect of this step is that the chains which lie in a reg®0000 bp will be clustered and an

optimal chain in this region will be computed. Figure 5.9whdahe resulting syntenic files. Note that
some rearrangement event were ignored because of theablddirge clustering regiorgc 50000

bp. This example shows that a careful choice of #p@ option is necessary to obtain reasonable
results.

In fact, the recursive chaining for these three genomegnmparison to the first chaining, did not add
anything new to the synteny computation. On the contrangight deliver worse results. This can be
attributed to the high similarity of the compared genomasChapter 7, the importance of this option
will be more clearer.
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Chapter 6

Pairwise comparison of
multi-chromosomal and draft genomes

As mentioned in the introduction, a finished uni-chromoslogemome is a single string. A draft
genome is a set of contigs, and it is given as multiple-fas¢éa fSimilarly, a multi-chromosomal
genomes is a set of chromosomes and can also be given as pledfatita file. In this chapter, we
show how to compare two draft genomes or two multi-chrom@da@enomes in a single run; i.e., the
genomes are submitted as multi-fasta files.

Basically, the task of comparing two draft or multi-chrorapsl genomes is a special case of the
task of comparing multiple complete or uni-chromosomalagees introduced in Chapter 5. The

difference is that we have to take the contig/chromosomendieies into account in the different

steps, including computing synteny and visualization.eNbat computing synteny for draft genomes
is senseless. But for multi-chromosomal genomes it is itaor

Figure 6.1 summarizes the task of comparing two genomesei€tCoNUTsystem. The input to
the system is the two genomic sequences. It is easy to ndtéhthalock-diagram is similar to the
one of comparing multiple finished genomes in Chapter 5. Tifference is that the task here is
limited to two genomes, and in each step the contig/chromesiboundaries are taken into account.
Because of having multiple contigs/chromosomes, we havee raptions regarding the output of
the results. Basically, the user can choose to report coate w.r.t. each contig/chromosome or
w.r.t. the concatenated sequences. In the chaining stepaveetherefore the extratg file which
reports coordinates relative to the contig/chromosomagaleith the contig/chromosome number.
For the alignment output, the user can choose to report owied either w.r.t. the concatenated
sequences or w.r.t. each contig/chromosome. The podtsatiput is almost the same except that the
contig/chromosome boundaries are shown.

Another important point in the current version@bCoNUTis that the fragment generation is carried

out using the/match program. FoiWmatch , the index of the first genome is only constructed. The
second genome is then used as a query. This has the advdmageetstep of creating the index can

be saved if we perform pairwise comparison between ano@mmorge and the indexed genome. The
option-useindex can be set for this purpose.
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> gi genome 1

GCCGCGCGT Input genomes
CGGT

CG..

Fragment Generation Phase
Construct Index

(.p[p|m]+) | Compute Fragments|
Chaining Phase
(.chn, .ccn, .stc) Chaining
(.chn.ctg, .ccn.ctg, .stc)

use index & proceed

use fragments & proceed

use chains & proceed

Post-processing Phase l ‘ l
(-ps) ‘ 2D Plots ‘ ‘ Alignment ‘ ‘ Synteny & Repeat filter ‘ (.syn)
(-align)
Filter alignment with 2D Plots (.syn*.ps)
identity < T

(.align.filtered, .chn.filtered,
.cenfiltered, .stc)

use alignment & proceed

2D Plots ‘ ‘ Synteny & Repeat filter ‘ (filtered.s;

(filtered*.ps)
2D Plots (-filtered.syn*.ps)

Recursive Chaining

(.chn, .ccn, .stc)

Chaining
(.chn.ctg, .ccn.ctg, .stc)

(.ps) 2D Plots Synteny & Repeat filter

2D Plots

Figure 6.1:A flow chart for the task of comparing two genomes. The userrepeat the comparison starting from the
four pointsuse index, use fragment, use alignment, and use cainproceed further in the comparison. The brackets
beside each box shows the file extensions produced by egch ste

6.1 Calling CoCoNUT

The programCoCoNUTis called as follows:
coconut.pl -pairwise [ opti ons] genome_1 genome_2

And here is a description of the options:
-pairwise
Specifies the task of comparing two or more finished genomes.

-pr parameter file
Specifies the parameter file containing the parameters ofythiem. This file is generated
automatically, if no file is specified. All the options, extémr -v and-plot , are functionless
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if a parameter is specified. That is, the options in the paranide dominate. The format of
the parameter file is given in Section 6.2.

-forward
run the comparison for forward strands only. This optionuisctionless if a parameter file is
given. Restricting the processing to the forward strang @achieved by deleting the option
-p from the fragment line in the parameter file, as will be expddi soon.

-plot
produce Postscript 2D plots of the chains. For multiple gees the plots are projections of
the chains w.r.t. each pair of genomes.

-align
compute alignment on the character level for the homologegi®ns. Like the comparison for
multiple genomes, the prograatichaineris used for carrying out this step.

-plotali filter value0 < 7 <1
filter out alignments with percentage identityr and produce 2D plots.

-syntenic
compute syntenic regions. This option is based on a progedladchainer2permutation,x
which applies 1D chaining over all dimensions. It can alstooglly filters out repeated re-
gions.

-useindex
do not construct the index again.

-indexname
specify the index, if constructed

-usematch
do not compute the fragments again. With this option thetcooed index is used again.

-usechain
use the computed chains and proceed in processing.

-usealign
use the computed alignments and proceed in processing.

