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Welcome to the manual pages for the SeqAn library!

SeqAn is a C++ template library for the analysis of biological sequences. As such, it contains algorithms and data
structures for

* string representation and their manipluation,
* online and indexed string search,

* efficient I/O of bioinformatics file formats,

* sequence alignments, and

* many, many more.

Tutorials 1
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2 Tutorials



CHAPTER 1

Requirements

Well, as SeqAn is written in C++ it might not come as a surprise, that you should bring some basic knowledge about
the C++ programming language. We made quite an effort to not depend on other libraries, than the on-board tools
already bring. This means, to learn SeqAn it suffices in the beginning to only know about C++ and the STL which is
the standard template library defined by the ISO C++ committee. The rest will be discussed in the subsequent tutorials
step by step.

Before we start, here is a strong advice! If you are diving into C++ for the first time, because you are new to program-
ming or switched from another programming language, then we recommend, you first stroll through the C++ FAQs to
acquaint yourself with C++. There you can find many useful tips about C++ and get some further readings. It also will
introduce you to the paradigms that we used for designing this library. In the Getting Started section we will introduce
you to the design decisions of SeqAn and lay down some of the basic programming paradigms we follow to make this
library so efficient. If you never heard about these paradigms, dont’t worry. We will give you code examples, which
you can try out on your own. Never forgot, there is no better way to learn a new language or language feature, than to
actually program with it. So keep your fingers attached to the keyboard and let’s start right away!

If you didn’t install SeqAn yet, please follow the User Guide instructions to install SeqAn first. After that you should
continue with the tutorials.

Hint: Please note, that although we try hard to provide a very comprehensive list of topics, it is not always possible
to cover every angle of the library and its features. The tutorials are thought as a first place to start. If you are more
experienced with SeqAn you can use the AP/ documentation in addition to search for specific functions or classes.



http://en.cppreference.com/w/cpp
https://isocpp.org/faq
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CHAPTER 2

Tutorials

The tutorial section is organized such that you can efficiently search for a specific topic you want to learn more about.
Each tutorial takes 30 to 60 minutes of your time for learning how to use SeqAn. So buckle up and jump right into
using SeqAn using our tutorials!

Getting Started These articles are required for every one that is new to SeqAn. Take your time and study
these documents thoroughly, as they describe the fundamental concepts and design decisions of the
library. Everything else depends on these informations.

Data Structures In the data structure tutorials we introduce you to the main data structures of this library
and their usage. Beginners should start with the Sequence tutorial, and then continue with the
Alingment tutorials. After that beginners should continue with the Alignment Algorithm tutorials.

Algorithms In this section we explain several different algorithms that are crucial for many bioinformatics
applications. This includes pattern matching, dynamic programming algorithms for sequence align-
ments, seed extension and many more. Beginners that come from the tutorials about data structures
should either continue with Online Pattern Matching or with the DP Alignment Algorithms.

Input/Output On this page you will learn how to read/write and work with common bioinformatic file
formats, such as FASTA, BAM, BED, VCEF files, and more. Beginners should start with the File I/O
Overview. This tutorial introduces you to the basic I/O concepts and data structures.

How-Tos The how-to page is divided into Recipes and Use Cases. The former section gives you some
useful hints about miscellaneous topics. The latter section describes how some use cases can be
solved with SeqAn. Things presented here are for experienced SeqAn users. If you are a beginner,
first have a look at the tutorials above.

Workflows These tutorials teach you how to integrate your application into workflow engines like KNIME
or Galaxy.
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CHAPTER 3

Infrastructure

User Guide These articles describe how to get SeqAn, how to use it in your application and explain things
you need to consider when building. Everyone should read it.

Contributer Guide Anyone who wants to contribute code or documentation to SeqAn should read this.
You will learn about the conventions and coding style.

Team Guide These pages cover the structure of the SeqAn repository, the git workflow and explain re-
lease procedures. All SeqAn team members should read this; and also downstream package main-
tainers.
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CHAPTER 4

API Documentation

The API documentation can be found here.

Getting Started

These Tutorials will help you with your first steps in SeqAn.

Important: Before you start, make sure that you have installed SeqAn correctly by following the User Guide!

ToC

Contents

* Background and Motivation

— Library Design Aims

— Modern C++
Memory Management in SeqAn
Motivation for Template Programming
OOP vs. Generic Programming
Global Function Interface
Meta-Programming

* Looking at an Example

And now?



http://docs.seqan.de/seqan/2.2.0/?p=mainpage

SegAn Manual, Release 2.2.0

Background and Motivation

Learning Objective You will learn about the design goals and fundamental ideas used in the SeqAn library. Also,
you will see how the SeqAn library can be generic while still retaining high performance.

Difficulty Very basic
Duration Take the time you need!
Prerequisites Basic C or C++ knowledge

Hi, we are glad you made it here. You being here, and reading these lines means you are eager to learn more about
SeqAn and this is the right place to start. In this tutorial, we will give you an overview about the design goals, design
decisions of the SeqAn library, and explain the motivation for these decisions. The next chapter First Steps will flesh
out the most important points of this chapter with code examples of everyday SeqAn use.

Library Design Aims

The following lists some library design aims of the SeqAn library. Note that they are contradicting. The focus is on
efficiency but small trade-offs are allowed to improve consistency and ease of use.

1. Efficiency. The focus of SeqAn is to provide a library of efficient and reusable algorithmic components for
biological sequence analysis. Algorithms should have good practical implementations with low overhead, even
at the cost of being harder to use.

2. Consistency. Be consistent wherever possible, even at slight costs of efficiency.
3. Ease of use. The library should be easily usable wherever possible, even at slight costs of efficiency.

4. Reusability and Generosity. The algorithms in SeqAn should be reusable and generic, even at small costs of
efficiency.

Modern C++

C++ is sometimes described as a language that most people know only 20% of but everyone knows a different 20%.
This section gives an overview over some C++ idioms we use. This might be no news if you are a seasoned C++
programmer who is apt at using the STL and Boost libraries. However, programmers coming from C and Java might
find them interesting (We still encourage to read the C++ FAQ if you are new to C++).

References References are alternatives to pointers in C++ to construct value aliases. Also see Wikipedia on C++
references.

Templates C++ allows you to perform generic programming using templates. While similar to generics in Java
(C++ templates are more than a decade older), C++ templates are designed to write zero-overhead abstractions
that can be written to be as efficient as hand-written code while retaining a high level of abstraction. See
cplusplus.com on C++ templates. Note that there is no way to restrict the type that can be used in templates,
there is no mechanism such as Java’s ? extends T in C++. Using an incompatible type leads to compiler
errors because some operator or function could not be found.

Memory Management / No Pointers Object oriented programming is another key programming paradigm made
available with C++ (Compared to C). This means, that instead of using raw pointers to allocated chunks of mem-
ory, memory management should be done using containers. The STL provides containers such as std::vector
and SeqAn offers String.

10 Chapter 4. API Documentation
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Memory Management in SegAn

C++ allows to allocate complex objects on the stack (in contrast to Java where objects are always constructed on the
heap). The objects are constructed when the code execution enters the scope/block they are defined in and freed when
the block is left. Allocation of resources (e.g. memory) happens on construction and deallocation happens when the
current block is left. This is best explained in an example.

#include <segan/sequence.h>

int main(int argc, char const **x argv)
{
seqgan: :String<char> programName = argv[0];
if (argc > 1)
{
segan: :String<char> firstArg = argv[l];
if (argc > 2)
return 1;
}

return 0;

segan: : String<char> isaclass (actually an instantiation of the class template String) that allows to store strings
of char values, similar to std: : vector<char> or std: : string.

When the variable programName is allocated, the constructor of the St ring<char> class is called. It allocates
sufficient memory to store the value of argv [0] and then copies over the values from this string. The variable exists
until the current block is left. Since it is defined in the main () function, this can only happen in the last line of
main () atthe return 0. When the variable goes out of scope, its value is deconstructed and all allocated memory
is freed.

If an argument was given to the program, the block in the if clause is entered. When this happens, the variable
firstArg is constructed, memory is allocated and the value of argv [1] is copied into the buffer. When the block
is left, the variable is deconstructed and all memory is deallocated.

Note that all memory is released when the main () function is left, regardless whether it is left in the return 0
or the return 1. Corresponding code in C would be (arguably) more messy, either requiring got o or multiple
free () calls, one before either return.

Motivation for Template Programming

In this section, we will give a short rationale why C++ with heavy use of template programming was used for SeqAn.

Any sequence analysis will have sequence data structures and algorithms on sequences at its heart. Even when only
considering DNA and amino acid alphabets, there are various variants for alphabets that one has to consider. Other-
wise, important applications in bioinformatics cannot be covered:

e 4-character DNA,

¢ 5-character DNA with N,
¢ 15-character [UPAC, and
* 27-character amino acids.

A simple implementation could simply store such strings as ASCII characters. However, there are some implemen-
tation tricks that can lead to great reduction of memory usage (e.g. encoding eight 4-character DNA characters in
one byte) or running time (fast lookup tables for characters or g-grams) for small alphabets. Thus, simply using a
std: :string would come at high costs to efficiency.

4.1. Getting Started 11
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Given that in the last 10-15 years, Java and C# have gained popularity, one could think about an object oriented
solution: strings could simply be arrays of Character objects. Using polymorphism (e.g. overwriting of functions
in subclasses), one could then write generic and reusable algorithms. For example, the Java 2 platform defines the sort
function for all objects implementing a Comparable interface. Note that such an implementation would have to rely
on virtual functions of some sort. However, as we will see in the section OOP vs. Generic Progamming, this comes
at a high performance cost, being in conflict with efficiency. For a sequence library, we could implement functions
that map values from an alphabet to an ordinal value between O and S — 1 where S is the number of elements in the
alphabet.

Generic programming offers one way out: C++ templates allow to define template classes, e.g. the STL’s
std::vector<T> or SeqAn’s String. Here, instead of creating a string class around an array of char values
(or objects), we can leave the type of the array’s elements open. We can then introduce different types, e.g. Dna or
Dnab for 4- and 5-character DNA alphabets.

Algorithms can be implemented using template functions and the template types are fixed at compile time. Thus, the
compiler does not have to use virtual function tables and other “crutches”, less indirection is involved, and more code
can be inlined and aggressively optimized. When written appropriately, such algorithms can also work on different
string implementations! Also, when defining our own alphabet types, we can directly influence how their abstractions
(and APIs) work.

Thus, C++ allows us to implement (1) a generic and reusable library with (2) high level abstractions (and thus ease of
use) that still allows the compiler to employ aggressive optimization and thus achieves (3) efficiency. With the words
of the C++ inventor Bjarne Stroustrup:

A high level of abstraction is good, not just in C++, but in general. We want to deal with problems at
the level we are thinking about those problems. When we do that, we have no gap between the way we
understand problems and the way we implement their solutions. We can understand the next guy’s code.
We don’t have to be the compiler.

OOP vs. Generic Programming

In SeqAn, we use a technique called template subclassing which is based on generic programming. This technique
provides polymorphism into C++ programs at compile time using templates. Such static polymorphism is different
from runtime polymorphism which is supported in C++ using subclassing and virtual functions. It comes at the cost
of some additional typing but has the advantage that the compiler can inline all function calls and thus achieve better
performance. An example will be given in the section “From OOP to SeqAn” in the First Steps Tutorial.

Todo

We need a little code example here.

The important point is that in contrast to runtime polymorphism such static polymorphism allows the compiler to
inline functions, which has huge effect on the overall performance of the program. Which as you recall correctly from
above, is the main objective of the SeqAn library :)!

Global Function Interface

As we already stated, using template subclassing to achieve OOP like behavior in a more efficient way comes with a
certain drawback. Subclassed objects are seen by the compiler as singular instances of a specific type. That means a
subclassed object does not inherit the member or member functions of the alleged base class. In order to reduce the
overhead of reimplementing the same member functions for every subclassed object, we use global interface functions.

You might already have get in touch with global function interfaces while working with the STL. With the new C++11
standard the STL now provides some global interface functions, e.g., the begin or end interface.

12 Chapter 4. API Documentation
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The rationale behind is the following observation. Global interface functions allow us to implement a general func-
tionality that is used for all subclassed objects of this template class (assuming the accessed member variables exists
in all subclassed objects as in the base template class, otherwise the compiler will complain). If the behavior for any
subclassed object changes, the corresponding global function will be reimplemented for this special type covering the
desired functionality. Due to template deduction the compiler already chooses the correct function and inlines the
kernel if possible, which very likely improves the performance of the program. By this design, we can avoid code
duplication, and by that increasing maintainability and reducing subtle errors due to less copy-and-paste code.

So, while most C++ developers, who are familiar with the STL and have a strong background in OO programming,
are used to the typical dot notation, in SeqAn you have to get used to global function interfaces instead. But, cheer up!
You will adapt to this very quickly. Promised!

Meta-Programming

Generic algorithms usually have to know certain types that correspond to their arguments. An algorithm on containers
may need to know which type of values are stored in the string, or what kind of iterator we need to access it. The
usual way in the STL is to define the value type of a class like vector as a member typedef of this class, so it can be
retrieved by vector: :value_type.

Unfortunately member typedef declarations have the same disadvantages as any members: Since they are specified by
the class definition, they cannot be changed or added to the class without changing the code of the class, and it is not
possible in C++ to define members for built-in types. What we need therefore is a mechanism that returns an output
type (e.g. the value type) given an input type (e.g. the string) and doing so does not rely on members of the input type,
but instead uses some kind of global interface.

Such task can be performed by metafunctions, also known as type traits. A metafunction is a construct to map
some types or constants to other entities like types, constants, functions, or objects at compile time. The name meta-
function comes from fact that they can be regarded as part of a meta-programming language that is evaluated during
compilation.

In SeqAn we use class templates to implement metafunctions in C++. Generic algorithms usually have to know
certain types that correspond to their arguments: An algorithm on strings may need to know which type of characters
are stored in the string, or what kind of iterator can be used to browse it. SeqAn uses Metafunctions (also known as
“traits”) for that purpose.

Looking at an Example

Assuming that we define a string of amino acids:

String<AminoAcid> amino_str = "ARN";

Now lets define a function that exchanges the first two values in a string:

void amino_exchangeFirstValues (String<AminoAcid> & str)
{
if (length(str) < 2)
return;
AminoAcid temp = str[0];
str[0] = str[l];
str[1] temp;

Since this function only works for instances of String<AminoAcid>, we could try to make it more general by making
a template out of it.

4.1. Getting Started 13
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template <typename T>
void general_exchangeFirstvValues (T & str)
{

if (length(str) < 2)

return;

AminoAcid temp = str[0];

str[0] = str[l];

str[l] = temp;

Now the function works for all sequence types T that store AminoAcid objects, but it will fail for other value types
as soon as the variable temp cannot store str [0] anymore. To overcome this problem, we must redefine temp in a
way that it can store a value of the correct type. The question is: “Given a arbitrary type T, what is the value type of
T?

The metafunction Value answers this question: “The value type of T is given by Value<T>: : Type.”

Hence, the final version of our function exchangeFirstValues reads as follows:

template <typename T>
void exchangeFirstValues (T & str)
{
if (length(str) < 2)
return;
typename Value<T>::Type temp = str[0];
str[0] = str([l];
str[l] = temp;

We can view Value as a kind of “function” that takes T as an argument (in angle brackets) and returns the required
value type of T. In fact, Value is not implemented as a C++ function, but as a class template. This class template is
specialized for each sequence type T in a way that the typedef Type provides the value type of T. Unfortunately,
the current C++ language standard does not allow to write simply “Value<T> temp;”, so we must select the return
value by appending “: : Type”. The leading “t ypename” becomes necessary since Value<T>: : Type is a type
that depends on a template parameter of the surrounding function template.

And now?

Wow, this was quite some information to digest, wasn’t it? We suggest you take a break! Get some fresh air! Grab
something to drink or to eat! Let the information settle down.

Do you think you’ve got everything? Well, if not don’t worry! Follow the First Steps tutorial which will cover
the topics discussed above. This gives you the chance to apply the recently discussed paradigms to an actual (uhm,
simplistic) use case. But it will help you to better understand the way data structures and algorithms are implemented
in SeqAn.

We recommend you to also read the Argument Parser Tutorial. This tutorial will teach you how to easily add command
line arguments for your program and how to generate a help page for the options. Or you go back to the main page
and stroll through the other tutorials. You are now ready to dive deeper into SeqAn. Enjoy!