-prefix  prefix name
specify a prefix name for the output files. This prefix name khimelude the destination path,
otherwise the resulting files will lie in theoCoNUTdirectory. If this option is not set, then the
default prefix is for the index ilndex and for fragments and post-processindragment
The resulting files will be stored in the directory where thstfinput genome resides.

verbose mode, i.e., display of the program steps.
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6.2 The parameter files

The parameter file has the same syntax as for the multiplengendowever, the user should note that
the programVmatch is used for the fragment generation. This implies that thrarpaters for the
fragment generation should neither contain the optionitol  nor-rare . Instead, one can use the
option-mumto compute maximal unique matches (MUMS). However, soméarais required when
using MUMs with draft or multi-chromosomal genomes. Thibésause the uniqueness of the match
is determined w.r.t. to the whole genomes, not w.r.t. eactigichromosome. In other word, a match
can be unigue between two chromosomes, but not between taorgss. This results in filtering out
the match, although it is unique between the two contigsfolmsomes.

6.3 The fragment and chaining step

The fragment file is generated with absolute coordinates the fragment coordinates in each genome
are given w.r.t. the sequence obtained by concatenatineationtigs/chromosomes of this genome.
The chaining step is also performed w.r.t. these coordénata an additional file containing the region
boundaries is passed @HAINER These files have the extensiseqinfo

The reported chain files are the same as mentioned beforeCBAtNERreports in addition extra
files, calledcontig fileswith extension.ctg . In the contig files, the coordinates of the fragments
are given as relative coordinates, i.e., the fragment ¢oatels in each genome are given w.r.t. the
contigs/chromosome it stems from. Moreover, the contigittosome number is displayed.

For example, for two draft (multi-chromosomal) genomesuate that the fragment file produced by
Vmatch is calledfragment . Two fragment files irtCHAINERformat are first producedragment.pp
andfragment.pm . Two chain files,fragment.pp.chn andfragment.pm.chn |, and two
contig filesfragment.pp.chn.ctg andfragment.pm.chn.ctg , Will be computed bYCHAINER
The following is an example of a contig file containing thréaios:

>CHA 2

#22800.000000

3 [1188869,1189780] 2 [1901710,1902621]
#1400.000000

3 [1183668,1183723] 2 [1693920,1693975]
#1359.000000

3 [1183697,1183721] 2 [1084309,1084333]
3 [1183659,1183688] 2 [1084271,1084300]

The first line is a header. Each chain starts with the lineainimg the chain score (preceeded by
#). Then the fragments of the chain are listed below. Eachrapeesents a fragment, where the
first number is the contig/chromosome number it stems frothénfirst genome. The numbers in

brackets are its start and end point in the first genome. Thabau after the first bracket is the

contig/chromosome number in the second genome. The nurbérsckets are its start and end
point in the second genome.

The chains in the contig file appear in the same order as inhhia ¢ile (with extensionchn ).
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6.4 The alignment parameters, and the progranalichainer

The line starting with “ALIGN=" contains the parameters ke tprogramalichainer used to produce
alignments on the character level. The same options as tothparison of multiple genomes can be
used. Here, there is one extra option calexative that allows to report the coordinates of the
aligned regions w.r.t. the chromosome or the contig it bggaie. This option is not the default in our
system. The user has to edit it in the parameter file.

6.5 The post-processing phase

The post-processing programs works as described in Chaptéhe output of the synteny files are
given only in absolute coordinates, i.e., the fragment dioates in each genome are given w.r.t. the
sequence obtained by concatenating all the chromosoméssojénome. For multi-chromosomal
genomes, we report the chromosome boundaries in the ougpotupations. This enables us to
use the resulting permutation as input to any program camguéarrangement scenario for multi-
chromosomal genomes.

We would like to stress that computing synteny for draft geas is senseless, although the program
can blindly process them.

6.6 Tutorial: Comparison of two draft (multi-chromosomal) genomes

To demonstrate the usage@dCoNUT we show step-by-step how to compare the two draft genomes
S. aureussubsp. aureus N315 a8l aureussubsp. aureus MW2. These genomes are in the direc-
tory /CoCoNUT /testdata/draft , under the nameslC002745.fha.draft.shuffled
andNC003923.fna.draft.shuffled , respectively. The former genome is composed of three
contigs, and the later is composed of two contigs. (In faetstwiffled some segments of the original
genomes to demonstrate our system.)

Running with default parameters: FromCoCoNUTbasic directory, you can start the comparison
by using the default parameters. This is reasonable bedisseassumed that we have no idea how
similar the three genomes are. We would like to also plot tiers, to see how good the parameters
are, before computing the alignment. Therefore, we use phiero-plot . Moreover, the verbose
mode optionv is used to see the intermediate step of the program. It wdsidobge more convenient
to assign a prefix to the output files; we can choose the pbefatt . Because the genomes are of
small size, we can directly use the programltimat. The command line for callin@oCoNUTis

> coconut.pl -pairwise testdata/draft/NC_002745.fna.dr aft.shuffled
testdata/draft/NC_003923.fna.draft.shuffled -v -plot
-prefix testdata/draft/Draft

The following is the automatically generated parametery figgameters.auto generated for this
task. It sets the minimum fragment length to 22 bp. There lig one chaining step, where the length
of each fragment is multiplied b¥5. The maximum gap between two fragments in a chain is set to
500 bp. Chains with average length 44 bp are filtered out.
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Figure 6.2: The comparison of the two draft bacterial genonSesaureussubsp. aureus N315 ar®l aureussubsp.
aureus MW2. The dashed vertical and horizontal lines cpamrd to contig boundaries. Red lines correspond to chains
between positive strands and green lines correspond toshatween the positive strand of the genome oncthgis and

the negative strand of the genome on ghaxis.

FRAGMENT= -p -d -v -l 22
CHAINING= -l -chainerformat -lw 25 -gc 500 -length 44

Now, we can have a look at the resulting plot stored in theDiaft.ccn.1x2.gp.ps . Figure
6.2 shows this plot.

In the same directory, the index files have pré&naft.index . The fragment file generated by the
programVmatch is Draft . The fragment files transformed @HAINERformat areDraft.pp ,
and Draft.pm . The chain files ardraft.pp.chn , and Draft.pom.chn . The contig files

for the chain files aréraft.pp.chn.ctg , and Draft.pm.chn.ctg . The compact chain
files areDraft.pp.ccn , andDraft.pm.ccn . The contig files for the compact chain files are
Draft.pp.ccn.ctg ,andDraft.pm.ccn.ctg . The statistics files for the chains &eaft.pp.stc

andDraft.pm.stc

The coordinates in a chain files for the negative strandsvisngiv.r.t. the negative strand. These
coordinates are transformed back to the positive stranglédting. Then all compact chains for all

combinations are stored in the filraft.ccn.dat . From this file, the projections for producing

the plots are obtained.

Repeating some steps with better parameters: From the plots, we can directly observe that the
three genomes are highly similar. We can also conclude tigattains with smaller average length
may have appeared by chance. Therefore, we open thpdilmeters.auto and re-edit the
option -length 44  to be, say,-length 1000 . We then re-runCoCoNUTwith the option
-usematch so that the steps of index construction and the fragmentrgtoe are not repeated
again (not that the changed option affects only the chaisiag). The command line is

> coconut.pl -pairwise testdata/draft/NC_002745.fna.dr aft.shuffled
testdata/draft/NC_003923.fna.draft.shuffled -v -plot
-prefix testdata/draft/Draft -pr parameters.auto -usema tch

59



2.5e+06 |- B 2.5e+06 [

2e+06 -

1.5e+06
1e+06 [

500000 4 500000

2e+06 -

1.5e+06

1e+06 [

testdata/draft/NC_003923.fna.draft.shuffled
testdata/draft/NC_003923.fna.draft.shuffled

0

L L L L L 0 L L L L L
0 500000 1e+06 1.5e+06 2e+06 2.5e+06 0 500000 1e+06 1.5e+06 2e+06 2.5e+06

testdata/draft/NC_002745.fna.draft.shuffled testdata/draft/NC_002745.fna.draft.shuffled
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aureus N315 an8. aureusubsp. aureus MW2. Left: the result for chains with the aptiength 44 . Right: the result
for chains with the optionlength 1000 . One can see that filtering small segments is critical foresztridentification
of syntenic blocks.

The plot is very similar to the one in Figure 6.2, so we will shbw it here. But we will discuss the
effect of this step in the next step.

Automatic detection of syntenic regions We might now want to have a look at how the synteny
based on the resulting chains looks like. We open thepfiltameters.auto and add the line
SYNTENY= -overlapl 0.2 -filterrep 0.7 . In order to re-use the previous comparison
results, we re-rul€oCoNUTwith the option-usechain

> coconut.pl -pairwise testdata/draft/NC_002745.fna.dr aft.shuffled
testdata/draft/NC_003923.fna.draft.shuffled -v -plot - prefix
testdata/draft/Draft -pr parameters.auto -usechain

The resulting plot is shown in Figure 6.3 (right). We showpatn the left of this figure, the computed
synteny for the default optiodength 44  in the chaining step. It is easy to see that filtering out
chains with less average length affects the computatioheo§yntenic blocks.

Now we can have a look on the resulting reports for computiegsynteny stored in the synteny file
Draft.ccn.syn and repeat fil®raft.ccn.dat.rep.dat

In the synteny file, we might have a look on the section repgrtihe compact permutations w.r.t. the
identity permutation. This section is reported below. We sae that we have an identity permutation
from 1 to 11. This means that we have 10 synteny block (Numbartlhe permutation is just an
imaginary reference one). The delimetgjj< seperates the regions of chromosoinieom those
of chromosomej. The content of this section can be passed further to a profpa constructing
phylogeny based on rearrangement operations.

# Compact Permutations w.r.t. identity permutation:

# Genome 1. +1 +2 +3 +4 +5 >0,1< +6 >1,2< +7 +8 +9 +10 +11
# Genome 2: +1 +6 +2 -10 +3 >0,1< +4 +8 +5 +7 +9 +11

Computing the alignment: Now we might want to compute an alignment on the charactesl lev
for the chains. To compute the alignment, we have to edititteeALIGN= -palindrome in the
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parameter filgparameters.auto . In order to re-use the previous comparison results, weme-r
CoCoNUTwith the option-usechain

The resulting alignment files are in the fild3raft.pp.chn.align ,andDraft.pm.chn.align

Filtering out alignments with low identity and post-processing them: Now we might want to
filter out chains with percentage identity less than, 8% . To filter out alignment, and accordingly
chains, with percentage identity less ti¥a%, we use the optiorplotali 0.7 . In order to re-use
the previous comparison results, we re-CmCoNUTwith the option-usealign . This option will
compute the syntenic regions again but over the filterechehdihe command line is

> coconut.pl -multiple -fp multimat testdata/ecoli_shig/ NC_000913.fasta
testdata/ecoli_shig/NC_007384.fasta testdata/ecoli_s hig/NC_007613.fasta -v
-plot -prefix testdata/ecoli_shig/EcSsSb -pr parameters .auto -usealign
-plotali 0.7

By running the commani$ - =« filtered *,you can see all the produced files after this step of the
program. These files contain chains, compact chains, aégitsnsyntenic regions, and 2D plots of the
chains/alignment with percentage identity larger tAay. Figure 6.4 (left) shows the resulting plot
for the filtered chains, and Figure 6.4 (right) shows the pfahe syntenic regions over the filtered
chains.

coconut.pl -pairwise testdata/draft/NC_002745.fna.dra ft.shuffled
testdata/draft/NC_003923.fna.draft.shuffled -v -plot - prefix
testdata/draft/Draft -pr parameters.auto -usechain -plo tali 0.7

By running the commani$ - «filtered *,you can see all the produced files after this step of the
program. These files contains chains, compact chains,naigts, syntenic regions, and 2D plots of
the chains/alignment with percentage identity larger tH&5.