ToC
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Contents
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* Assignment 6

The Final Result

A First Example

Learning Objective You will learn the most basic concepts of SeqAn. After this tutorial you will be ready to deal
with the more specific tutorials, e.g. Sequences.

Difficulty Very basic

Duration 1.5h

Prerequisites Basic C or C++ knowledge

Welcome to the SeqAn “Hello World”. This is the first practical tutorial you should look at when starting to use our
software library.

We assume that you have some programming experience (preferably in C++ or C) and concentrate on SeqAn specific
aspects. We will start out pretty slowly and hopefully the tutorial will make sense to you even if you are new to C++.
However, to really leverage the power of SeqAn you will have to learn C++. There are many tutorials on C++, for
example the tutorial at cplusplus.com.

This tutorial will walk you through a simple example program that highlights the things that are most prominently
different from the libraries that many SeqAn newcomers are used to:

* extensive usage of C++ templates,
* generic programming using templates,
* using references instead of pointers in most places,

¢ and more.

Running Example

Let’s start with a simple example programm. The program will do a pattern search of a short query sequence (pattern)
in a long subject sequence (text). We define the score for each position of the database sequence as the sum of matching
characters between the pattern and the text.

The following figure shows an expected result:

4.1. Getting Started 15
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score: 101 ... ... 801
text: This is an awesome tutorial to get to know SegAn!
pattern: tutorial tutorial

tutorial tutorial

The first position has a score of 1, because the i in the pattern matches the i in is. This is only a toy example for
explanatory reasons and we ignore any more advanced implementations.

In SeqAn the program could look like this (we will explain every line of code shortly):

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>

using namespace segan;

int main ()

{
// Initialization
String<char> text = "This is an awesome tutorial to get to know SegAn!";
String<char> pattern = "tutorial";

String<int> score;
resize (score, length(text) - length(pattern) + 1);

// Computation of the similarities
// Iteration over the text (outer loop)

for (unsigned i = 0; i < length(text) - length(pattern) + 1; ++i)
{

int localScore = 0;

// Iteration over the pattern for character comparison

for (unsigned j = 0; j < length(pattern); ++3J)

{

if (text[i + j] == pattern[j])
++localScore;
}
score[i] = localScore;

// Printing the result

for (unsigned i = 0; i < length(score); ++1)
std::cout << scorel[i] << " ";

std::cout << std::endl;

return 0O;

Whenever we use SeqAn classes or functions we have to explicitly write the namespace qualifier segan: : in front
of the class name or function. This can be circumvented if we include the line using namespace segan; atthe
top of the working example. However, during this tutorial we will not do this, such that SeqAn classes and functions
can be recognized more easily.

Attention: Argument-Dependent Name Lookup (Koenig Lookup)

Using the namespace prefix segan: : is not really necessary in all places. In many cases, the Koenig lookup rule
in C++ for functions makes this unnecessary. Consider the following, compiling, example.

16 Chapter 4. API Documentation




SegAn Manual, Release 2.2.0

segan: :String<char> s = "example";
unsigned i = length(s);

Here, the function length does not have a namespace prefix. The code compiles nevertheless. The compiler
automatically looks for a function 1ength in the namespace of its arguments.

Note that we follow the rules for variable, function, and class names as outlined in the SeqAn style guide. For example:
1. variables and functions use lower case, 2. struct, enum and classes use CamelCase, 3. metafunctions start with a
capital letter, and 4. metafunction values are UPPERCASE.

Assignment 1

Type Review
Objective Create a demo program and replace its content with the code above.

Hint Depending on your operating system you have different alternatives to create a demo application. An in depth
description can be found in GettingStarted.

Solution Click “more...”¢

// Copy the code into a demo program and have a look at the result.

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>

using namespace segan;

int main ()

{
// Initialization
String<char> text = "This is an awesome tutorial to get to know SegAn!";
String<char> pattern = "tutorial";

String<int> score;
resize (score, length(text) - length(pattern) + 1);

// Computation of the similarities
// Iteration over the text (outer loop)
for (unsigned i = 0; 1 < length(text) - length(pattern) + 1; ++1i)
{

int localScore = 0;

// Iteration over the pattern for character comparison

for (unsigned j = 0; j < length(pattern); ++3)

{

if (text[i + j] == pattern[j])
++localScore;
}

score[i] = localScore;

// Printing the result

for (unsigned i = 0; 1 < length(score); ++1)
std::cout << scorel[i] << " ";

std::cout << std::endl;

4.1. Getting Started 17
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//>1010010000001000010801000020100103€01
-0 1 0 0 0 0

return 0;

SegAn and Templates

Let us now have a detailed look at the program.

We first include the IOStreams library that we need to print to the screen and the SeqAn’s <segan/file.h> as well
as <segan/sequence . h> module from the SeqAn library that provides SeqAn String.

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>

using namespace segan;

The String class is one of the most fundamental classes in SeqAn, which comes as no surprise since SeqAn is used to
analyse sequences (there is an extra tutorial for SeqAn sequences and alphabets).

In contrast to the popular string classes of Java or C++, SeqAn provides different string implementations and different
alphabets for its strings. There is one string implementation that stores characters in memory, just like normal C++
strings. Another string implementation stores the characters on disk and only keeps a part of the sequence in memory.
For alphabets, you can use strings of nucleotides, such as genomes, or you can use strings of amino acids, for example.

SeqAn uses template functions and template classes to implement the different types of strings using the generic
programming paradigm. Template functions/classes are normal functions/classes with the additional feature that one
passes the type of a variable as well as its value (see also: templates in cpp). This means that SeqAn algorithms
and data structures are implemented in such a way that they work on all types implementing an informal interface
(see information box below for more details). This is similar to the philosophy employed in the C++ STL (Standard
Template Library).

The following two lines make use of template programming to define two strings of type char, a text and a pattern.

// Initialization
String<char> text = "This is an awesome tutorial to get to know SegAn!";
String<char> pattern = "tutorial";

In order to store the similarities between the pattern and different text positions we additionally create a string storing
integer values.

String<int> score;

Note that in contrast to the first two string definitions we do not know the values of the different positions in the
string in advance. In order to dynamically adjust the length of the new string to the text we can use the function
resize. The resize function is not a member function of the string class because SeqAn is not object oriented in the
typical sence (we will see later how we adapt SeqAn to object oriented programming). Therefore, instead of writing
string.resize (newLength) weuse resize (string, newLength).

resize (score, length(text) - length(pattern) + 1);

Note: Global function interfaces.

18 Chapter 4. API Documentation
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SeqAn uses global interfaces for its data types/classes. Generally, you have to use function (variable) instead
of variable. function ().

This has the advantage that we can extend the interface of a type outside of its definition. For example, we can provide
a length () function for STL containers std: : string<T> and std: : vector<T> outside their class files. We
can use such global functions to make one data type have the same interface as a second. This is called adaption.

Additionally, we can use one function definition for several data types. For example, the alignment algorithms in
SeqAn are written such that we can compute alignments using any String with any alphabet: There are more than 5
String variants in SeqAn and more than 8 built-in alphabets. Thus, one implementation can be used for more than 40
different data types!

After the string initializations it is now time for the similarity computation. In this toy example we simply take the
pattern and shift it over the text from left to right. After each step, we check how many characters are equal between
the corresponding substring of the text and the pattern. We implement this using two loops; the outer one iterates over
the given text and the inner loop over the given pattern:

// Computation of the similarities
// Iteration over the text (outer loop)

for (unsigned i = 0; i < length(text) - length(pattern) + 1; ++1i)
{

int localScore = 0;

// Iteration over the pattern for character comparison

for (unsigned j = 0; j < length(pattern); ++3j)

{

if (text[i + j] == pattern[j])
++localScore;
}
score[i] = localScore;

There are two things worth mentioning here: (1) SeqAn containers or strings start at position 0 and (2) you will notice
that we use ++variable instead of variable++ wherever possible. The reason is that ++variable is slightly
faster than its alternative, since the alternative needs to make a copy of itself before returning the result.

In the last step we simply print the result that we stored in the variable * * * * score on screen. This gives the similarity
of the pattern to the string at each position.

// Printing the result

for (unsigned i = 0; i < length(score); ++i)
std::cout << scorel[i] << " ";

std::cout << std::endl;

Refactoring

At this point, we have already created a working solution! However, in order to make it easier to maintain and reuse
parts of the code we need to export them into functions. In this example the interesting piece of code is the similarity
computation, which consists of an outer and inner loop. We encapsulate the outer loop in function computeScore
and the inner loop in function computeLocalScore as can be seen in the following code.

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>

using namespace segan;
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int computelLocalScore (String<char> subText, String<char> pattern)

{

int localScore = 0;
for (unsigned i = 0; i < length(pattern); ++i)
if (subText[i] == pattern[i])
++localScore;

return localScore;

String<int> computeScore (String<char> text, String<char> pattern)

{

String<int> score;

resize (score, length(text) - length(pattern) + 1, 0);
for (unsigned i = 0; i < length(text) - length(pattern) + 1; ++1i)
score[i] = computelLocalScore(infix(text, i, i + length(pattern)), pattern);

return score;

int main ()

{
String<char> text = "This is an awesome tutorial to get to know SegAn!";
String<char> pattern = "tutorial";
String<int> score = computeScore (text, pattern);

for (unsigned i = 0; i < length(score); ++1i)
std::cout << score[i] << " ";

std::cout << std::endl;

return 0;

The function computeScore() now contains the fundamental part of the code and can be reused by other functions.
The input arguments are two strings. One is the pattern itself and one is a substring of the text. In order to obtain the
substring we can use the function infix implemented in SeqAn. The function call infix (text, i, 7J) generates
a substring equal to text[i ... J - 1],e.g infix(text, 1, 5) equals “ello”, where text is “Hello
World”. To be more precise, infix() generates a Infix which can be used as a string, but is implemented using pointers
such that no copying is necessary and running time and memory is saved.

Assignment 2

Type Review
Objective Replace the code in your current file by the code above and encapsulate the print instructions.

Hint The function head should look like this:

void print (String<int> text)

Solution

// Copy the code into your current file and encapsulate the print instructions.

#include <iostream>
#include <segan/file.h>
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#include <segan/sequence.h>
using namespace sedgan;

int computelLocalScore (String<char> subText,

{

int localScore = 0;
for (unsigned i = 0; 1 < length(pattern);
if (subText[i] == pattern[i])
++localScore;

return localScore;

String<int> computeScore (String<char> text,
{

String<int> score;

resize (score, length(text) - length(pattern)
for (unsigned i = 0; 1 < length(text)
score[i] = computelLocalScore(infix (text,
—pattern);

return score;

//!'[head]
void print (String<int> text)
// ! [head]
{
for (unsigned i = 0; 1 < length(text); ++1)

std::cout << text[i]
std::cout << std::endl;

<< " ",.

int main ()

String<char> text =
String<char> pattern =
String<int> score = computeScore (text,

"tutorial";

print (score);

return 0;

++1)

+

— length (pattern)

i,

String<char> pattern)

String<char> pattern)

1, 0);

+ 1; ++1)
i + length(pattern)), .

"This is an awesome tutorial to get to now SegAn!";

pattern);

The Role of References in SeqAn

Let us now have a closer look at the signature of computeScore ().

Both the text and the pattern are passed by value. This means that both the text and the pattern are copied when
the function is called, which consumes twice the memory. This can become a real bottleneck since copying longer
sequences is very memory and time consuming, think of the human genome, for example.

Instead of copying we could use references. A reference in C++ is created using an ampersand sign (&) and creates an
alias to the referenced value. Basically, a reference is a pointer to an object which can be used just like the referenced
object itself. This means that when you change something in the reference you also change the original object it came
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from. But there is a solution to circumvent this modification problem as well, namely the word const. A const object
cannot be modified.

Important: If an object does not need to be modified make it an nonmodifiably object using the keyword const.
This makes it impossible to unwillingly change objects, which can be really hard to debug. Therefore it is recom-
mended to use it as often as possible.

Therefore we change the signature of computeScore to:

String<int> computeScore (String<char> const & text, String<char> const & pattern)

Reading from right to left the function expects two references to const objects of type String of char.

Assignment 3

Type Review
Objective Adjust your current code to be more memory and time efficient by using references in the function header.

Hint The function head for computeLocalScore should look like this:

int computelLocalScore (String<char> const & subText, String<char> const & pattern)

Solution

// Adjust your current code to be more memory and time efficient by using,
—references in the function header.

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>

using namespace segan;

//![head local]

int computelLocalScore (String<char> const & subText, String<char> const & pattern)
//![head local]

{

int localScore = 0;
for (unsigned i = 0; 1 < length(pattern); ++1)
if (subText[i] == pattern[i])
++localScore;

return localScore;

// ! [head]
String<int> computeScore (String<char> const & text, String<char> const & pattern)
//![head]
{

String<int> score;

resize (score, length(text) - length(pattern) + 1, 0);

for (unsigned i = 0; 1 < length(text) - length(pattern) + 1; ++1i)

score[i] = computelLocalScore(infix(text, i, i + length(pattern)), .

—pattern);
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return score;

void print (String<int> const & text)
{
for (unsigned i = 0; 1 < length(text); ++1)
std::cout << text[i] << " ";
std::cout << std::endl;

int main ()

String<char> text = "This is an awesome tutorial to get to now SegAn!";
String<char> pattern = "tutorial";
String<int> score = computeScore (text, pattern);

print (score);

return 0;

Generic and Reusable Code

As mentioned earlier, there is another issue: the function computeScore only works for Strings having the alphabet
char. If we wanted to use it for Dna or AminoAcid strings then we would have to reimplement it even though the
only difference is the signature of the function. All used functions inside computeScore can already handle the
other datatypes.

The more appropriate solution is a generic design using templates, as often used in the SeqAn library. Instead of
specifying the input arguments to be references of strings of char s we could use references of template arguments
as shown in the following lines:

template <typename TText, typename TPattern>
String<int> computeScore (TText const & text, TPattern const & pattern)

The first line above specifies that we create a template function with two template arguments TText and TPattern.
At compile time the template arguments are then replace with the correct types. If this line was missing the compiler
would expect that there are types TText and TPattern with definitions.

Now the function signature is better in terms of memory consumption, time efficiency, and generality.

Important: The SeqAn Style Guide

The SegAn style guide gives rules for formatting and structuring C++ code as well as naming conventions. Such rules
make the code more consistent, easier to read, and also easier to use.

1. Naming Scheme. Variable and function names are written in lowerCamelCase, type names are written
in UpperCamelCase. Constants and enum values are written in UPPER_CASE. Template variable names
always start with “T".

2. Function Parameter Order. The order is (1) output, (2) non-const input (e.g. file handles), (3) input, (4)
tags. Output and non-const input can be modified, the rest is left untouched and either passed by copy or by
const-reference (const &).

3. Global Functions. With the exception of constructors and a few operators that have to be defined in-class, the
interfaces in SeqAn use global functions.
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4. No Exceptions. The SeqAn interfaces do not throw any exceptions.

While we are trying to make the interfaces consistent with our style guide, some functions have incorrect parameter
order. This will change in the near future to be more in line with the style guide.

Assighment 4

Type Review
Objective Generalize the computeLocalScore function in your file.

Solution

// Generalize the computeLocalScore function in you file.

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>
#include <segan/score.h>

using namespace sedgan;
template <typename TText, typename TPattern>

int computelLocalScore (TText const & subText, TPattern const & pattern)

{

int localScore = 0;
for (unsigned i = 0; 1 < length(pattern); ++1i)
if (subText[i] == pattern[i])
++localScore;

return localScore;

template <typename TText, typename TPattern>
String<int> computeScore (TText const & text, TPattern const & pattern)
{

String<int> score;

resize (score, length(text) - length(pattern) + 1, 0);

for (unsigned i = 0; 1 < length(text) - length(pattern) + 1; ++1)
score[i] = computelLocalScore (infix(text, i, i1 + length(pattern)),
—pattern);

[

return score;

void print (String<int> const & text)
{
for (unsigned i = 0; i < length(text); ++1i)
std::cout << text[i] << " ";
std::cout << std::endl;

int main ()

{

String<char> text = "This is an awesome tutorial to get to now SegAn!";
String<char> pattern = "tutorial";
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String<int> score = computeScore (text, pattern);
print (score);
return 0;

From Object-Oriented Programming to SeqAn

There is another huge advantage of using templates: we can specialize a function without touching the existing func-
tion. In our working example it might be more appropriate to treat AminoAcid sequences differently. As you
probably know, there is a similarity relation on amino acids: Certain amino acids are more similar to each other, than
others. Therefore we want to score different kinds of mismatches differently. In order to take this into consideration
we simple write a computeLocalScore () function for AminoAcid strings. In the future whenever ‘computer-
Score’ is called always the version above is used unless the second argument is of type String-AminoAcid. Note that
the second template argument was removed since we are using the specific type String-AminoAcid.

template <typename TText>
int computelLocalScore (TText const & subText, segan::String<segan::AminoAcid> const &
—pattern)
{
int localScore = 0;
for (unsigned i = 0; 1 < segan::length(pattern); ++1i)
localScore += segan::score(segan::Blosumb62 (), subText[i], pattern[i]);

return localScore;

In order to score a mismatch we use the function score () from the SeqAn library. Note that we use the Blo-
sum62 matrix as a similarity measure. When looking into the documentation of score you will notice that the score
function requires a argument of type Score. This object tells the function how to compare two letters and there are
several types of scoring schemes available in SeqAn (of course, you can extend this with your own). In addition,
because they are so frequently used there are shortcuts as well. For example Blosum62 is really a shortcut for
Score<int, ScoreMatrix<AminoAcid, Blosumé62_> >, which is obviously very helpful. Other short-
cuts are DnaString for String<Dna> (sequence tutorial), CharString for String<char>, ...

Tip: Template Subclassing

The main idea of template subclassing is to exploit the C++ template matching mechanism. For example, in the
following code, the function calls (1) and (3) will call the function myFunction () in variant (A) while the function
call (2) will call variant (B).

struct Spech;
struct SpecB;
struct SpecC;

template <typename TAlphabet, typename TSpec>
class String{};

template <typename TAlphabet, typename TSpec>
void myFunction (String<TAlphabet, TSpec> const &) {} // Variant (A)

template <typename TAlphabet>
void myFunction (String<TAlphabet, SpecB> const &){} // Variant (B)

/7
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int main ()

{

String<char, SpecA> a;
String<char, SpecB> Db;
String<char, SpecC> c;

myFunction (a); // calls (A)
myFunction (b) ; // calls (B)
myFunction (c) ; // calls (A)

Assignment 5

Type Application

Objective Provide a generic print function which is used when the input type is not String<int>.

Hint Keep your current implementation and add a second function. Don’t forget to make both template functions.

Include <segan/score.h> as well.

Solution

—String<int>.

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>
#include <segan/score.h>
using namespace segan;

template <typename TText>

{

int localScore = 0;
for (unsigned i = 0; i < length(pattern); ++1i)
localScore += score(Blosumb62 (), subText[i], pattern([il]);

return localScore;

template <typename TText, typename TPattern>
int computelocalScore (TText const & subText, TPattern const & pattern)

{

int localScore = 0;
for (unsigned i = 0; 1 < length(pattern); ++1i)
if (subText[i] == pattern[i])
++localScore;

return localScore;

template <typename TText, typename TPattern>
String<int> computeScore (TText const & text, TPattern const & pattern)

{

// Provide a generic print function which is used when the input type 1is not,

int computelLocalScore (TText const & subText, String<AminoAcid> const & pattern)

26
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String<int> score;

resize (score, length(text) - length(pattern) + 1, 0);
for (unsigned i = 0; 1 < length(text) - length(pattern) + 1; ++1i)
score[i] = computeLocalScore(infix(text, i, i + length(pattern)), .

—pattern);

return score;

template <typename TText>
void print (TText const & text)
{

std::cout << text << std::endl;

void print (String<int> const & text)
{
for (unsigned i = 0; 1 < length(text); ++1)
std::cout << text[i] << " ";
std::cout << std::endl;

int main ()

String<char> text = "This is an awesome tutorial to get to now SegAn!";
String<char> pattern = "tutorial";
String<int> score = computeScore (text, pattern);

print (text);

// > This is an awesome tutorial to get to now SegAn!

print (pattern);

// > tutorial

print (score);

//>1010010000001000010801000020100102320 1,
-1 0 0 0 0

return 0O;

Tags in SegAn

Sometimes you will see something like this:

globalAlignment (align, segan::MyersHirschberg());

Having a closer look you will notice that there is a default constructor call MyersHirschberg () ) within a function

call. Using this mechanism one can specify which function to call at compile time. The MyersHirschberg ()
is only a tag to determine which specialisation of the globalAligment function to call.

If you want more information on tags then read on otherwise you are now ready to explore SeqAn in more detail

and continue with one of the other tutorials.

There is another use case of templates and function specialization.

This might be useful ina print () function, for example. In some scenarios, we only want to print the position where
the maximal similarity between pattern and text is found. In other cases, we might want to print the similarities of all
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positions. In SeqAn, we use tag-based dispatching to realize this. Here, the type of the tag holds the specialization
information.

Tip: Tag-Based Dispatching

You will often see tags in SeqAn code, e.g. Standard (). These are parameters to functions that are passed as
const-references. They are not passed for their values but for their type only. This way, we can select different
specializations at compile time in a way that plays nicely together with metafunctions, template specializations, and
an advanced technique called [[Tutorial/BasicTechniques| metaprogramming]].

Consider the following example:

template <typename T>
struct Tag{};

struct TagA_;
typedef Tag<TagA_> Tagh;

struct TagB_;
typedef Tag<TagB_> TagB;

/7
//

(1)
(2)

void myFunction (TagA const &) {}
void myFunction (TagB const &) {}

int main ()

{

// (3)
/7 (4)

myFunction (TagaA());
myFunction (TagB());
return 0O;

The function call in line (3) will call myFunction () in the variant in line (1). The function call in line (4) will call
myFunction () in the variant in line (2).

The code for the two different print () functions mentioned above could look like this:

#include <iostream>
#include <segan/sequence.h>
#include <segan/score.h>

template <typename TText,

typename TSpec>

void print (TText const & text,
{

for (unsigned i = 0;
std::cout << text[i]

std::cout << std::endl;

struct MaxOnly {};

template <typename TText>
void print (TText const & score,
{

int maxScore = score[0];
segan: :String<int> output;
appendValue (output, 0);
for (unsigned i 1;

i < segan::length(text);
<<

i < segan::length(score);

TSpec const & /*tagx/)

++1)

’

MaxOnly const & /xtagx*/)

++1)

28

Chapter 4. API Documentation




SegAn Manual, Release 2.2.0

if (score[i] > maxScore)
{
maxScore = scorel[i];
clear (output) ;
resize (output, 1, 1i);
}
else if (score[i] == maxScore)

{
appendValue (output, 1i);

for (unsigned i = 0; i < segan::length (output); ++i)
std::cout << output[i] << " ";
std::cout << std::endl;

int main ()

{

return 0O;

If we call print () with something different than MaxOnly then we print all the positions with their similarity,
because the generic template function accepts anything as the template argument. On the other hand, if we call print
with MaxOn1ly only the positions with the maximum similarity as well as the maximal similarity will be shown.

Assignment 6

Type Review

Objective Provide a print function that prints pairs of positions and their score if the score is greater than 0.
Hints SeqAn provides a data type Pair.

Solution

// Provide a print function that prints pairs of positions and their score if the_
—score 1s greater than 0.

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>
#include <segan/score.h>

using namespace segan;

template <typename TText>
int computelLocalScore (TText const & subText, String<AminoAcid> const & pattern)
{
int localScore = 0;
for (unsigned i = 0; 1 < length(pattern); ++1i)
localScore += score(Blosum62 (), subText[i], pattern[i]);

return localScore;
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template <typename TText,
int computelLocalScore (TText const & subText,

{

typename TPattern>

int localScore
for

,O;
(unsigned i = 0O;
if (subText[1i]

++localScore;

i < length(pattern);
pattern[i])

return localScore;

template <typename TText, typename TPattern>
String<int> computeScore (TText const & text,

{
String<int> score;

resize (score, length (text)

for = 0; 1 < length(text)

(unsigned i
score[1]
—pattern);

return score;

template <typename TText>
void print (TText const & text)

{

std::cout << text << std::endl;

void print (String<int> const & text)

{

{
print (text);

struct MaxOnly {};
template <typename TText>

{

int maxScore score[0];
String<int> output;
appendValue (output,
for (unsigned i 1;

{

0);
i < length(score);

if
{

(score[i] > maxScore)

maxScore = scoreli];
clear (output) ;
resize (output,

1, 1);

- length (pattern)

— length (pattern)
computelLocalScore (infix (text,

TPattern const & pattern)

++1)

TPattern const & pattern)

+ 1, 0);

+ 1; ++1)

i, i + length(pattern)),

[

for (unsigned i = 0; 1 < length(text); ++1)
std::cout << text[i] << " ";
std::cout << std::endl;
}
template <typename TText, typename TSpec>
void print (TText const & text, TSpec const & /+tag*/)

void print (TText const & score, MaxOnly const & /+tag#/)

++1)
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}
else if (score[i] == maxScore)
appendValue (output, 1);

print (output) ;

struct GreaterZero {};

template <typename TText>
void print (TText const & score, GreaterZero const & /x+tagx*/)
{
String<Pair<int> > output;
for (unsigned i = 1; i < length(score); ++1i)
if (scorel[i] > 0)
appendValue (output, Pair<int> (i, score[il]));

for (unsigned i = 0; 1 < length(output); ++1)

std::cout << " (" << output[i].il << "; " << output[i].iz << ") ";
std::cout << std::endl;

int main ()

String<char> text = "This is an awesome tutorial to get to now SegAn!";
String<char> pattern = "tutorial";
String<int> score = computeScore (text, pattern);

print (text);

// > This 1is an awesome tutorial to get to now SegAn!
print (pattern);

// > tutorial

print (score);

-1 0 000

print (score, MaxOnly());

// > 19

print (score, GreaterZero());

//0> (2; 1) (5; 1) (12; 1) (17; 1) (19; 8) (21; 1) (26; 2) (28; 1) (31;
— (33; 3) (35; 1) (36; 1)

// And now for a protein pattern
String<AminoAcid> protein = "tutorial";
String<int> proteinScore = computeScore (text, protein);

print (text);

// > This 1is an awesome tutorial to get to now SegAn!
print (protein) ;

// > TXTXRIAL

print (proteinScore);

-6 -5 -71 -7 -5 -4 -62 -6 -3 -8 -9 -10-4-6200000200O0

print (proteinScore, MaxOnly());
// > 19
print (proteinScore, GreaterZero());

// > (17; 1) (19; 25) (21; 2) (28; 1) (33; 2)

//>1 010010000001 000010801000020100103°20 1,

1)

[

// >6 -9 -3 -6 60 -9 -8 -7-3-9-5-8-4-5-6-61-625-72-6-6-9 -
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return O;

Obviously this is only a toy example in which we could have named the two print () functions differently. However,
often this is not the case when the programs become more complex. Because SeqAn is very generic we do not know
the datatypes of template functions in advance. This would pose a problem because the function call of function b ()
in function a () may depend on the data types of the template arguments of function a ().

The Final Result

Don’t worry if you have not fully understood the last section. If you have — perfect. In any case the take home message
is that you use data types for class specializations and if you see a line of code in which the default constructor
is written in a function call this typical means that the data type is important to distinct between different function
implementations.

Now you are ready to explore more of the SeqAn library. There are several tutorials which will teach you how to
use the different SeqAn data structures and algorithms. Below you find the complete code for our example with the
corresponding output.

#include <iostream>
#include <segan/file.h>
#include <segan/sequence.h>
#include <segan/score.h>

using namespace segan;
template <typename TText>

int computelocalScore (TText const & subText, String<AminoAcid> const & pattern)

{

int localScore = 0;
for (unsigned i = 0; i < length(pattern); ++i)
localScore += score (Blosum62 (), subText[i], pattern([i]);

return localScore;

template <typename TText, typename TPattern>
int computelocalScore (TText const & subText, TPattern const & pattern)

{

int localScore = 0;
for (unsigned i = 0; i < length(pattern); ++i)
if (subText[i] == pattern[i])
++localScore;

return localScore;

template <typename TText, typename TPattern>
String<int> computeScore (TText const & text, TPattern const & pattern)
{

String<int> score;

resize (score, length(text) - length(pattern) + 1, 0);
for (unsigned i = 0; i < length(text) - length(pattern) + 1; ++1i)
score[i] = computelocalScore(infix(text, i, i + length(pattern)), pattern);
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return score;

template <typename TText>
void print (TText const & text)

{

std::cout << text << std::endl;

void print (String<int> const & text)

{

i < length(text);
<< n ",.

for (unsigned 1i 0; ++1)
std::cout << text[i]

std::cout << std::endl;

template <typename TText,
void print (TText const & text,

{

typename TSpec>
TSpec const & /*tagx*/)

print (text);

struct MaxOnly {};

template <typename TText>
void print (TText const & score,

{

MaxOnly const & /+tagx/)

int maxScore score[0];
String<int> output;
appendValue (output,
for (unsigned i 1;

{

0);
i < length(score);

++1)
if (score[i] > maxScore)

{

max3core score[i];
clear (output) ;

resize (output,

1, 1);

}

else if (score[i] maxScore)
appendValue (output, 1i);

print (output) ;

struct GreaterZero {};

template <typename TText>
void print (TText const & score,

{

GreaterZero const & /+tag#/)

String<Pair<int> > output;

(unsigned i = 1; 1 < length(score);

if (scoreli] > 0)
appendValue (output,

for ++1)

Pair<int> (i, score[i]));

0;

n <ll

for

(unsigned i = i < length(output); ++1i)
std::cout << << output[i].il << "; "

std::cout << std::endl;

<< output[i]

Li2 <<y o,
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int main ()

{

String<char> text = "This is an awesome tutorial to get to now SegAn!";
String<char> pattern = "tutorial";
String<int> score = computeScore (text, pattern);

print (text);

// > This is an awesome tutorial to get to now SegAn!

print (pattern);

// > tutorial

print (score);

//>1 010010000001 0000108010000201001030110,
-0 0 0

print (score, MaxOnly());
// > 19
print (score, GreaterZero());

/7> (25 1) (5; 1) (12; 1) (17; 1) (19; 8) (21; 1) (26; 2) (28; 1) (31; 1) (33;
—3) (35; 1) (36; 1)

// And now for a protein pattern
String<AminoAcid> protein = "tutorial";
String<int> proteinScore = computeScore (text, protein);

print (text);

// > This is an awesome tutorial to get to now SegAn!

print (protein);

// > TXTXRIAL

print (proteinScore);

// > 6 -9 -3 -6 -60 -9 -8 -7-3-9-5-8-4-5-6-61-625-72-6-6-9 -6 -5,
=71 -7 -5 -4 -6 2 -6 -3 -8 -9 -10 -4 -6 0 0 0 0 0 0 O

print (proteinScore, MaxOnly());

// > 19

print (proteinScore, GreaterZero());

// > (17; 1) (19; 25) (21; 2) (28; 1) (33; 2)

return 0;
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e

Parsing Command Line Arguments

Learning Objective You will learn how to use the ArgumentParser class to parse command line arguments. This
tutorial is a walk-through with links into the API documentation and also meant as a source for copy-and-paste
code.

Difficulty Easy
Duration 30-60 min
Prerequisites A First Example, Sequences, familiarity with building SeqAn apps

The simplest possible and also most flexible interface to a program is through the command line. This tutorial explains
how to parse the command line using the SeqAn library’s ArgumentParser class.

Using this class will give you the following functionality:
* Robust parsing of command line arguments.
» Simple verification of arguments (e.g. within a range, one of a list of allowed values).

* Automatically generated and nicely formatted help screens when called with ——help. You can also export this
help to HTML and man pages.

* You are able to automatically generate nodes for workflow engines such as KNIME or Galaxy.

As a continuous example, we will write a little program that is given strings on the command line and applies an
operation to every i-th character:

# modify_string —--uppercase —-i 2 "This is some text!"
ThIs 1S SoMe TeXt!
# modify_string "This is some text!" --lowercase -1 1

this is some text!

The program has three types of command line options/arguments:
* Two flag options ——uppercase and ——1lowercase that select the operation.

* One (value) option -1 that selects the period of the characters that the operation is to be applied to and is given
a value (2 in the first call above, 1 in the second).