Recursive chaining: Recursive chaining can be performed over the chains ordiltehains whose
identity is larger than a user-defined threshold. For drafholti-chromosomal genomes we cannot
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use the optionneighbor  as did before for finished genomes. Instead, we use the saaleclmin-

ing option-I but sufficiently increase thelw option. This has the same effect. To run the recursive
chaining step over the produced filtered chains, add theQIHAINING= -l -chainerformat

-lw 1000 -gc 50000 -length 1000 to the parameter filparameters.auto . Then we
can callCoCoNUTagain using theusealign ~ option to re-use the already computed results.

> coconut.pl -pairwise testdata/draft/NC_002745.fna.dr aft.shuffled
testdata/draft/NC_003923.fna.draft.shuffled -v -plot - prefix
testdata/draft/Draft -pr parameters.auto -usechain -plo tali 0.7 -usealign

For this option, the recursive chaining is carried out over filtered chains because of the option
-plotali 0.7 . This option forces any post-processing to run over thadttehains. (To run re-
cursive chaining over chains, not filtered chains, remogefftion-plotali 0.7 .) Moreover, the
syntenic regions are automatically computed for the regelgscomputed chains. The files produced
after this step are

e chain files:Draft.pp.ccn.filtered.chn , andDraft.pm.ccn.filtered.chn

e contig files for chain filesDraft.pp.ccn.filtered.chn.ctg ,and
Draft.pm.ccn.filtered.chn.ctg

e compact chain filesDraft.pp.ccn.filtered.ccn ,and
Draft.pm.ccn.filtered.ccn

e contig files for compact chain file®raft.pp.ccn.filtered.ccn.ctg , and
Draft.pm.ccn.filtered.ccn.ctg

o statistics filesDraft.pp.ccn.filtered.stc ,and
Draft.pm.ccn.filtered.stc

e synteny and repeat fil®raft.ccn.filtered.ccn.syn ,and
Draft.ccn.filtered.ccn.dat.rep.dat

e chain plot files:Draft.ccn.filtered.ccn.1x2.gp.ps

e synteny plot filesDraft.ccn.filtered.ccn.dat.syn.1x2.ps
For recursive chaining over chains, the same set of fileodymed, but without the wordiftered "
in the extension.

The effect of this step is that the chains which lie in a regadB0000 bp will be clustered and an
optimal chain in this region will be computed. Figure 6.5whdhe resulting syntenic files. Note
that some rearrangement events were ignored because dldiigaly large clustering regiorgc
50000 bp. This example show that careful choice of{ge option is necessary to obtain reasonable
results.
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Figure 6.5:Left: The results of the recursive chaining over the filtechdins (with the optionplotali 0.7

the two draft bacterial genomé&s aureussubsp. aureus N315 ar®l aureussubsp. aureus MW2. Right: The results of
computing the synteny over the recursive chaining of theréld chain files. The filtration filtered out repeated segegnc

but the syntenic blocks are as computed by the chaining staput filtration.
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Chapter 7

Repeat analysis

The task of repeat analysis can be regarded as a comparigbe genome to itself. This means
that basically the same options used for comparing two faishenomes work also for detecting
repeats. That is, Figure 5.1 is also valid for repeat armipsCoCoNUT However, the detection of
syntenic regions when comparing two or more genomes is red&othe detection darge segmental
duplicationswhen comparing the genome to itself.

For repeat analysis, the fragment generation step is dastieusing the/match program.

7.1 Calling CoCoNUT

The programCoCoNUTis called as followscoconut.pl -repeat pptiong genome;

And here is a description of the options:

-repeat
Specifies the task of detecting repeats in a single genomiesee, given in a single-fasta file.

-pr parameter file
Specifies the parameter file containing the parameters ofytsiem. This file is generated
automatically, if no file is specified. All the options, extégpr -v and-plot , are functionless
if a parameter is specified. That is, the options in the par@anide dominate. The format of
the parameter file is the same as given in Section 7.2.

-forward
run the comparison for forward strands only. This optionuisctionless if a parameter file is
given. Restriction the processing to forward strand onlyhim parameter file is achieved by
deleting the optionp from the fragment line.

-plot
produce Postscript 2D plots of the chains. For multiple gees the plots are projections of
the chains w.r.t. each pair of genomes.
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-align
compute alignments on the character level for the repeaigidis. Like comparing genomic
sequences, the alignment is computed by the porgidaainer.

-plotali filter value0 < 7 <1
filter out alignments with percentage identity(100 x 7)% and produce 2D plots.

-indexname
specify the index, if constructed

-syntenic
compute syntenic regions. For repeat analysis, this opibects large segmental duplications.
This option is based on the prograrnainer2permutation.x

-useindex
do not construct the index again.

-usematch
do not compute the fragments again. With this option thetcooed index is used again.

-usechain
use the computed chains and proceed in processing.

-usealign
use the computed alignments and proceed in processing.

-prefix  prefix name
specify a prefix name for the output files. This prefix name khimelude the destination path,
otherwise the resulting files will be in ti@oCoNUTdirectory. If this option is not set, then the
default prefix is for the index itndex and for fragments and post-processindrament
The resulting files will be stored in the directory where thistfinput genome resides.

verbose mode, i.e., display of the program steps.

7.2 The parameter files

The parameter file is the same as defined before for the taskngbaring two genomic sequences.

Note that the progran¥match is used for the fragment generation. However, for repealyana

sis, the fragment generation should not contain the optioam Instead, one can use the option

-supermax , which computesuper maximal repedfA supermaximal repeat is a repeated pair but
the substrings composing it do not occur as substrings obtdrer substring in the sequence).

7.3 The fragment and chaining step

The reported fragment and chain files are the same as for comg@mo finished genomes. The
chaining step is done using the progr&@HhAINERwith the option-r for the variation for repeat
analysis. The resulting chain files are the same as for cangpavo finished genomes.
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7.4 The alignment parameters, and the progranalichainer

The line starting with “ALIGN=" contains the parameters bétprogramalichainer used to produce
alignments on the character level. The same options as tothparison of multiple genomes can be
used.