* One (positional) argument with the text to modify ("This is some text!" in both calls above. In
contrast to options, arguments are not identified by their names but by their position.

Command line options can have a long name (e.g. ——lowercase) and/or a short name (e.g. —1i).
A First Working Example
The following small program will (1) setup a ArgumentParser object named parser, (2) parse the command line, (3)

exit the program if there were errors or the user requested a functionality that is already built into the command line
parser, and (4) printing the settings given from the command line. Such functionality is printing the help, for example.

#include <iostream>
#include <segan/arg_parse.h>

int main(int argc, char const xx argv)

{
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// Setup ArgumentParser.
segan: :ArgumentParser parser ("modify_ string");

addArgument (parser, segan::ArgParseArgument (
segan: :ArgParseArgument: : STRING, "TEXT"));

addOption (parser, sedgan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument : : INTEGER, "INT"));
addOption (parser, sedan::ArgParseOption (
"U", "uppercase", "Select to-uppercase as operation."));

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

// If parsing was not successful then exit with code 1 if there were errors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)

return res == segan::ArgumentParser::PARSE_ERROR;

// Extract option values and print them.

unsigned period = 0;
getOptionValue (period, parser, "period");
bool toUppercase = isSet (parser, "uppercase");

segan: :CharString text;
getArgumentValue (text, parser, 0);

std::cout << "period \t" << period << '\n'
<< "uppercase\t" << toUppercase << '\n'

<< "text \t" << text << '\n';

return 0;

Let us first play a bit around with the program before looking at it in detail.

For example, we can already let the program generate an online help:

# modify_string -h
modify_string

SYNOPSIS
DESCRIPTION
-h, —--help

Displays this help message.
-i, ——-period INT
Period to use for the index.
-U, ——uppercase
Select to-uppercase as operation.

VERSION
modify_string version:
Last update

While already informative, the help screen looks like there is something missing. For example, there is no synopsis,
no version and no date of the last update given. We will fill this in later.
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When we pass some parameters, the settings are printed:

# modify_string "This is a test." -i 1 -U
period 1

uppercase 1

text This is a test.

When we try to use the ——lowercase/-L option, we get an error. This is not surprising since we did not tell the
argument parser about this option yet.

# modify_string "This is a test." -i 1 -L
modify_string: illegal option -- L

A Detailed Look

Let us look at this program in detail now. The required SeqAn module is segan/arg_parse.h. After inclusion,
we can create an ArgumentParser object:

// Setup ArgumentParser.
segan: :ArgumentParser parser ("modify string");

Then, we define a positional argument using the function addArgument. The function accepts the parser and an
ArgParseArgument object. We call the ArgParse Argument constructor with two parameters: the type of the argument
(a string), and a label for the documentation.

addArgument (parser, sedgan::ArgParseArgument (
segan: :ArgParseArgument: : STRING, "TEXT"));

Then, we add options to the parser using addOption. We pass the parser and an ArgParseOption object.

addOption (parser, sedgan::ArgParseOption (
"i", "period", "Period to use for the index.",
seqgan: :ArgParseArgument: : INTEGER, "INT"));
addOption (parser, sedgan::ArgParseOption (
"U", "uppercase", "Select to-uppercase as operation."));

The ArgParseOption constructor is called in two different variants. Within the first addOption call, we construct an
integer option with a short and long name, a documentation string, and give it the label “INT”. The second option is a
flag (indicated by not giving a type) with a short and a long name and a description.

Next, we parse the command line using parse.

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

We then check the result of the parsing operation. The result is segan: :ArgumentParser: :PARSE_ERROR if
there was a problem with the parsing. Otherwise, it is segan: :ArgumentParser: : PARSE_OKX if there was no
problem and no special functionality of the argument parser was triggered. The command line parser automatically
adds some arguments, such as ——help. If such built-in functionality is triggered, it will return a value that is neither
PARSE_ERROR nor PARSE_ OK.

The following two lines have the following behaviour. If the parsing went through and no special functionality was
triggered then the branch is not taken. Otherwise, the method main () is left with 1 in case of errors and with O in
case special behaviour was triggered (e.g. the help was printed).
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if (res != segan::ArgumentParser::PARSE_OK)
return res == seqgan::ArgumentParser::PARSE_ERROR;

Finally, we access the values from the command line using the ArgumentParser. The function getOptionValue allows
us to access the values from the command line after casting into C++ types. The function isSet allows us to query
whether a given argument was set on the command line.

// Extract option values and print them.

unsigned period = 0;
getOptionValue (period, parser, "period");
bool toUppercase = isSet (parser, "uppercase");

segan: :CharString text;
getArgumentValue (text, parser, 0);

std::cout << "period \t" << period << '"\n'
<< "uppercase\t" << toUppercase << '\n'
<< "text \t" << text << '\n';

Tip: List Arguments and Options.

You have to mark an option to be a list if you want to be able to collect multiple values for it from the command line.
Consider the following program call:

# program -a 1 -a 2 -a 3

If the option a is not a list then the occurence —a 3 overwrites all previous settings.

However, if a is marked to be a list, then all values (1, 2, and 3) are stored as its values. We can get the number of
elements using the function getOptionValueCount and then access the individual arguments using the function getOp-
tionValue. You can mark an option and arguments to be lists by using the i sList parameter to the ArgParse Argument
and ArgParseOption constructors.

For arguments, only the first or the last argument or none can be a list but not both. Consider this program call:

# program arg0 argl arg2 arg3

For example, if the program has three arguments and the first one is a list then arg0 and argl would be the content
of the first argument. If it has two arguments and the last one is a list then argl, arg2, and arg3 would be the
content of the last argument.

Assignment 1

Type Reproduction

Objective Copy the source code of the full First Working Example above into a demo. Compile it and test printing
the help screen and calling it with the two command lines above.

Solution You can do it!

Assignment 2

Type Reproduction
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Objective Adjust the program from above to also accept an option to convert characters to lower case, just as it
accepts options to convert characters to upper case. The long name should be ——1owercase, the short name
should be —L. As for the ——uppercase option, the program should print whether the flag was set or not.

Hint Copy the two lines for defining the ——uppercase option and replace the strings appropriately.

Solution

#include <iostream>
#include <segan/arg_parse.h>

int main(int argc, char const ** argv)
{
// Setup ArgumentParser.
segan: :ArgumentParser parser ("modify_ string");

addArgument (parser, segan::ArgParseArgument (
segan: :ArgParseArgument : : STRING, "TEXT"));

addOption (parser, seqgan::ArgParseOption (

"i", "period", "Period to use for the index.",

segan: :ArgParseArgument: : INTEGER, "INT"));
addOption (parser, seqgan::ArgParseOption (

"U", "uppercase", "Select to-uppercase as operation.™));
addOption (parser, seqgan::ArgParseOption (

"L", "lowercase", "Select to-lowercase as operation."));

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

// If parsing was not successful then exit with code 1 if there were errors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)

return res == seqgan::ArgumentParser::PARSE_ERROR;

// Extract option values and print them.
unsigned period = 0;

getOptionValue (period, parser, "period");

bool toUppercase = isSet (parser, "uppercase");
bool tolLowercase = isSet (parser, "lowercase");
segan: :CharString text;

getArgumentValue (text, parser, 0);

std::cout << "period \t" << period << '\n'
<< "uppercase\t" << toUppercase << '\n'
<< "lowercase\t" << toLowercase << '\n'
<< "text \t" << text << '"\n';

return 0;

Using Default Values

Would it not be nice if we could specify a default value for ——period, so it is 1 if not specified and simply each
character is modified? We can do this by using the function setDefaultValue:
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setDefaultValue (parser, "period", "1");

Note that we are giving the default value as a string. The ArgumentParser object will simply interpret it as if it was
given on the command line. There, of course, each argument is a string.

Assighnment 3

Setting a default value
Type Reproduction

Objective Adjust the previous program to accept default values by adding the setDefaultValue () line from
above into your program.

Solution

#include <iostream>
#include <segan/arg _parse.h>

int main(int argc, char const *x argv)
{
// Setup ArgumentParser.
segan: :ArgumentParser parser ("modify_ string");

addArgument (parser, segan::ArgParseArgument (
segan: :ArgParseArgument: : STRING, "TEXT"));

addOption (parser, seqgan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument: : INTEGER, "INT"));

setDefaultValue (parser, "period", "1");

addOption (parser, seqgan::ArgParseOption (

"U", "uppercase", "Select to-uppercase as operation."));
addOption (parser, seqgan::ArgParseOption (
"L", "lowercase", "Select to-lowercase as operation."));

// Parse command line.
seqgan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

// If parsing was not successful then exit with code 1 if there were errors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)

return res == seqgan::ArgumentParser::PARSE_ERROR;

// Extract option values and print them.
unsigned period = 0;

getOptionValue (period, parser, "period");

bool toUppercase = isSet (parser, "uppercase");
bool tolLowercase = isSet (parser, "lowercase");
segan: :CharString text;

getArgumentValue (text, parser, 0);

std::cout << "period \t" << period << '\n'
<< "uppercase\t" << toUppercase << '\n'
<< "lowercase\t" << toLowercase << '\n'
<< "text \t" << text << '\n';
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return 0;

Best Practice: Using Option Structs
Instead of just printing the options back to the user, we should actually store them. To follow best practice, we should
not use global variables for this but instead pass them as parameters.

We will thus create a ModifyStringOptions struct that encapsulates the settings the user can give to the
modify_string program. Note that we initialize the variables of the struct with initializer lists, as it is best practice
in modern C++.

The ModifyStringOptions struct’s looks as follows:

struct ModifyStringOptions
{
unsigned period;
bool toUppercase;
bool toLowercase;
segan: :CharString text;

ModifyStringOptions ()
period(1l), toUppercase(false), toLowercase (false)
{}

bi

Click more... to see the whole updated program.

#include <iostream>
#include <segan/arg_parse.h>

struct ModifyStringOptions
{
unsigned period;
bool toUppercase;
bool tolLowercase;
segan: :CharString text;

ModifyStringOptions ()
period(l), toUppercase(false), toLowercase(false)
{}

}i

int main(int argc, char const *x argv)

// Setup ArgumentParser.
segan: :ArgumentParser parser ("modify string");

addArgument (parser, sedgan::ArgParseArgument (
segan: :ArgParseArgument : : STRING, "TEXT"));

addOption (parser, seqgan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument: : INTEGER, "INT"));
setDefaultValue (parser, "period", "1");
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addOption (parser, sedan::ArgParseOption (

"U", "uppercase", "Select to-uppercase as operation."));
addOption (parser, seqgan::ArgParseOption (
"L", "lowercase", "Select to-lowercase as operation."));

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

// If parsing was not successful then exit with code 1 if there were errors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)

return res == seqgan::ArgumentParser::PARSE_FERROR;

// Extract option values and print them.
ModifyStringOptions options;

getOptionValue (options.period, parser, "period");
options.toUppercase = isSet (parser, "uppercase");
options.toLowercase = isSet (parser, "lowercase");
getArgumentValue (options.text, parser, 0);

std::cout << "period \t" << options.period << '\n'
<< "uppercase\t" << options.toUppercase << '\n'
<< "lowercase\t" << options.toLowercase << '\n'
<< "text \t" << options.text << '\n';

return 0;

Best Practice: Wrapping Parsing In Ilts Own Function

As a next step towards a cleaner program, we should extract the argument parsing into its own function, e.g. call it
parseCommandLine (). Following the style guide (C++ Code Style), we first pass the output parameter, then the
input parameters. The return value of our function is a segan: : ArgumentParser: :ParseResult such that
we can differentiate whether the program can go on, the help was printed and the program is to exit with success, or
there was a problem with the passed argument and the program is to exit with an error code.

Also, note that we should check that the user cannot specify both to-lowercase and to-uppercase. This check cannot
be performed by the ArgumentParser by itself but we can easily add this check. We add this functionality to the
parseCommandLine () function.

Click more... to see the updated program.

#include <iostream>
#include <segan/arg parse.h>

struct ModifyStringOptions
{
unsigned period;
bool toUppercase;
bool tolowercase;
segan: :CharString text;

ModifyStringOptions ()
period(1l), toUppercase(false), toLowercase (false)
{}

}i
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segan: :ArgumentParser: :ParseResult
parseCommandLine (ModifyStringOptions & options, int argc, char const *x argv)

{

// Setup ArgumentParser.
segan: :ArgumentParser parser ("modify_ string");

// We require one argument.
addArgument (parser, segan::ArgParseArgument (
segan: :ArgParseArgument: : STRING, "TEXT"));

// Define Options
addOption (parser, sedgan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument : : INTEGER, "INT"));
setDefaultValue (parser, "period", "1");
addOption (parser, seqgan::ArgParseOption (

"U", "uppercase", "Select to-uppercase as operation."));
addOption (parser, sedgan::ArgParseOption (
"L", "lowercase", "Select to-lowercase as operation."));

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

// Only extract options if the program will continue after parseCommandLine ()
if (res != segan::ArgumentParser::PARSE_OK)
return res;

// Extract option values.

getOptionValue (options.period, parser, "period");
options.toUppercase = isSet (parser, "uppercase");
options.tolLowercase = isSet (parser, "lowercase");
getArgumentValue (options.text, parser, 0);

// If both to-uppercase and to-lowercase were selected then this is an error.
if (options.toUppercase && options.tolLowercase)

{

std::cerr << "ERROR: You cannot specify both to-uppercase and to-lowercase!\n

-
return segan::ArgumentParser::PARSE_ERROR;
}
return segan::ArgumentParser: :PARSE_OK;
}
int main(int argc, char const *x argv)
{
// Parse the command line.
ModifyStringOptions options;
segan: :ArgumentParser: :ParseResult res = parseCommandLine (options, argc, argv);
// If parsing was not successful then exit with code 1 if there were errors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)
return res == segan::ArgumentParser::PARSE_ERROR;
std::cout << "period \t" << options.period << '\n'
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<< "uppercase\t" << options.toUppercase << '\n'
<< "lowercase\t" << options.toLowercase << '\n'
<< "text \t" << options.text << '\n';

return 0;

Feature-Complete Example Program

The command line parsing part of our program is done now. Let us now add a function modifyText () thatis given
a ModifyStringOptions object and text and modifies the text. We simply use the C standard library functios
toupper () and tolower () from the header <cctype> for converting to upper and lower case.

#include <iostream>
#include <segan/arg_parse.h>

struct ModifyStringOptions
{
unsigned period;
bool toUppercase;
bool toLowercase;
segan: :CharString text;

ModifyStringOptions ()
period(l), toUppercase(false), toLowercase(false)
{}

}i

segan: :ArgumentParser: :ParseResult
parseCommandLine (ModifyStringOptions & options, int argc, char const *x argv)
{

// Setup ArgumentParser.

segan: :ArgumentParser parser ("modify_string");

// We require one argument.
addArgument (parser, sedgan::ArgParseArgument (
seqgan: :ArgParseArgument: : STRING, "TEXT"));

// Define Options
addOption (parser, sedan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument: : INTEGER, "INT"));
setDefaultValue (parser, "period", "1");
addOption (parser, sedan::ArgParseOption (

"U", "uppercase", "Select to-uppercase as operation."));
addOption (parser, seqgan::ArgParseOption (
"L", "lowercase", "Select to-lowercase as operation."));

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

// Only extract options if the program will continue after parseCommandLine ()
if (res != segan::ArgumentParser::PARSE_OK)
return res;
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// Extract option values.

getOptionValue (options.period, parser, "period");
options.toUppercase = isSet (parser, "uppercase");
options.toLowercase = isSet (parser, "lowercase");
getArgumentValue (options.text, parser, 0);

// If both to-uppercase and to-lowercase were selected then this is an error.
if (options.toUppercase && options.toLowercase)
{

std::cerr << "ERROR: You cannot specify both to-uppercase and to-lowercase!\n

return seqgan::ArgumentParser::PARSE_ERROR;

return segan::ArgumentParser: :PARSE_OK;

segan: :CharString modifyString(segan::CharString const & text,

ModifyStringOptions const & options)

segan: :CharString result;

if (options.tolLowercase)

{

for (unsigned i = 0; 1 < length(text); ++1)
{
if (i % options.period == 0u)
appendValue (result, tolower (text[i]));
else

appendValue (result, text[il]);

}

else
{
for (unsigned i = 0; 1 < length(text); ++1)

{

if (1 % options.period == 0Ou)
appendValue (result, toupper (text[i]));
else

appendValue (result, text[i]);

return result;

int main(int argc, char const *x argv)

// Parse the command line.
ModifyStringOptions options;
segan: :ArgumentParser: :ParseResult res = parseCommandLine (options, argc, argv);

// If parsing was not successful then exit with code 1 if there were errors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)

return res == seqgan::ArgumentParser::PARSE_ERROR;

std::cout << modifyString(options.text, options) << '\n';
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return 0;

Setting Restrictions

One nice feature of the ArgumentParser is that it is able to perform some simple checks on the parameters. We can:
* check numbers for whether they are greater/smaller than some limits,
» mark options as being required, and
* setting lists of valid values for each option.

In this section, we will give some examples.

Setting Minimum and Maximum Values

The functions setMinValue and setMax Value allow to give a smallest and/or largest value for a given option. Of course,
this only works with integer- and double-typed command line options.

We can pass both the short and the long option name to these functions. The value is given as a string and parsed the
same as parameters on the command line.

segan: :ArgumentParser parser ("modify_ string");
addOption (parser, segan::ArgParseOption (
"i", "integer-value", "An integer option",
segan: :ArgParseArgument : : INTEGER, "INT"));

setMinValue (parser, "i", "10");
setMaxValue (parser, "integer-value", "20");

Assignment 4

Setting min-value on ——period
Type Reproduction
Objective Use the function setMinValue to set a minimal value of 1 for the parameter ——period.

Solution

#include <iostream>
#include <segan/arg_parse.h>

struct ModifyStringOptions
{
unsigned period;
unsigned rangeBegin, rangeEnd;
bool toUppercase;
bool tolLowercase;
segan: :CharString text;

ModifyStringOptions ()
period(l), rangeBegin(0), rangeEnd(0),toUppercase (false),
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toLowercase (false)
{}
bi

segan: :ArgumentParser: :ParseResult
parseCommandLine (ModifyStringOptions & options, int argc, char const xx argv)
{

// Setup ArgumentParser.

sedgan: :ArgumentParser parser ("modify_string");

// We require one argument.
addArgument (parser, segan::ArgParseArgument (
segan: :ArgParseArgument : : STRING, "TEXT"));

// Define Options
addOption (parser, seqgan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument : : INTEGER, "INT"));
setMinValue (parser, "period", "1");
setDefaultValue (parser, "period", "1");
addOption (parser, seqgan::ArgParseOption (
"r", "range", "Range of the text to modify.",
segan: :ArgParseArgument : : INTEGER, "INT", false, 2));
addOption (parser, seqgan::ArgParseOption (
"U", "uppercase", "Select to-uppercase as operation."));
addOption (parser, segan::ArgParseOption (
"L", "lowercase", "Select to-lowercase as operation."));

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse (parser, argc, argv);

// Only extract options if the program will continue after_
—parseCommandLine ()
if (res != segan::ArgumentParser::PARSE_OK)
return res;

// Extract option values.

getOptionValue (options.period, parser, "period");
getOptionValue (options.rangeBegin, parser, "range", 0);
getOptionValue (options.rangeEnd, parser, "range", 1);
options.toUppercase = isSet (parser, "uppercase");
options.tolowercase = isSet (parser, "lowercase");
segan: :getArgumentValue (options.text, parser, 0);

// If both to-uppercase and to-lowercase were selected then this is an,

—error.
if (options.toUppercase && options.toLowercase)

{
std::cerr << "ERROR: You cannot specify both to-uppercase and to-

—lowercase!\n";
return segan::ArgumentParser: :PARSE_ERROR;

return seqgan::ArgumentParser: :PARSE_OK;

segan: :CharString modifyString(segan::CharString const & text,
ModifyStringOptions const & options)
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segan: :CharString result;

if (options.toLowercase)

{
for (unsigned i = 0; 1 < length(text); ++1i)
{

if (i >= options.rangeBegin && 1 < options.rangeEnd &&
(1 % options.period == 0Ou))
appendValue (result, tolower (text[i]));

else

appendValue (result, text[i]);

}
else
{
for (unsigned i = 0; 1 < length(text); ++1i)

{
if (i >= options.rangeBegin && 1 < options.rangeEnd &&
(1 $ options.period == 0u))
appendValue (result, toupper (text[i]));
else

appendValue (result, text[i]);

return result;

int main(int argc, char const ** argv)
{

// Parse the command line.

ModifyStringOptions options;

segan: :ArgumentParser: :ParseResult res = parseCommandLine (options, argc,
—argv) ;

// If parsing was not successful then exit with code 1 if there were,
—Eerrors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)
return res == segan::ArgumentParser::PARSE_ERROR;

std::cout << modifyString(options.text, options) << '\n';

return 0;

Marking Options as Required

We can mark options as being required using the function setRequired:

segan: :ArgumentParser parser ("modify_string");
addOption (parser, segan::ArgParseOption (
"i", "integer-value", "An integer option",
segan: :ArgParseArgument: : INTEGER, "INT"));
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setRequired (parser, "i");

Setting List of Valid Values

Sometimes, it is useful to give a list of valid values for a command line option. You can give it as a space-separated
list in a string to setValidValues. The check whether the value from the command line is valid is case sensitive.

segan: :ArgumentParser parser ("modify_ string");

addOption (parser, segan::ArgParseOption (
""", "distance-model", "Distance model, either HAMMING or EDIT.",
segan: :ArgParseArgument : : STRING, "STR"));

setValidValues (parser, "distance-model", "HAMMING EDIT");

More Option and Argument Types

There are two slightly more special option and argument types: paths to input/output files and tuple values.

Input/Output File Names

We could use ArgParseArgument : : STRING to specify input and output files. However, there are two special
argument/option types ArgParseArgument : : INPUT_FILE and ArgParseArgument : : OUTPUT_FILE that
are more suitable:

1. In the near future, we plan to add basic checks for whether input files exist and are readable by the user. You will
still have to check whether opening was successful when actually doing this but the program will fail earlier if
the source file or target location are not accessible. The user will not have to wait for the program to run through
to see that he mistyped the output directory name, for example, and you do not have to write this check.

2. For workflow engine integration, the input and output file options and arguments will be converted into appro-
priate input and output ports of the nodes.

3. You can use the previously introduced restrictions to specify what kind of files you expect and the Argument-
Parser will check while parsing if the correct file type was provided.

Here is an example for defining input and output file arguments:

addOption (parser, segan::ArgParseOption (
"I", "input-file", "Path to the input file",
segan: :ArgParseArgument: : INPUT_FILE, "IN"));
addOption (parser, segan::ArgParseOption (
"Oo", "output-file", "Path to the output file",
segan: :ArgParseArgument : :OUTPUT_FILE, "OUT"));

The restrictions are added by defining the expected file extension.

setValidValues (parser, "input-file", "txt");
setValidValues (parser, "output-file", "txt");

Again multiple values are provided as space-separated list. Note that the file ending check is case insensitive, so you
do not need to provide txt and TXT.

You can simply read the values of these options as you would read string options:
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segan: :CharString inputFileName, outputFileName;
segan: :getOptionValue (inputFileName, parser, "input-file");
segan: :getOptionValue (outputFileName, parser, "output-file");

Assignment 5

Using File Command Line Options
Type Reproduction

Objective Replace the argument TEXT by a command line option —I/-—input—-file in the program above. The
program should then read in the text instead of using the command line argument.

Hint We will also replace the text member of ModifyStringOptions, you might wish to do the same.

Solution

#include <iostream>
#include <segan/arg parse.h>

struct ModifyStringOptions
{
unsigned period;
unsigned rangeBegin, rangeEnd;
bool toUppercase;
bool tolLowercase;
segan: :CharString inputFileName;

ModifyStringOptions ()
period(l), rangeBegin(0), rangeEnd(0),toUppercase (false),
toLowercase (false)
{}
}i

segan: :ArgumentParser: :ParseResult
parseCommandLine (ModifyStringOptions & options, int argc, char const »x argv)
{

// Setup ArgumentParser.

segan: :ArgumentParser parser ("modify_string");

// Define Options

addOption (parser, segan::ArgParseOption (
"I", "input-file",
"A text file that will printed with the modifications applied.",
segan: :ArgParseArgument: : INPUT_FILE));

setValidValues (parser, "input-file", "txt");

setRequired (parser, "input-file");

addOption (parser, segan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument: : INTEGER, "INT"));
setMinValue (parser, "period", "1");
setDefaultValue (parser, "period", "1");
addOption (parser, segan::ArgParseOption (
"U", "uppercase", "Select to-uppercase as operation."));
addOption (parser, segan::ArgParseOption (
"L", "lowercase", "Select to-lowercase as operation."));
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// Parse command line.
sedgan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

// Only extract options if the program will continue after_
—parseCommandLine ()
if (res != segan::ArgumentParser::PARSE_OK)
return res;

// Extract option values.

getOptionValue (options.period, parser, "period");
options.toUppercase = isSet (parser, "uppercase");
options.tolowercase = isSet (parser, "lowercase");
getOptionValue (options.inputFileName, parser, "input-file");

// If both to-uppercase and to-lowercase were selected then this is an,
—error.
if (options.toUppercase && options.toLowercase)

{

std::cerr << "ERROR: You cannot specify both to-uppercase and to-
—lowercase!\n";
return segan::ArgumentParser: :PARSE_ERROR;

return segan::ArgumentParser: :PARSE_OK;
segan: :CharString modifyString(segan::CharString const & text,
ModifyStringOptions const & options)
segan: :CharString result;
if (options.tolLowercase)

{
for (unsigned i = 0; 1 < length(text); ++1i)

{

if (i % options.period == 0u)
appendValue (result, tolower (text[i]));
else

appendValue (result, text[i]);

else
{
for (unsigned i = 0; 1 < length(text); ++1i)
{
if (i % options.period == 0u)
appendValue (result, toupper (text[i]));
else

appendValue (result, text[i]);

return result;

int main(int argc, char const »* argv)

{
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// Parse the command line.

ModifyStringOptions options;

segan: :ArgumentParser: :ParseResult res = parseCommandLine (options, argc,
—argv) ;

// If parsing was not successful then exit with code 1 if there were_
—errors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)
return res == segan::ArgumentParser::PARSE_ERROR;

std::fstream inFile (toCString(options.inputFileName), std::ios::binary |
—std::ios::in);
if (inFile.good())
{
std::cerr << "ERROR: Could not open input file " << options.
—inputFileName << '\n';
return 1;
}
segan: :CharString text;
while (inFile.good())
{
char ¢ = inFile.get();
if (inFile.good())
appendValue (text, c);
}
std::cout << modifyString(text, options);

return 0;

Tuples

We can define an ArgParse Argument and ArgParseOption to be a tuple with a fixed number of arguments. For example,
an integer pair (tuple with two entries) could describe a range:

addOption (parser, segan::ArgParseOption (
"r", "range", "The range to modify.",
segan: :ArgParseArgument: : INTEGER, "BEGIN END",
false, 2));

We add two parameters after the label "BEGIN END" for the documentation. First, we specify that the option is not
a list option (false) and second, that we need exactly two numbers for it.

The user can now use the parameter as follows:

# modify_string -r 5 10

We use the four-parameter variant with an integer index of getOptionValue to access the entries in the tuple given on
the command line.

unsigned rangeBegin = 0, rangeEnd = O;
getOptionValue (rangeBegin, parser, "range", 0);
getOptionValue (rangeEnd, parser, "range", 1);
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Assighment 6

Using Tuple Command Line Options
Type Reproduction

Objective Add a command line option ——range to the ArgumentParser in the program above. Modify the function

modifyString () such that only parameters in the given range are changed.

Hint We will add two unsigned members rangeBegin and rangeEnd to the ModifyStringOptions

struct, you might wish to do the same.

Solution

#include <iostream>
#include <segan/arg_ parse.h>

struct ModifyStringOptions
{
unsigned period;
unsigned rangeBegin, rangeEnd;
bool toUppercase;
bool tolLowercase;
segan: :CharString text;

ModifyStringOptions ()
period(l), rangeBegin(0), rangeEnd(0),toUppercase (false),
toLowercase (false)
{}
}i

segan: :ArgumentParser: :ParseResult

{
// Setup ArgumentParser.
segan: :ArgumentParser parser ("modify_string");

// We require one argument.
addArgument (parser, sedgan::ArgParseArgument (
segan: :ArgParseArgument : : STRING, "TEXT"));

// Define Options
addOption (parser, seqgan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument: : INTEGER, "INT"));
setMinValue (parser, "period", "1");
setDefaultValue (parser, "period", "1");
addOption (parser, segan::ArgParseOption (
"U", "uppercase", "Select to-uppercase as operation."));
addOption (parser, segan::ArgParseOption (
"L", "lowercase", "Select to-lowercase as operation."));

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse(parser,

// Only extract options if the program will continue after,
—parseCommandLine ()
if (res != segan::ArgumentParser::PARSE_OK)

parseCommandLine (ModifyStringOptions & options, int argc, char const »x argv)
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return res;

// Extract option values.

getOptionValue (options.period, parser, "period")

options.toUppercase = isSet (parser, "uppercase");
)
)

’

’

options.toLowercase = isSet (parser, "lowercase"
segan: :getArgumentValue (options.text, parser, 0

’

// If both to-uppercase and to-lowercase were selected then this is an,
—error.
if (options.toUppercase && options.toLowercase)

{

std::cerr << "ERROR: You cannot specify both to-uppercase and to-

—lowercase!\n";
return segan::ArgumentParser: :PARSE_ERROR;

return seqgan::ArgumentParser: :PARSE_OK;

seqgan: :CharString modifyString(seqgan::CharString const & text,
ModifyStringOptions const & options)

segan: :CharString result;

if (options.toLowercase)

{

for (unsigned i = 0; 1 < length(text); ++1i)
{
if (1 % options.period == 0u)
appendValue (result, tolower (text[i]));
else

appendValue (result, text[i]);

}

else

{
for (unsigned i = 0; 1 < length(text); ++1i)
{

if (i % options.period == 0u)
appendValue (result, toupper (text[i]));
else

appendValue (result, text[i]);

return result;

int main(int argc, char const *x argv)

// Parse the command line.
ModifyStringOptions options;
segan: :ArgumentParser: :ParseResult res = parseCommandLine (options, argc,,

—argv) ;

// If parsing was not successful then exit with code 1 if there were_

—errors.
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// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)
return res == segan::ArgumentParser::PARSE_ERROR;

std: :cout << modifyString(options.text, options) << '\n';

return 0;

Embedding Rich Documentation
Another very useful feature of ArgumentParser is that you can embed rich documentation into your programs. You
can set the short description, the version string, date, synopsis and add text documentation settings.

Let us first set the short description, version string, and date in our program from above. We insert the following
lines just after the declaration of the variable parser.

setShortDescription (parser, "String Modifier");
setVersion (parser, "1.0");
setDate (parser, "July 2012");

After the line with setDate (), we give a usage line and add to the description. This information will go to the
Synopsis section of the program help.

addUsageLine (parser,
"IN\NEIOPTIONS\\fP] \"\\fITEXT\\fP\"");
addDescription (parser,
"This program allows simple character modifications to "

"each i-th character.");

Tip: Formatting Command Line Documentation

The formatting of command line parameters might seem strange, at first: Font operators start with \ £ (which means
that they start with "\ \ £" in in C++ string literals). The \ \ £ is followed by the format specifier. The format specifier
can be one of I, B, and P. T selects italic text (underlined on the shell), B selects bold and P resets the formatting to
normal text. These font operators are legacies of man pages from Unix and offered a simple-to-implement solution to
text formatting.

For example, "Words \\fBwere\\fP made for \\fIbeing\\fP written!" would result in the for-
matted string “Words were made for being written!”.

Note that formatting the command line relies on ANSI escape codes which is not supported by modern Windows
versions. If you are using Windows, you will not see bold or underlined text.

The argument parser will add some options of its own, for example for printing the help and displaying version
information. To separate our arguments from the autogenerated ones, we add the following line. This line will
introduce the section “Modification Options” in the Description section of the output.

addSection (parser, "Modification Options");

Finally, we will add a section with examples. Add the following lines just before the line with the parse () function
call.

addTextSection (parser, "Examples");
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addListItem(parser,
"\\fBmodify_string\\fP \\fB-U\\fP \\fIveryverylongword\\fP",

"Print upper case version of \"veryverylongword\"");

addListItem(parser,
"\\fBmodify_string\\fP \\fB-L\\fP \\fB-i\\fP \\fI3\\fP_
<\ \fIveryverylongword\\fP"

Yy y g ’

"Print \"veryverylongword\" with every third character "

"converted to upper case.");

That were a lot of changes! Click more... to see the complete program.