7.5 The post-processing phase

The post-processing programs works in the same way as bleddn Chapter 5. The output of the

synteny files in this case enables us to find repeats that qpgan at most once in the genomic
sequences. This option is useful for detecting diploidiratwhere large segments of the genome
duplicated at most two times.

7.6 Tutorial: Detecting the large segmental duplications bthe Ara-
bidopsis chromosome |

To demonstrate the usage GBCoNUT we show step-by-step how to detect the large segmental
duplications of the A[abidopsis chromosome |. The sequdiheas calledchrl.fasta , and it
resides in the directorfCoCoNUT/testdata/repeat/Arabidposis

Running with default parameters: From CoCoNUTbasic directory, you can start the analysis by
using the default parameters. The command line for callin@oNUTis

> coconut.pl -repeat testdata/repeat/Arabidposis/chrl. fasta -v -plot -prefix
testdata/repeat/Arabidposis/RepAra

The following is the automatically generated parameter filgameters.auto , for this task. It
sets the minimum fragment length to 17 bp, and uses matcltles tfpe super maximal repeats. There
is only one chaining step, where the length of each fragnsemiuiltiplied by25. The maximum gap
between two fragments in a chain is set to 500 bp. Chains wéhage length 44 bp are filtered out.
Note that the option passed @HAINERIs -r , which calls the chaining variation for repeats.

FRAGMENT= -p -d -v -l 17 -supermax
CHAINING= -r -chainerformat -lw 9 -gc 250 -length 34

Now, we can have a look at the resulting plot stored in theRig@Ara.ccn.1x2.gp.ps . Figure
7.1 (left) shows this plot, stored in the fiRepAra.ccn.1x2.gp.ps

The same file types as those generated for the comparisongbidthgenomes are generated here as
well. Of course with the prefix

Computing the alignment, and filtering out insignificant chans: To compute alignments and
filter out each chain whose alignment has percentage igidesis than a certain threshold, s&y/s,
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testdata/repeat/Arabidposis/chrl. fasta
testdata/repeat/Arabidposis/chrl. fasta

L L L L L L L L L L L L
0 5e+06 1e+07 1.5e+07 2e+07 2.5e+07 3e+07 3.5e+07 0 5e+06 1e+07 1.5e+07 2e+07 2.5e+07 3e+07 3.5e+07

testdatalrepeat/Arabidposis/chrl. fasta testdatalrepeat/Arabidposis/chrL fasta

Figure 7.1:Right: The chains corresponding to the repeated regioriseimtabidopsis chromosome 1. Theandy-
axis are for the same chromosome. Note that the area abougjike diagonal is the one containing chains. The other area
is not plotted because it is symmetric to the first one. Lefie Thains whose alignment has identity larger thafb.

we add the optionsalign -plotali 0.7 to the command line. This will automatically let
the lineALIGN= -palindrome  be added to the parameter fjarameters.auto . In order to
re-use the previous comparison results, add also the optgmthain  to the command line.

Figure 7.1 (right) shows a plot, in the fiRepAra.ccn.filtered.1x2.gp.ps , of the chains
whose alignment has a percentage identity larger T&h

Automatic detection of syntenic regions We might now want to have a look at how the synteny
based on the resulting chains looks like. We can achievebthiadding the optionsyntenic

This will automatically add the in&YNTENY= to the parameter filparameters.auto . Note
that the default parameters of the progranainer2permutation.xvill be used, i.e., nor repeats will
be filtered and 1D chaining without allowing overlaps is @afrout. This has the effect that each
repeat will be represented at most one time in the resuliingegay file. In order to re-use the previous
comparison results, we re-rd@@0CoNUTwith the option-usechain

> coconut.pl -repeat testdata/repeat/Arabidposis/chrl. fasta -v -plot -prefix
testdata/repeat/Arabidposis/RepAra -align -plotali 0.7 -usealign -syntenic

The resulting plot, stored in the fiRepAra.ccn.filtered.dat.syn.1x2.ps , iIs shown in
Figure 7.2 (right). We show also, on the left of this figures tomputed synteny of the chaining step
without filtration, stored in the fil&RepAra.ccn.dat.syn.1x2.ps (this file can be obtained
by reomving the optionsplotali 0.7 -align , and using the optiorusechain instead of
using-usealign .). It is easy to see that filtering out chains with less averaggth affects the
computation of the syntenic blocks.

Recursive chaining:  For this application applying recursive chaining is impottto locate the
large segmental duplications. This is because the repsatgdents are dispersed everywhere.

Because the filtered chains are already computed, we petfemecursive chaining step over the
filtered chains. For this purpose, we add the [G1@AINING= -r -chainerformat -lw 100

-gc 70000 -length 10000 to the parameter filparameters.auto . We should also make
sure that the parameter file contains the IKldGN= -palindrome , if not, we have to edit it to
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Figure 7.2:Left: The synteny over the chain files for the Arabidopsisayee. Right: the result for the synteny over the
filtered chains (i.e., chains with alignment of percentafgntity larger tharr0%).

force the post-processing to run over the filtered chain.fidste also that the optiorplotali
0.7 is necessary in this respect. Then we canCalCoNUTagain using theusealign  option to
re-use the already computed results.