#include <iostream>

#include <segan/arg_parse.h>

struct ModifyStringOptions

{

}i

unsigned period;
bool toUppercase;
bool tolLowercase;
segan: :CharString text;

ModifyStringOptions ()
period(l), toUppercase(false), toLowercase (false)

{1

segan: :ArgumentParser: :ParseResult
parseCommandLine (ModifyStringOptions & options, int argc,

{

// Setup ArgumentParser.

segan: :ArgumentParser parser ("modify_string");
// Set short description, version, and date.
setShortDescription (parser, "String Modifier");
setVersion (parser, "1.0");

setDate (parser, "July 2012");

// Define usage line and long description.
addUsagelLine (parser,

"N\\fIOPTIONS\\fP] \"\\fITEXT\\fP\"");
addDescription (parser,

char const ** argv)

"This program allows simple character modifications to "

"each i-th character.");

// We require one argument.
addArgument (parser, segan::ArgParseArgument (
segan: :ArgParseArgument: : STRING, "TEXT"));

// Define Options —-- Section Modification Options
addSection (parser, "Modification Options");
addOption (parser, segan::ArgParseOption (
"i", "period", "Period to use for the index.",
segan: :ArgParseArgument: : INTEGER, "INT"));
setDefaultValue (parser, "period", "1");
addOption (parser, segan::ArgParseOption (

"U", "uppercase", "Select to-uppercase as operation."));

addOption (parser, segan::ArgParseOption (

"L", "lowercase", "Select to-lowercase as operation."));
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// Add Examples Section.
addTextSection (parser, "Examples");
addListItem(parser,
"\\fBmodify_string\\fP \\fB-U\\fP \\fIveryverylongword\\fP",
"Print upper case version of \"veryverylongword\"");
addListItem(parser,
"\\fBmodify_string\\fP \\£fB-L\\fP \\fB-i\\fP \\fI3\\fp "
"\\fIveryverylongword\\fpP",
"Print \"veryverylongword\" with every third character "
"converted to upper case.");

// Parse command line.
segan: :ArgumentParser: :ParseResult res = segan::parse(parser, argc, argv);

// Only extract options if the program will continue after,,
wparseCommandLine ()
if (res != segan::ArgumentParser::PARSE_OK)
return res;

// Extract option values.

getOptionValue (options.period, parser, "period");

)
options.toUppercase = isSet (parser, "uppercase");
options.tolowercase = isSet (parser, "lowercase");
segan: :getArgumentValue (options.text, parser, 0);

// If both to-uppercase and to-lowercase were selected then this is an,
—error.
if (options.toUppercase && options.toLowercase)
{
std::cerr << "ERROR: You cannot specify both to-uppercase and to-
<~ lowercase!\n";
return segan::ArgumentParser: :PARSE_ERROR;

return seqgan::ArgumentParser: :PARSE_OK;

segan: :CharString modifyString(segan::CharString const & text,
ModifyStringOptions const & options)

segan: :CharString result;

if (options.toLowercase)
{
for (unsigned i = 0; i < length(text); ++1i)
appendValue (result, tolower (text[i]));

}

else

{
for (unsigned i = 0; i < length(text); ++1i)
appendValue (result, toupper (text[i]));

return result;

int main(int argc, char const ** argv)
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// Parse the command line.

ModifyStringOptions options;

segan: :ArgumentParser: :ParseResult res = parseCommandLine (options, argc,
—argv) ;

// If parsing was not successful then exit with code 1 if there were errors.
// Otherwise, exit with code 0 (e.g. help was printed).
if (res != segan::ArgumentParser::PARSE_OK)

return res == segan::ArgumentParser::PARSE_ERROR;

std::cout << modifyString(options.text, options) << '\n';

return 0;

Let us look at the resulting documentation. Simply call the new program with the ——he1p option.

# modify_string --help
modify_string - String Modifier

SYNOPSIS
modify_string [OPTIONS] "TEXT"

DESCRIPTION
This program allows simple character modifications to each
i-th character.

-h, —--help
Displays this help message.
—--version

Display version information

Modification Options:
-i, —--period INT
Period to use for the index.

-U, ——-uppercase
Select to-uppercase as operation.
-L, —-—-lowercase

Select to-lowercase as operation.

EXAMPLES
modify_string -U veryverylongword
Print upper case version of "veryverylongword"
modify_string -L —-i 3 veryverylongword
Print "veryverylongword" with every third character
converted to upper case.

VERSION
modify_string version: 1.0
Last update July 2012

Also, there is an undocumented option called —~—export-help that is automatically added by ArgumentParser. You
can call it with the values htm1 and man. If the option is set then the argument parser will print the documentation as
HTML or man format (man pages are a widely used format for Unix documentation).

You can pipe the output to a file:
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# modify_string --export-help html > modify_string.html
# modify_string —--export-help man > modify_string.man

HTML can be displayed by any web browser, man pages can be displayed using the program man. Note that when
opening a file using man, you have to give the file name either as an absolute or a relative path. Otherwise, it would
try to look up the topic modify_string.man. To view the generated man page use:

’# man ./modify_string.man

Below, you can see a part of the rendered HTML and man pages generated by the commands above.

modify_ string

String Modifier

> Terminal

Synopsis File Edit View Search Terminal Help
MODIFY_STRING(1) MODIFY_STRING(1)
modify_string [OFPTIONS] "TEXT"
NAME

modify_string - String Modifier

Description

SYNOPSIS
modify string [OPTIONS] "TEXT"

This program allows simple character 1

-h, —help is program allows simple character modifications to
Displays this help message. each i-th character.

-1-'EI'Sll]Ill o . -h, --help
Display version information Displays this help message.

. . . . --version
Modification Dptmns. Display wversion information
-i, —period /INT Modification Options:

Thoeio die e Pl aloo oA i, --period INT

For further deading, have a look at the ArgumentParser class.

Data Structures

Sequences

ToC
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Strings and Segments

Learning Objective You will learn about the SeqAn sequence concept and its main class String as well as the class
Segment. After completing this tutorial, you will be able to use important functionalities of sequences in Se-
gAn and you will be ready to continue with the more specific tutorials, e.g. Alignment, or Pairwise Sequence
Alignment.

Difficulty Very basic
Duration 45 min
Prerequisites Basic C or C++ knowledge, the A First Example tutorial helps.

Sequences are the core concept of SeqAn. A sequence is a container that stores an ordered list of values. In SeqAn,
there are three kinds of sequences: Strings, Sequence Adaptions and Segments.

The String class is one of the most fundamental classes in SeqAn. It is designed as a generic data structure that can
be instantiated for all kinds of values, both simple (e.g. char, Dna, AminoAcid) and non-simple value types (e.g.
Tuple, String). With sequence adaptions, SeqAn offers an interface for accessing data types that are not part of SeqAn,
namely standard library strings and c-style char arrays. Thus those built-in types can be handled in a similar way as
SeqAn strings, for example with the length function. Segments are contiguous subsequences that represent parts of
other sequences.

This tutorial will deal with the SeqAn sequence classes String and Segment.

Strings

In this section, we will have a detailed look at the SeqAn class String. You will learn how to build and expand strings
as well as how to compare and convert them.
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Defining Strings

Let’s first have a look at a simple example on how to define a String. The type of the contained value is specified by
the first template argument, e.g. char or int.

String<char> myText; // A string of characters.
String<int> myNumbers; // A string of integers.

To fill the string with contents, we can simply assign a string literal to the created variable:

myText = "Hello SegAn!";

Any type that provides a default constructor, a copy constructor and an assignment operator can be used as the alphabet
/ contained type of a String. This includes the C++ POD types, e.g. char, int, double etc., or even more complex
types complex types, such as Strings.

’ String<String<char> > myStringList; // A string of character strings.

Hint: Nested Sequences (aka “Strings of Strings™)

A collection of sequences can either be stored in a sequence of sequences, for example in a String<
String<char> >, or in a StringSet. The latter one allows for more auxiliary functionalities to improve the ef-
ficiency of working with large sequence collections. You can learn more about it in the tutorial String Sets.

SeqAn also provides the following types that are useful in bioinformatics: AminoAcid, Dna, Dna5, DnaQ, Dna5Q,
Finite, [upac, Rna, Rna5. You can find detailed information in the tutorial Alphabets.

String<Dna> myGenome; // A string of nucleotides.
String<AminoAcid> myProtein; // A string of amino acids.

For commonly used string parameterizations, SeqAn has a range of shortcuts implemented, e.g. DnaString, RnaString
and Peptide.

// Instead of String<Dna> dnaSeq we can also write:
DnaString dnaSeq = "TATA";

Working with Strings

The SeqAn String implementation provides the common C++ operators that you know already from the vector class
of the STL. For example:

String<Dna> dnaSeq = "TATA";
dnaSeq += "CGCG";
std::cout << dnaSeq << std::endl;

TATACGCG

Each sequence object has a capacity, i.e. the maximum length of a sequence that can be stored in this object.
While some sequence types have a fixed capacity, the capacity of other sequence classes like Alloc String or
std::basic_string can be changed at runtime. The capacity can be set explicitly by functions such as re-
serve or resize. It can also be set implicitly by functions like append or replace, if the operation’s result exceeds the
length of the target string.
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In the following example we create a String of Dna5String. We first set the new length of the container with resize
to two elements. After assigning two elements we append one more element with appendValue. In the last step the
capacity is implicitly changed.

String<Dnab5String> readList;

resize (readList, 2);

readList [0] = "GGTTTCGACG";
readList[1] = "AAGATGTCGC";
appendValue (readList, "TATGCATGAT");

Using the function length, we can now get the length of our strings, e.g.:

std::cout << length(readList) << std::endl;
std::cout << length(readList[0]) << std::endl;

3
10

To empty a String, the function clear resets the object.

clear (readList) ;

SeqAn offers a range of other functions for the work with the String class, e.g. assign, assignValue, value, getValue,
empty, etc. The full list of functions you can find in the documentation String.

Assignment 1

Type Review

Objective In the following assignment, you will write a small function that builds the reverse complement of a given
string. Copy the code below and add the following functionalities:

1. Use the resize function to resize the revComplGenome variable.

2. Using the getRevCompl function, get the reverse complement for every nucleotide genome and store
it in reverse order revComplGenome.

3. Print out the original genome and the reverse complement.

#include <segan/sequence.h>
#include <segan/basic.h>
#include <segan/stream.h>
#include <segan/file.h>
#include <segan/modifier.h>

using namespace segan;

Dna getRevCompl (Dna const & nucleotide)

{

if (nucleotide == 'A")
return 'T';

if (nucleotide == 'T")
return 'A';

if (nucleotide == 'C")

return 'G';
return 'C';
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int main ()

{
DnaString genome = "TATATACGCGCGAGTICGT";
DnaString revComplGenome;

// Your code snippet here

// And to check if your output is correct,

// use the given SegAn function reverseComplement (),
// which modifies the sequence in-place:
reverseComplement (genome) ;

std::cout << genome << std::endl;

return 0O;

Hints Remember that the last element in genome is stored at position length (genome) - 1.

Solution Click more... to see the solution.

Dna

{

int

#include <segan/sequence.h>
#include <segan/basic.h>
#include <segan/stream.h>
#include <segan/file.h>
#include <segan/modifier.h>

using namespace segan;

getRevCompl (Dna const & nucleotide)

if (nucleotide == 'A")
return 'T';

if (nucleotide == 'T")
return 'A’';

if (nucleotide == 'C")

return 'G';
return 'C';

main ()

DnaString genome = "TATATACGCGCGAGTCGT";

DnaString revComplGenome;

//1.

resize (revComplGenome, length (genome));

//2.

for (unsigned i = 0; 1 < length(genome); ++1)
revComplGenome [length (genome) - 1 - i] = getRevCompl (genome[i]);

//3.

std::cout << genome << std::endl;
std::cout << revComplGenome << std::endl;

// And to check if your output is correct,

// use the given SegAn function reverseComplement (),
// which modifies the sequence in-place:
reverseComplement (genome) ;

std::cout << genome << std::endl;

return 0;
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Your output should look like this:

TATATACGCGCGAGTCGT
ACGACTCGCGCGTATATA
ACGACTCGCGCGTATATA

Assignment 2

Type Review

Objective In this assignment, you will do some simple string building tasks, and write a simple alignment of the given

reads and chromosomes. Use the given code template to solve these subtasks:
another string ‘alignPosList’.

genome.

. Print alignments of the reads and chrl (or bschrl) using the function printAlign and the

alignPosList.

. Assume we have mapped the reads to the positions 7, 100, 172, and 272 in ‘chrl’. Store these positions in

. Build another String bsChrl as a copy of chrl, and exchange every ‘C’ with a “T’, as in a bisulfite treated

string

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;

// Function to print simple alignment between two sequences with the same_
—length

template <typename TTextl, typename TText2>

void printAlign(TTextl const & genomeFragment, TText2 const & read)

{

std::cout << "Alignment " << std::endl;
std::cout << " genome : " << genomeFragment << std::endl;
std::cout << " read : " << read << std::endl;

int main ()
{

// Build reads and genomes

DnaString chrl =
—"TATAATATTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCTAGATGTGCAG

".
"

// Build List containing all reads

typedef String<DnaString> TDnalist;

TDnalList readList;

resize (readList, 4);

readList [0] = "TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT
="

readList[1l] =
—"TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT";

readList [2] =
—"AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA

"y

readList [3] = "CGTGCACTGCTGACGTICGTGGTTGTCACATCGTCGTIGCGTGCGTACTGCTGCTGACA

CTCGATCGAATGCACGTC
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// Append a second chromosome sequence fragment to chrl
DnaString chr2 =
;_)ll;

append (chrl, chr2);

// Print readlist

std::cout << " \n Read list: " << std::endl;

for (unsigned i = 0; i < length(readList); ++1)
std::cout << readList[i] << std::endl;

// 1. Assume we have mapped the 4 reads to chrl (and chr2) and now have_

—the mapping start positions (no gaps).
// Store the start position in a String alignPosList: 7, 100, 172, 272

// Your code snippet here for 1.+2.

// 3. Print alignments of the reads with chrl (or bsChrl) sequence using,
—the function printAlign

// and the positions in alignPosList.

// To do that, you have to create a copy of the fragment in chrl
— (bsChrl) that is aligned to the read.

std::cout << " \n Print alignment: " << std::endl;

for (unsigned i = 0; 1 < length(readList); ++1i)

{

// Begin position beginPosition of a given alignment between the_

—read and the genome

// Your code snippet here for 3.

// Genome fragment
DnaString genomeFragment;

// Your code snippet here for 3.

// Call of our function to print the simple alignment
printAlign (genomeFragment, readList[i]);

}

return 0;

Hints You have to create a copy of the fragment in chrl (bsChrl) that is aligned to the read.

Solution Click more... to see the solution.

—"AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACALCGTCTCTGTGTTCCGACCE

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace sedgan;

// Function to print simple alignment between two sequences with the same length
template <typename TTextl, typename TText2>

void printAlign (TTextl const & genomeFragment, TText2 const & read)

{

std::cout << "Alignment " << std::endl;
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std::cout << " genome : " << genomeFragment << std::endl;
std::cout << " read : " << read << std::endl;

int main ()
{

// Build reads and genomes

DnaString chrl =
—"TATAATATTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCTAGATGTGCAGCTCGA
=";

// Build List containing all reads

typedef String<DnaString> TDnalist;

TDnalList readList;

resize (readList, 4);

readList [0] = "TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT";

readList[1]
—"TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT";

readList[2] =
—"AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA";
readList[3] = "CGTGCACTGCTGACGTCGTGGTTGTCACATCGTCGTGCGTGCGTACTGCTGCTGACA";

// Append a second chromosome sequence fragment to chrl
DnaString chr2 =
—"AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACACGTCT

".
"

append (chrl, chr2);

// Print readlist

std::cout << " \n Read list: " << std::endl;

for (unsigned i = 0; i < length(readList); ++1)
std::cout << readList[i] << std::endl;

// 1. Assume we have mapped the 4 reads to chrl (and chr2) and now have the,
—mapping start positions (no gaps).

// Store the start position in a String alignPosList: 7, 100, 172, 272

String<unsigned> alignPosList;

resize (alignPosList, 4);

alignPosList[0] = 7;

alignPosList[1] = 100;
alignPosList[2] = 172;
alignPosList[3] = 272;

// 2. Bisulfite conversion
// Assume chrl is beeing bisulfate treated: Copy chrl to a new genome bsChrl_,
—and exchange every 'C' with a 'T'
DnaString bsChrl;
assign (bsChrl, chrl);
for (unsigned i = 0; 1 < length(bsChrl); ++1i)
if (bsChrl[i] == 'C")
bsChrl[i] = 'T';
// 3. Print alignments of the reads with chrl (or bsChrl) sequence using the_
—function printAlign
// and the positions in alignPosList.
// To do that, you have to create a copy of the fragment in chrl (bsChrl)_
—that is aligned to the read.
std::cout << " \n Print alignment: " << std::endl;
for (unsigned i = 0; i < length(readList); ++1i)

TCGAATGCACGTCG

CTGTGTTCCGACC
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// Begin position beginPosition of a given alignment between the read and_
—the genome
unsigned beginPosition = alignPosList[i];

// Genome fragment
DnaString genomeFragment;

// We have to create a copy of the corresponding fragment of the genome,
—where the read aligns to
for (unsigned j = 0; j < length(readList([i]); ++73)
appendValue (genomeFragment, chrl[beginPosition + Jj]);

// Call of our function to print the simple alignment
printAlign (genomeFragment, readList[i]);
}

return 0;

Read list:

TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT
TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT
AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA
CGTGCACTGCTGACGTCGTGGTTGTCACATCGTCGTGCGTGCGTACTGCTGCTGACA

Print alignment:

Alignment

genome : TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT

read : TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT
Alignment

genome : TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT

read : TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT
Alignment

genome : |
—~AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA

read H
—AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA
Alignment

genome : CGTGCACTGCTGACGTCGTGGTTGTCACATCGTCGTGCGTGCGTACTGCTGCTGACA

read : CGTGCACTGCTGACGTCGTGGTTGTICACATCGTCGTGCGTGCGTACTGCTGCTGACA

Comparisons

Two sequences can be lexicographically compared using standard operators such as < or >=.

String<char> a = "beta";
String<char> b = "alpha";
std::cout << (a != b) << std::endl;

std::cout << (a < b) << std::endl;
std::cout << (a > b) << std::endl;
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Each comparison involves a scan of the two sequences for searching the first mismatch between the strings. This could
be costly if the two sequences share a long common prefix. Suppose we want to branch in a program depending on
whethera < b,a == b,ora > b.

if (a < b) { /% code for case "a < b" %/}
else if (a > b) { /» code for case "a > b" x/ }
else { /* code for case "a == b" %/}

In this case, although only one scan would be enough to decide what case is to be applied, each operator > and <
performs a new comparison. SeqAn offers the class Lexical to avoid unnecessary sequence scans. Lexicals can store
the result of a comparison, for example:

// Compare a and b and store the result in comp
Lexical<> comp(a, b);

if (isLess (comp)) { /* code for case "a < b" x/}
else if (isGreater(comp)) { /x code for case "a > b" x/ }
else { /+ code for case "a == b" %/}

Conversions

A sequence of type A values can be converted into a sequence of type B values, if A can be converted into B. SeqAn
offers different conversion alternatives.

Copy conversion. The source sequence is copied into the target sequence. This can be done by assignment
(operator=) or using the function assign.

String<Dna> dna_source = "acgtgcat";
String<char> char_target;

assign (char_target, dna_source);
std::cout << char_target << std::endl;

ACGTGCAT

Move conversion. If the source sequence is not needed any more after the conversion, it is always advisable to use
move instead of assign. The function move does not make a copy but can reuse the source sequence storage. In some
cases, move can also perform an in-place conversion.

String<char> char_source = "acgtgcat";
String<Dna> dna_target;

// The in-place move conversion.
move (dna_target, char_source);
std::cout << dna_target << std::endl;

ACGTGCAT

Assignment 3

Type Review

68 Chapter 4. API Documentation



http://docs.seqan.de/seqan/2.2.0/?p=Lexical
http://docs.seqan.de/seqan/2.2.0/?p=AssignableConcept#assign
http://docs.seqan.de/seqan/2.2.0/?p=AssignableConcept#move
http://docs.seqan.de/seqan/2.2.0/?p=AssignableConcept#assign
http://docs.seqan.de/seqan/2.2.0/?p=AssignableConcept#move
http://docs.seqan.de/seqan/2.2.0/?p=AssignableConcept#move

SegAn Manual, Release 2.2.0

Objective In this assignment you will sort nucleotides. Copy the code below. Adjust the code such that all nucleotides,
which are lexicographically smaller than a Dna5 'G"' are stored in a list Lesser, while all nucleotides which
are greater, should be stored in a list greater. Print out the final lists.

#include <segan/stream.h>
#include <segan/sequence.h>
#include <segan/file.h>

using namespace segan;

int main ()
{

String<Dnab5> nucleotides
String<Dna5> selected;

// to the list selected.
for (unsigned i 0;

{

appendValue (selected,
}
std::cout <<
return O;

"AGTCGTGNNANCT";
// Append all elements of nucleotides,
i < length(nucleotides);
nucleotides[i]);

"Selected nucleotides: "

apart of Gs,

++1)

<< selected << std::endl;

Solution Click more... to see the solution.

#include <segan/stream.h>
#include <segan/sequence.h>
#include <segan/file.h>

using namespace sedgan;

int main ()
{

String<Dnab5> nucleotides =
String<Dna5> lesser;
String<Dna5> greater;
for (unsigned i = 0O;
if (nucleotides[i]
appendValue (lesser,
else if (nucleotides([i]

appendValue (greater,

<

}
std::cout <<
std::cout <<

"AGTCGTGNNANCT";

i < length (nucleotides);
IGI

"Lesser nucleotides: "
"Greater nucleotides: "

++1) {
)

nucleotides[i]);

> 'G")

nucleotides[i]);

<< lesser << std::endl;
<< greater << std::endl;

Lesser nucleotides:
Greater nucleotides:

ACAC
TTNNNT

Assignment 4

Type Transfer

Objective In this task you will compare whole sequences. Reuse the code from above. Instead of a St ring<Dna5>

we will now deal with a String<Dnab5String>.

Build a string which contains the Dna5Strings
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“ATATANGCGT”, “AAGCATGANT” and “TGAAANTGAC”. Now check for all elements of the container,
if they are lexicographically smaller or bigger than the given subject sequence “GATGCATGAT” and append

them to a appropriate list. Print out the final lists.

Hints Try to avoid unnecessary sequence scans.

Solution Click more... to see the solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;

int main ()

{

String<Dna5String> nucleotidesList;

DnabString strl = "ATATANGCGT";
Dna5String str2 = "AAGCATGANT";
Dna5String str3 = "TGAAANTGAC";
resize (nucleotidesList, 3);
nucleotidesList [0] = strl;
nucleotidesList[1] = str2;

nucleotidesList[2]

str3;

String<DnabString> lesser;
String<DnabString> greater;
Dna5String ref = "GATGCATGAT";

// For each Dna5String of the String:
(unsigned i = 0; i < length(nucleotidesList); ++1)

for
{

}

// Compare the Dna5String with the
// The result of the comparison 1is
Lexical<> comp (nucleotidesList[i],
// The function isLess checks only
// without comparing the sequences
if (isLess (comp))

given reference string
stored in comp

ref);

the stored result
again

appendValue (lesser, nucleotidesList[i]);

else if (isGreater (comp))

appendValue (greater, nucleotidesList[i]);

// Print the results

std:

for

{

}

std:
std:

for

{

:cout << "Lesser sequences: " << std::endl;
(unsigned i1 = 0; 1 < length(lesser); ++1)
std::cout << lesser[i] << ", ";

:cout << std::endl;

:cout << "Greater sequences: " << std::endl;
(unsigned i = 0; 1 < length(greater); ++1i)
std::cout << greater([i] << ", ";

Lesser sequences:
ATATANGCGT, AAGCATGANT,
Greater sequences:
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TGAAANTGAC,

Iteration

Very often you will be required to iterate over your string to either retrieve what’s stored in the string or to write
something at a specific position. For this purpose SeqAn provides Iterators for all container types. The metafunction
Iterator can be used to determine the appropriate iterator type for a given a container.

An iterator always points to one value of the container. The operator operator® can be used to access this value by
reference. Functions like operator++(prefix) or operator—(prefix) can be used to move the iterator to other values
within the container.

The functions begin and end, applied to a container, return iterators to the begin and to the end of the container.
Note that similar to C++ standard library iterators, the iterator returned by end does not point to the last value of the
container but to the position behind the last one. If the container is empty then end () == begin ().

The following code prints out a sequence and demonstrates how to iterate over a string.

DnaString genome = "ACGTACGTACGT";
typedef Iterator<DnaString>::Type TIterator;
for (TIterator it = begin(genome); it != end(genome); ++it)

{

std::cout << xit;

ACGTACGTACGT

Different Iterator Types

Some containers offer several kinds of iterators, which can be selected by an optional template parameter of the Iterator
class. For example, the tag Standard can be used to get an iterator type that resembles the C++ standard random access
iterator. For containers there is also a second variant available, the so called Rooted iterator. The rooted iterator
knows its container by pointing back to it. This gives us a nice interface to access member functions of the underlying
container while operating on a rooted iterator. The construction of an iterator in SeqAn, e.g. for a Dna String, could
look like the following:

Iterator<DnaString>::Type itl; // A standard iterator
Iterator<DnaString, Standard>::Type it2; // Same as above
Iterator<DnaString, Rooted>::Type it3; // A rooted iterator

Tip: The default iterator implementation is Standard. Rooted iterators offer some convenience interfaces for the
user. They offer additional functions like container for determining the container on which the iterator works, and they
simplify the interface for other functions like atEnd. Moreover, rooted iterators may change the container’s length or
capacity, which makes it possible to implement a more intuitive variant of a remove algorithm.

While rooted iterators can usually be converted into standard iterators, it is not always possible to convert standard
iterators back into rooted iterators, since standard iterators may lack the information about the container they work on.
Therefore, many functions that return iterators like begin or end return rooted iterators instead of standard iterators;
this way, they can be used to set both rooted and standard iterator variables. Alternatively it is possible to specify the
returned iterator type explicitly by passing the iterator kind as a tag argument, e.g. begin (str, Standard()).
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Assignment 5

Type Review
Objective

Copy the code below, which replaces all N’s of a given String with A’s. Adjust the code to use
iterators to traverse the container. Use the Standard iterator.

#include <iostream>

int main ()

{
Dnab5String genome
for (unsigned i =

{

return 0;

#include <segan/sequence.h>
#include <segan/stream.h>

using namespace sedgan;

if (genome[i] == 'N')
genome [1] = 'A';
}
std::cout << "Modified genome: " << genome << std::endl;

= "ANTGGTTNCAACNGTAANTGCTGANNNACATGTNCGCGTGTA";
0; 1 < length(genome); ++1i)

Solution

Click more... to see the solution.

#include <iostream>

int main ()

{

return 0;

#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;

DnabString genome = "ANTGGTTNCAACNGTAANTGCTGANNNACATGTNCGCGTGTA";

Iterator<Dnab5String>::Type it = begin (genome) ;
Iterator<Dnab5String>::Type itEnd = end(genome) ;

for (; it != itEnd; goNext (it))
{
if (getvalue(it) == 'N'")
value (it) = 'A'";
}
std::cout << "Modified genome: " << genome << std::endl;

Assignment 6

Type Application
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Objective Use the code from above and change the Standard to a Rooted iterator. Try to shorten the code wherever
possible.

Solution Click more... to see the solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;
int main ()
{
Dna5String genome = "ANTGGTTNCAACNGTAANTGCTGANNNACATGTNCGCGTGTA";

Iterator<Dna5String, Rooted>::Type it = begin (genome);

for (; 'atEnd(it); goNext (it))
{

if (getvValue(it) == 'N'")
value (it) = 'A'";
}
std::cout << "Modified genome: " << genome << std::endl;

return O;

String Allocation Strategies

Each sequence object has a capacity, i.e. the reserved space for this object. The capacity can be set explicitly by
functions such as reserve or resize. It can also bet set implicitly by functions like append, assign, insert or replace, if
the operation’s result exceeds the length of the target sequence.

If the current capacity of a sequence is exceeded by chaining the length, we say that the sequence overflows. There
are several overflow strategies that determine what actually happens when a string should be expanded beyond its
capacity. The user can specify this for a function call by additionally handing over a tag. If no overflow strategy is
specified, a default overflow strategy is selected depending on the type of the sequence.

The following overflow strategies exist:

Exact Expand the sequence exactly as far as needed. The capacity is only changed if the current capacity is not large
enough.

Generous Whenever the capacity is exceeded, the new capacity is chosen somewhat larger than currently needed.
This way, the number of capacity changes is limited in a way that resizing the sequence only takes amortized
constant time.

Limit Instead of changing the capacity, the contents are limited to current capacity. All values that exceed the capacity
are lost.

Insist No capacity check is performed, so the user has to ensure that the container’s capacity is large enough.

The next example illustrates how the different strategies could be used:

String<Dna> dnaSeq;

// Sets the capacity of dnaSeq to 5.

resize (dnaSeq, 4, Exact());

// Only "TATA" is assigned to dnaSeq, since dnaSeq is limited to 4.
assign (dnaSeq, "TATAGGGG", Limit());

std::cout << dnaSeq << std::endl;
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// Use the default expansion strategy.
append (dnaSeq, "GCGCGC");
std::cout << dnaSeq << std::endl;

TATA
TATAGCGCGC

Assignment 7

Type Review

Objective Build a string of Dna (default specialization) and use the function appendvalue to append a million
times the nucleotide ‘A’. Do it both using the overflow strategy Exact and Generous. Measure the time for
the two different strategies.

Solution Click more... to see the solution.

#include <iostream>
#include <segan/sequence.h>

using namespace segan;

int main ()

{
unsigned num = 100000;
double start;

String<Dna> str;
clear (str);
start = sysTime();
for (unsigned i = 0; 1 < num; ++1)
appendValue (str, 'A', Exact());
std::cout << "Strategy Exact () took: " << sysTime() - start << " s\n\n";

clear (str);
shrinkToFit (str)

14
start = sysTime () ;
for (unsigned i = 0; 1 < num; ++1)
appendvalue (str, 'A', Generous());
std::cout << "Strategy Generous () took: " << sysTime() - start << " s\n\n";

return 0;

String Specializations

The user can specify the kind of string that should be used in an optional second template argument of String. The
default string implementation is Alloc String.

In most cases, the implementation Alloc String (the default when using a St ring<T>) is the best choice. Exceptions
are when you want to process extremely large strings that are a bit larger than the available memory (consider Alloc
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String) or much larger so most of them are stored on the hard disk and only parts of them are loaded in main memory
(consider External String). The following list describes in detail the different specializations:

Specialization Alloc String

* Description Expandable string that is stored on the heap.

* Applications The default string implementation that can be used for general purposes.

» Limitations Changing the capacity can be very costly since all values must be copied.
Specialization Array String

* Description Fast but non-expandable string. Fast storing of fixed-size sequences.

* Limitations Capacity must already be known at compile time. Not suitable for storing large sequences.
Specialization Block String

* Description String that stores its sequence characters in blocks.

» Applications The capacity of the string can quickly be increased. Good choice for growing strings or
stacks.

 Limitations Iteration and random access to values is slightly slower than for Alloc String.
Specialization Packed String

* Description A string that stores as many values in one machine word as possible.

* Applications Suitable for storing large strings in memory.

* Limitations Slower than other in-memory strings.
Specialization External String

¢ Description String that is stored in secondary memory.

* Applications Suitable for storing very large strings (>2GB). Parts of the string are automatically loaded
from secondary memory on demand.

* LimitationsApplications Slower than other string classes.
Specialization Journaled String
 Description String that stores differences to an underlying text rather than applying them directly.

» Applications Suitable for efficiently storing similar strings, if their differences to an underlying reference
sequence are known.

* LimitationsApplications Slower than other string classes, due to logarithmic penalty for random accesses.
Specialization CStyle String
* Description Allows adaption of strings to C-style strings.