> coconut.pl -pairwise testdata/draft/NC_002745.fna.dr aft.shuffled
testdata/draft/NC_003923.fna.draft.shuffled -v -plot - prefix
testdata/draft/Draft -pr parameters.auto -plotali 0.7 -u sealign

In Figure 7.3 on the left, we show the result of the recursiairing, and on the right we show the
resulting syntenic regions. Both results are computedHerfiltered chain files. For the recursive
chaining we raised the minimum chain length to 10 kbp, by reedime-editing the optioAength
10000. That is, we will see only large repeated regions composethained subregions of high
percentage identity. For recursive chaining the choicehefgap constraint parametgc and the
multiplying factor-lw is arbitrary. This requires to have a look at the resulting pb estimate the
distance and also to have look at the chain scores in the @oinghain file to set the multiplying
fragment high enough. For preparing this tutorial, we hawsltmany combinations, and presented
the one yielding the above results. To sum-up, the choidessi parameters is a matter of experience.
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Figure 7.3:Left: The results of the recursive chaining over the filtetheins (with the optiorplotali 0.7 ) for the
Arabidopsis genome. Right: The results of computing théesynover the recursive chaining of the filtered chain files.
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Chapter 8

cDNA/EST Mapping

Figure 8.1 summarizes the task of mapping a cDNA/EST dagatmea genomic sequence. The input
to the system is a single-fasta file containing the genongjoesece, which can be a chromosome or a
contig. The basic steps done are fragment generation aiirapa

After running these two phases, the user can finish the casgpaor proceed to (1) visualize the re-

sulting chains by producing 2D plots, (2) perform an aligntren the character level for each chain,
or (3) compute clusters of genes mapped to the same locudisemthe repeated genes. After com-
puting the alignment, the cDNAs mapped with low sequencatityeare filtered out. Then one can

visualize the results or perform a refined clustering. Fpeating some parts of the comparison with
different parameters, the user can re-start the compaastour points: (1) after the index genera-

tion, (2) after the fragment generation, (3) after the cinginand (4) after finishing the alignment. For

example, if the user already computed the fragments, anghata the chains, then he could run the
alignment program in any time later using the already coegbiitagments and chains. He can also
repeat this step only using different parameters.

8.1 Calling CoCoNUT

The programCoCoNUTis called with the task namenap, which specifies the task of cDNA/EST
mapping, as follows:

>coconut.pl -map -cdna cDNAdatabase-gdna GenomeSeq [optiong

where-cdna and-gdna specifies the cDNA database and the genomic sequence, tresfyed he
options are described as follows:

-pr parameter file
Specifies the parameter file containing the parameters ofythiem. This file is generated
automatically, if no file is specified. All the options, extémr -v and-plot , are functionless
if a parameter is specified. That is, the options in the paranfde dominate. The format of
the parameter file is the same as given in Section 8.2.

verbose mode, i.e., display of the program steps.
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> gi genome 1
GCCGCGCGT
CGGT
CG..

Input genomes

Fragment Generation Phase
Construct Index

| use index & proceed

'

(-plplm]+) | Compute Fragments

use fragments & proceed

Chaining Phase
(-chn, .cen, .stc) Chaining

use chains & proceed

Post-processing Phase ‘ l ‘
| opos || cuser | (align)
(ps) (:syn) |
Filter alignment with
identity < T
(-align.filtered, .chn.filtered, use alignment & proceec
.cen filtered, .stc)
(.cluster.syn)

(.cluster*.ps)

Figure 8.1:A flow chart for the task of mapping a cDNA/EST database to ageo sequence. The user can repeat the
comparison starting from the four poinise index, use fragment, use alignment, and use @rairproceed further in the
comparison. The brackets beside each box shows the filestasrproduced by each step.

-forward
run the comparison for forward strands only. This optionuisctionless if a parameter file is
given. Restricting the processing to forward strand onlyhe parameter file is achieved by
deleting the optionp from the fragment line, as will be explained soon.

-align
compute alignment on the character level for the homologeg®ns. This option is based
on a program calle@stchainer This program takes the chain files as input and considers the
fragments of the chain as anchors. It computes the alignbenieen the anchors considering
the splice-site signals and the exon-intron structure, (fragments lying near to each other
without splice signals are coalesced in one exon.).

-plot
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produce Postscript 2D plots of the chains. For multiple gees the plots are projections of
the chains w.r.t. each pair of genomes.

-plotali filter value0 < 7 < 1
filter out alignments with percentage identityr and produce 2D plots.

-indexname
specify the index, if constructed

-useindex
do not construct the index again.

-usematch
do not compute the fragments again. With this option thetcooed index is used again.

-usechain
use the computed chains and proceed in processing.

-usealign
use the computed alignments and proceed in processing.

-prefix  prefix name
specify a prefix name for the output files. This prefix name khimelude the destination path,
otherwise the resulting files will lie in thEoCoNUTdirectory. If this option is not set, then
the default prefix for the index imdex and for fragments and post-processinfragment
The resulting files will be stored in the directory where thstfinput genome resides.

-o blastchainer
Format output as follows-o blast , output in Blast format.-o chainer : output in
chainer format (default).

-cluster
find a cluster of genes mapped to the same locus, and repedtespgenes.

8.2 The parameter file

The parameter file has the same structure as mentioned beftine comparison of genomic se-
quences, but there is one difference: The keywalrtiGN= become<DNAfor computing alignment
on the character level.

8.3 The fragment generation and the chaining steps
The following points are specific to the cDNA mapping task:

e For the fragment generation, one uses only fragments of/geerhaximal exact matches. Nei-
ther rareness nor MUM option can be used. To restrict thegssing to the forward strand
only, one should delete the optiep from the fragment line.
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e For the chaining step, one uses the optiest for cDNA mapping. For this option, one can
filter out chains in terms of their relative coverage, using tption-coverage 7, where
0 < 7 < 1. The coverage of the chain is the number of characters mapéed genomic
sequence, and the relative coverage is the coverage dimdéte cDNA length.

e For the chaining step, it is allowed that the fragments indin@n overlap with at most — 1
characters, wheréis the minimum fragment length. This option improves theerage of the
cDNA. The option-overlap 7, wherel < 7 < ¢, achieves this goal.

8.4 The alignment step

The alignment for the cDNA chaining is performed by the pamgestchainer . For this program,
we can use the following options:

filter filter ratio 7
filter out chains whose alignment has percentage coverageHanr.

-o blastchainer
Format output as follows-o0 blast , output in Blast format.-o chainer : output in
chainer format (default).

-palindrome
Report w.r.t. +ve strand in case of -reverse

-canon
Use canonical splice sites (default). That is, the canbsigice sites are favored when con-
structing the alignment.

-pssm pssm filex
Specify PSSM file and cutoff valug. The format of this file is given in Figure 8.2. For
example, for a PSSM file callggssm_5.dat , we write-pssm pssm _5.dat 0.005 in
the command line. For more details about using this optiea,Section 8.5.

-splice
Report splice site signals (dinucleotide) at the boundasfeéhe aligned exons.

Report statistics.

The produced alignment file starts with a header specifyliegriput chain, genome, and cDNA file.
Each mapped cDNA is reported in a separate section. For &hA,ave have a header of 4 lines: The
first is the respective chain number in the chain file. The s#i®the cDNA identification name and
its number in the input cDNA database file. The third contémength. The fourth is the percentage
identity of the mapped cDNA, i.e., the number of charactdesiical to the genome in the alignment
divided by its length. The following part reports the exohshe mapped cDNA either iICTHAINER
format or in BLAST format. As default i€oCoNUT the CHAINERformat is the one in use. Below
is snapshots of the alignment files in the BLAST format. Eaxbinesection starts with the line
“Exon num: cDNA: start_.cDN A- end_cDN A, gDNA: start_gDN A- end_gDN A”, where num is
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-13.047667 -13.047667 1.274508 1.500327  -1.747315

-13.047667 -13.047667 -3.223902  -1.742175  -2.145669
1.999872  -13.047667  0.452303  -1.174704 1.681754

-13.047667  1.999872  -3.243536  -1.220821  -1.899826

-1.611606 -0.004127 -2.259765 1.999872 -13.047667
0.282479  0.113425 1.391417 -13.047667 -13.047667

-2.082604 -0.284922 -7.093471  -13.047667 1.999872
1.150816  0.137867 0.214758 -13.047667 -13.047667

Figure 8.2:The PSSM file: The first x 5 table is PSSM for donor site. The columns frarto 5 correspond
to the positiond to 5 of the intron begining. The rows fromto 4 correspond to the nucleotiddsC,G, and
T. The second x 5 table is PSSM for acceptor site. The columns frbin 5 correspond to the positiods- 5
to ¢ — 1 of the end of the intron, whetrgis the intron length. The rows fromto 4 correspond to the four DNA
nucleotides.

the exon number of this genegtart_cDN A-end_cDN A” specifies the start and end positions of
this exon in the cDNA, andstart_gDN A-end_gD N A” specifies the start and end positions in the
genomic sequence. The following part delivers the aligrtneérthis exon between the cDNA and
genomic sequence. The dots correspond to exact matches.

# Chain file : testdata/cdna/Arabidposis/fragment.mm.pp .chn.ctg.ordered
# Genome file: testdata/cdna/Arabidposis/chroml.seq
# cDNA file : testdata/cdna/Arabidposis/cdnal.seq

#**************

# Chain no.: 1

# AT1G08520.1, id: 1

# cDNA length: 2548

# Identity: 2548 = 100%

Exon O: cDNA:0-398, gDNA:2696414-2696812
GCAATCAGGAAAGGATGACGAGACAAAAGATAGAGAAGCAAAAGYPMETITE T 59
............................................................ 2696473
............................................................ 2696533
TTGAAAATGGCGATGACTCCGGTCGCGTCATCATCTCCAGTTTCAEZCT®TITT 179
............................................................ 2696593
............................................................ 2696653

AACAGAATTGCCTCGTGCCGCTTCACTGTACGTGCCTCCGCGAAGGCEABTCC 299
............................................................ 2696713

CCTAACGGTGTCCCTGCCTCCACATCAGATACGGATACGGAGACEBIEINTRNCIAT 359
............................................................ 2696773

Here is also a snapshot of the alignment file (including trexlke for the same data set in the chainer
format. In this format the line[$tart_cDN A, end_cDN A] [start_gDN A, start_gD N A]” specifies
the start and end positions of the exons in the cDNA and gDN#pectively.

# Chain file : testdata/cdna/Arabidposis/fragment.mm.pp .chn.ctg.ordered
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# Genome file: testdata/cdna/Arabidposis/chroml.seq
# cDNA file : testdata/cdna/Arabidposis/cdnal.seq

#**************

# Chain no.: 1

# AT1G08520.1, id: 1

# cDNA length: 2548

# Identity: 2548 = 100%

[0, 398] [2696414, 2696812]
[399, 577] [2697017, 2697195]
[578, 662] [2697285, 2697369
[663, 979] [2697455, 2697771]
[980, 1103] [2697874, 2697997]
[1104, 1196] [2698113, 2698205]
[1197, 1292] [2698629, 2698724]
[1293, 1436] [2698973, 2699116]
[1437, 1643] [2699196, 2699402]
[1644, 1799] [2699469, 2699624]
[1800, 1907] [2699815, 2699922
[1908, 2042] [2700023, 2700157]
[2043, 2201] [2700257, 2700415]
[2202, 2322] [2700520, 2700640]
[2323, 2547] [2700736, 2700960]

After the sections of the mapped chains, we report staistiout the mapped sequences using the
option-s . The statistics part is self-explaining: We report PSSMdas for donor and acceptor
sites of 5 columns. Then we report the di-nucleotide freqgigsnat the donor and acceptor sites. After
that we report a histogram for the percentage identitieh@htapped cDNAs.

Finally in the statistics Section we report the number ofetted exon boundaries based on the splice-
site model used (either the canonical or the PWM), and onliheraent only.

This statistical section is useful for improving the deitattof the splice site signals. The user can
start the mapping using the canonical model, and store pueterl PWM matrices, which gives better
estimation of the splice site€oCoNUTcan then be re-started using these PWM matrices to improve
the mapping in light of this knowledge.

Post processing cDNAs: computing clusters and detecting peated genes Two cDNAs whose
mapping overlaps on the genomic sequences belongs to osierclUA cDNA is repeated if it is
mapped to more than one site in the genomic sequence. Compaltisters and detecting repeated
genes are achieved by using the opticluster

coconut.pl -map -gdna testdata/cdna/chroml.seq -cdna tes tdata/cdna/cdnal.seq
-prefix testdata/cdna/AracDNA -v -align -plotali 0.7 -use align -cluster

The output of this step is written to the filecluster  ; see Figure 8.3. This file starts with a header
showing the input files. Then the file is divided into threetioss:

e The repeated genes: This section starts with the#inBepeated genes . If a gene ap-
pears more than once, it is written in a separate paragraépig with its positions, orientation,
coordinates w.r.t. the positive strand.

e The gene clusters: This section starts with the #n&ene clusters . The cluster number
is written next to the brackets enclosing the cDNA coordisah the genome; see Figure 8.3.
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# Repeated genes:
# The following gene is repeated 2 times

# Chain no.: 30

# AT1G36020.1, id: 48

# cDNA length: 351

# Identity: 316 = 90.0285%

# Gene clusters:
Frrrkkkkkkkdok

# Chain no.: 1731

# AT1G01010.1, id: 3236
# cDNA length: 1688

# ldentity: 1688 = 100%
#+ +

[0,1687] [3630,5898] 1

(€)

-
# + +
[0,350] [13089940,13090403] 3292 Hkhktktk
# Chain no.: 1717
# Chain no.: 19 # AT1G01020.1, id: 3231
# AT1G36020.1, id: 48 # cDNA length: 934
# cDNA length: 351 # Identity: 934 = 100%
# Identity: 351 = 100% # + -
# o+ - [0,933] [6789,8736] 2
[0,350] [13435130,13435551] 3331
(@) (b)
# statistics # Cluster sizes:
#Total No.of hits on both strands (including repeated genes ): 13561 # Format: Clstr. No.: no. of genes in cluster
#Total No. of hits on +ve strand (including repeated genes) : 9009 0: 0
#Total No. of hits on -ve strand (including repeated genes): 4552 101
#No. of mapped genes (repeated genes counted 1 time): 8042 2: 2
#No. of repeated genes: 547 31
#No. of unique genes: 7495 4: 1
#No. of clusters: 6837 51
6: 1
# Repeated genes distribution: 7.3
8: 2
# Format: Gene_id: no. of copies 9: 2
48: 2 10: 1
67: 2 11: 2
68: 2 12: 1
151: 2 13: 1
159: 2 14: 1

(d)

Figure 8.3: Snapshots of the different sections of the cluster files:Hgader part and repeated genes. (b)
Cluster of genes. The arrow points to the cluster number) (6f'the shown gene. (c) Statistics including
summary and repeated gene distribution. (d) The rest oft#ttistics part containing the number of cDNAS in
each cluster.

e Statistics: This section starts with the littestatistics

— Summary: It contains the total number of hits, genes, repegénes on each strand.

— Repeated gene distribution: This subsection startsRéjeated genes distribution ,
and it lists for each cDNA (gene) id the number of copies. (iths its order in the cDNA
file.)

— Cluster sizes: This subsection starts w@luster sizes , and it lists for each clus-
ter the number of genes in it. The cluster no. is the numbesrteg in SectiorGene
clusters  of this file.

8.5 Tutorial: Mapping cDNA database to a genomic sequence

To demonstrate the usage GbCoNUT we show step-by-step how to map a cDNA database to a
genomic sequence. We use thethalianachromosome 1 and a database of cDNAs. These example
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sequences are stored in the directt©pCoNUT/testdata/cdna under the namehrom1.seq
andcdna.seq , respectively.

Running with default parameters: The command line for callin@oCoNUTIis

> coconut.pl -map -gdna testdata/cdna/chroml.seq -cdna te stdata/cdna/cdnal.seq
-prefix testdata/cdna/AracDNA -v -plot

In this run, we use the optioiplot  to visualize the resulting chains. Moreover, the verbosedano
option-v is used to see the intermediate step of the program. It wdstdk®e more convenient to
assign a prefix to the output files; we can choose the pfaticDNA.

The fragment and chain files produced have the same formdteaBlds produced in the task of
comparing two draft or two multi-chromosomal genomes.

Computing the alignment: To compute the alignment and visualize the results, we agldpltions
-align -plotali 0.7 . This option filters out chains with percentage coverage tean70%.
Then a plot is produced for the remaining chains.

coconut.pl -map -gdna testdata/cdna/chroml.seq -cdna tes tdata/cdna/cdnal.seq
-prefix testdata/cdna/AracDNA -v -plot -usechain -align - plotali 0.7

Adding the optionsalign  will automatically let the line CDNA= -s -o blast -palindrome
be written in the parameter file. (The optigplotali 0.7 does not conflict with those in the
parameter file; i.e., it is an extra.) The options “o blast -palindrome " are passed to the
programestchainer  for computing the alignment.

To use a PSSM file (e.g., the fifssm_5.dat containing the values shown in Figure 8.2) for mod-
eling the splice sites, we put this file in the m&pnCoNUTdirectory and addpssm pssm _5.dat
0.005 in the line starting wittCDNA=in the parameter file. Note that the threshold 0.005 is abitr
ily chosen in this example.

Post processing cDNAs: computing clusters and detecting peated genes You can compute the
gene cluster and find repeated genes by editing the ogtlaster  and runningCoCoNUTusing
the optionusealign , as follows.

coconut.pl -map -gdna testdata/cdna/chroml.seq -cdna tes tdata/cdna/cdnal.seq
-prefix testdata/cdna/AracDNA -v -align -plotali 0.7 -use align -cluster

The resulting file isAracDNA.cluster
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Figure 8.4:The plot of the mapped Arabidopsis cDNAg-éxis), and the first Arabidopsis genomedxis). Left: The
mapped chains. Right: the mapped cDNAs whose alignment éemtage coverage larger thabf%s. The range of
the z-axis is the whole cDNA length, and the position of a cDNA s piosition w.r.t. the whole database, i.e., w.r.t. the
concatenated cDNA sequences.
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