» Applications Used for transforming other String classes into C-style strings (i.e. null terminated char
arrays). Useful for calling functions of C-libraries.

* Limitations Only sensible if value type is char or wchar_t.

// String with maximum length 100.

String<char, Array<l100> > myArrayString;

// String that takes only 2 bits per nucleotide.
String<Dna, Packed<> > myPackedString;

// Most of the string is stored on the disk.
String<Dna, External<> > myLargeGenome;
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Tip: String Simplify Memory Management

One advantage of using Strings is that the user does not need to reserve memory manually with new and does not need
delete to free memory. Instead, those operations are automatically handled by the String class.

String<Dna> myDnaGenome = "TATACGCG";

Segments

The following section will introduce you into the Segment class of SeqAn.

Segments are contiguous subsequences that represent parts of other sequences. Therefore, their functionality is similar
to the String functionality. In SeqAn, there are three kinds of segments: InfixSegment, PrefixSegment, and SuffixSeg-
ment. The metafunctions Infix, Prefix, and Suffix, respectively, return the appropriate segment data type for a given
sequence type.

For prefixes, we use the function prefix to build the prefix. The first parameter is the sequence we build the prefix
from, the second the excluding end position. For infixes, we have to provide both the including start and the excluding
end position. For suffixes, the second parameter of the function denotes the including starting position of the suffix:

String<Dna> dnaSeq = "AGTTGGCATG";
Prefix<String<Dna> >::Type pre = prefix(dnaSeq, 4);
std::cout << "Prefix: " << pre << std::endl;
Infix<String<Dna> >::Type inf = infix(dnaSeq, 4, 7);
std::cout << "Infix: " << inf << std::endl;

Suffix<String<Dna> >::Type suf = suffix(dnaSeq, 4);
std::cout << "Suffix: " << suf << std::endl;

Prefix: AGTT
Infix: GGC
Suffix: GGCATG

Segments store a pointer on the underlying sequence object, the host, and an start and/or end position, depending on
the type of segment. The segment is not a copy of the sequence segment.

Warning: Please note that it is not possible anymore to change the underlying sequence by changing the segment.
If you want to change the host sequence, you have to explicitly modify this. If you want to modify only the
segment, you have to explicitly make a copy of the string.

Assignment 8

Type Application

Objective In this task you will use a segment to pass over an infix of a given sequence to a function without copying
the corresponding fragment. Use the code given below. Lets assume that we have given a genome and a read
sequence as well as the begin position of a given alignment. In the main function a fragment of the Dna5String
genome is copied and passed together with the Dna5String read to a print function. Adjust the code to use
an infix of the genome, instead of copying the corresponding fragment.

76 Chapter 4. API Documentation



http://docs.seqan.de/seqan/2.2.0/?p=String
http://docs.seqan.de/seqan/2.2.0/?p=Segment
http://docs.seqan.de/seqan/2.2.0/?p=Segment
http://docs.seqan.de/seqan/2.2.0/?p=String
http://docs.seqan.de/seqan/2.2.0/?p=InfixSegment
http://docs.seqan.de/seqan/2.2.0/?p=PrefixSegment
http://docs.seqan.de/seqan/2.2.0/?p=SuffixSegment
http://docs.seqan.de/seqan/2.2.0/?p=SuffixSegment
http://docs.seqan.de/seqan/2.2.0/?p=SegmentableConcept#Infix
http://docs.seqan.de/seqan/2.2.0/?p=SegmentableConcept#Prefix
http://docs.seqan.de/seqan/2.2.0/?p=SegmentableConcept#Suffix
http://docs.seqan.de/seqan/2.2.0/?p=SegmentableConcept#prefix
http://docs.seqan.de/seqan/2.2.0/?p=SegmentableConcept#infix
http://docs.seqan.de/seqan/2.2.0/?p=SegmentableConcept#suffix

SeqAn Manual, Release 2.2.0

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;

// Function to print simple alignment between two sequences with the same length
// .. for two sequences of different types

template <typename TTextl, typename TText2>

void printAlign(TTextl const & genomeFragment, TText2 const & read)

{

std::cout << "Alignment " << std::endl;

std::cout << " genome : ";
std::cout << genomeFragment << std::endl;
std::cout << " read "

std::cout << read << std::endl;

int main ()

// We have given a genome sequence

DnabString genome = "ATGGTTTCAACGTAATGCTGAACATGTCGCGT";

// A read sequence

DnabString read = "TGGINTICA";

// And the begin position of a given alignment between the read and the genome
unsigned beginPosition = 1;

// We have to create a copy of the corresponding fragment of the genome,
—where the read aligns to

// Change this piece of code using an infix of the genome

for (unsigned i = 0; 1 < length(read); ++1)

{

appendValue (genomeFragment, genome|[beginPosition + 1i]);

// Call of our function to print the simple alignment
printAlign (genomeFragment, read);
return 0;

Solution Click more... to see the solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;

// Function to print simple alignment between two sequences with the same length
// .. for two sequences of different types

template <typename TTextl, typename TText2>

void printAlign(TTextl const & genomeFragment, TText2 const & read)

{
std::cout << "Alignment " << std::endl;

std::cout << " genome : ";
std::cout << genomeFragment << std::endl;
std::cout << " read "
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std::cout << read << std::endl;

int main ()

// We have given a genome sequence

DnabString genome = "ATGGTTTCAACGTAATGCTGAACATGTCGCGT";

// A read sequence

DnabString read = "TGGTNTICA";

// And the begin position of a given alignment between the read and the genome
unsigned beginPosition = 1;

// Create Infix of type DnabString and get the corresponding infix sequence,,
—o0f genome

Infix<DnabString>::Type genomeFragment = infix(genome, beginPosition,
—beginPosition + length(read));

// Call of our function to print the simple alignment
printAlign (genomeFragment, read);

return 0;
}
Alignment
genome : TGGTTTCA
read : TGGINTICA

Assignment 9

Type Review

Objective Take the solution from the workshop assignment above and change it to use Segments for building the

genome fragment.

Hints Note that because printAlign uses templates, you don’t have to change the function even though the type

of genomeFragment is different.

Solution Click more... to see the solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;

// Function to print simple alignment between two sequences with the same length
template <typename TTextl, typename TText2>

void printAlign(TTextl const & genomeFragment, TText2 const & read)

{

std::cout << "Alignment " << std::endl;
std::cout << " genome : " << genomeFragment << std::endl;
std::cout << " read : " << read << std::endl;

int main (int, char const *x)
{
// Build reads and genomes
DnaString chrl =
—"TATAATATTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCTAGATGTGCAGCTCGA

T
"
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// Build List containing all reads

typedef String<DnaString> TDnalist;

TDnalList readList;

resize (readList, 4);

readList [0] = "TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT";

readList[1l] =
—"TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT";

readList[2] =
—"AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA";
readList[3] = "CGTGCACTGCTGACGTCGTGGTTGTCACATCGTCGTGCGTGCGTACTGCTGCTGACA";

// Append a second chromosome sequence fragment to chrl
DnaString chr2 =
—"AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACACGTCTICTGTGTTCCGACE

".
"

append (chrl, chr2);

// Print readlist

std::cout << " \n Read list: " << std::endl;

for (unsigned i = 0; 1 < length(readList); ++1)

std::cout << readList[i] << std::endl;

// Assume we have mapped the 4 reads to chrl (and chr2) and now have the,
—mapping start positions (no gaps).

// Store the start position in a String alignPosList: 7, 100, 172, 272

String<unsigned> alignPosList;

resize (alignPosList, 4);

alignPosList [0] = 7;

alignPosList[1] = 100;
alignPosList[2] = 172;
alignPosList[3] = 272;

// Optional
// Bisulfite conversion
// Assume chrl is beeing bisulfate treated: Copy chrl to a new genome bsChrl_,
—and exchange every 'C' with a 'T’
DnaString bsChrl;
assign (bsChrl, chrl);
for (unsigned i = 0; 1 < length(bsChrl); ++1i)
if (bsChrl[i] == 'C")
bsChrl[i] = 'T";
// Print alignments using Segment: Do the same as above, but instead of using,,
—~a for loop to build the fragment,
// use the Segment class to build an infix of bsChrl.
// Note: Because printAlign uses templates, we don't have to change the_
—function even though the type of
// genomeFragment is different.
std::cout << " \n Print alignment using Segment: " << std::endl;
for (unsigned i = 0; 1 < length(readList); ++1)
{
// Begin and end position of a given alignment between the read and the_
—genome
unsigned beginPosition = alignPosList([i];
unsigned endPosition = beginPosition + length(readList([i]);
// Build infix
Infix<DnaString>::Type genomeFragment = infix(chrl, beginPosition,
—endPosition);
// Call of our function to print the simple alignment
printAlign (genomeFragment, readList[i]);
}

return O;
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Read list:
TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT
TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT
AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA
CGTGCACTGCTGACGTCGTGGTTGTCACATCGTCGTGCGTGCGTACTGCTGCTGACA
Print alignment using Segment:
Alignment
genome : TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT
read : TTGCTATCGCGATATCGCTAGCTAGCTACGGATTATGCGCTCTGCGATATATCGCGCT
Alignment
genome : TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT
read : TCGATTAGCGTCGATCATCGATCTATATTAGCGCGCGGTATCGGACGATCATATTAGCGGTCTAGCATT
Alignment
genome : |
—+AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA
read H
—AGCCTGCGTACGTTGCAGTGCGTGCGTAGACTGTTGCAAGCCGGGGGTTCATGTGCGCTGAAGCACACATGCACA
Alignment
genome : CGTGCACTGCTGACGTCGTGGTTGTCACATCGTCGTGCGTGCGTACTGCTGCTGACA
read : CGTGCACTGCTGACGTCGTIGGTTGTCACATCGTCGTGCGTGCGTACTGCTGCTGACA
ToC
Contents

e String Sets
— Background
— Building String Sets
— Working with StringSets
— Iterating over String Sets
* Assignment 1
* Assignment 2

String Sets

Learning Objective You will learn the advantages of StringSets and how to work with them.
Difficulty Basic

Duration 15 min

Prerequisites Sequences

A set of sequences can either be stored in a sequence of sequences, for example in a String<String<char> >,
or in a StringSet. This tutorial will introduce you to the SeqAn class StringSet, its background and how to use it.

Background

One advantage of using StringSet is that it supports the function concat that returns a concatenator of all sequences
in the string set. A concatenator is an object that represents the concatenation of a set of strings. This way, it is
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possible to build up index data structures for multiple sequences by using the same construction methods as for single
sequences.

There are two kinds of StringSet specializations in SeqAn: Owner StringSet, the default specialisation, and Dependent
StringSet; see the list below for details. Owner StringSets actually store the sequences, whereas Dependent StringSets
just refer to sequences that are stored outside of the string set.

StringSet<DnaString> ownerSet;
StringSet<DnaString, Owner<> > ownerSet2; // same as above
StringSet<DnaString, Dependent<> > dependentSet;

The specialization ConcatDirect StringSet already stores the sequences in a concatenation. The concatenators for all
other specializations of StringSet are virtual sequences, that means their interface simulates a concatenation of the
sequences, but they do not literally concatenate the sequences into a single sequence. Hence, the sequences do not
need to be copied when a concatenator is created.

One string can be an element of several Dependent StringSets. Typical tasks are, e.g., to find a specific string in a
string set, or to test whether the strings in two string sets are the same. Therefore a mechanism to identify the strings
in the string set is needed, and, for performance reasons, this identification should not involve string comparisons.
SeqAn solves this problem by introducing ids, which are by default unsigned int values.

The following list lists the different StringSet specializations:

Specialization Owner<ConcatDirect> The sequences are stored as parts of a long string. Since the sequences
are already concatenated, concat just needs to return this string. The string set also stores lengths and starting
positions of the strings. Inserting new strings into the set or removing strings from the set is more expensive than
for the default OwnerStringSet specialization, since this involves moving all subsequent sequences in memory.

Specialization Owner<JournaledSet> The sequences are stored as Journaled Strings to a common reference
sequence, that is also stored within the container. When adding a new String to the set, it needs to be joined
to this set of sequences which are all based on the common reference sequence. This way one can hold a large
collection of similar sequences efficiently in memory.

Specialization Dependent<Tight> This specialization stores sequence pointers consecutively in an array. An-
other array stores an id value for each sequence. That means that accessing given an id needs a search through
the id array.

Warning: The Dependent-Tight StringSet is deprecated and will likely be removed within the
SeqAn-2.x lifecycle.

Specialization Dependent <Generous> The sequence pointers are stored in an array at the position of their ids.
If a specific id is not present, the array stores a zero at this position. The advantage of this specialization is that
accessing the sequence given its id is very fast. On the other hand, accessing a sequence given its position i can
be expensive, since this means we have to find the i-th non-zero value in the array of sequence pointers. The
space requirements of a string set object depends on the largest id rather than the number of sequences stored in
the set. This could be inefficient for string sets that store a small subset out of a large number of sequences.

Building String Sets

Use the function appendValue to append strings to string sets.

#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;
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int main ()

{
StringSet<DnaString> stringSet;
DnaString str0 = "TATA";
DnaString strl = "CGCG";
appendValue (stringSet, stzr0);
appendValue (stringSet, strl);

Working with StringSets

This section will give you a short overview of the functionality of the class StringSet.

There are two ways for accessing the sequences in a string set: (1) the function operator[] returns a reference to the
sequence at a specific position within the sequence of sequences, and (2) valueByld accesses a sequence given its id.
We can retrieve the id of a sequence in a StringSet with the function positionTold.

// (1) Access by position
std::cout << "Owner: " << '\n';
std::cout << "Position 0: " << value(stringSet, 0) << '\n';

// Get the corresponding ids
unsigned 1d0 = positionToId(stringSet, 0);
unsigned idl = positionToId(stringSet, 1);

// (2) Access by id
std::cout << "Id O: " << valueById(stringSet, 1d0) << '\n';
std::cout << "Id 1: " << valueById(stringSet, idl) << '"\n';

return 0O;

Owner:

Position 0: TATA
Id 0: TATA

Id 1: CGCG

In the case of Owner StringSets, id and position of a string are always the same, but for Dependent StringSets, the ids
can differ from the positions. For example, if a Dependent StringSet is used to represent subsets of strings that are
stored in Owner StringSets, one can use the position of the string within the Owner StringSet as id of the strings. With
the function assignValueByld, we can add the string with a given id from the source string set to the target string set.

// Let's create a string set of type dependent to represent strings,

// which are stored in the StringSet of type Owner

StringSet<DnaString, Dependent<Tight> > depSet;

// We assign the first two strings of the owner string set to the dependent,,
—~StringSet,

// but 1in a reverse order

assignValueById (depSet, stringSet, idl);

assignValueById (depSet, stringSet, 1dO0);

std::cout << "Dependent: " << '\n';

// (1) Access by position

std::cout << "Pos 0: " << value(depSet, 0) << '\n';

// (2) Access by id

std::cout << "Id 0: " << valueById(depSet, id0) << '\n';
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Dependent:
Pos 0: CGCG
Id O: TATA

With the function positionTold we can show that, in this case, the position and the id of a string are different.

std::cout << "Position 0: Id " << positionToId(depSet, 0) << '\n';
std::cout << "Position 1: Id " << positionToId(depSet, 1) << '\n';

Position 0: Id 1
Position 1: Id O

Iterating over String Sets

As well as for other containers, SeqAn has implemented iterators for StringSets. The following example illustrates,
how to iterate over the StringSet.

typedef Iterator<StringSet<DnaString> >::Type TStringSetIterator;
for (TStringSetIterator it = begin(stringSet); it != end(stringSet); ++it)
{

std::cout << xit << '\n';

TATA
CGCG

If we want to iterate over the contained Strings as well, as if the StringSet would be one sequence, we can use
the function concat to get the concatenation of all sequences. Therefore we first use the metafunction Concatenator
to receive the type of the concatenation. Then, we can simply build an iterator for this type and iterate over the
concatenation of all strings.

typedef Concatenator<StringSet<DnaString> >::Type TConcat;
TConcat concatSet = concat (stringSet);

Iterator<TConcat>::Type it = begin (concatSet);
Iterator<TConcat>::Type itEnd = end(concatSet);
for (; it != itEnd; goNext (it))
{

std::cout << getValue (it) << " ";

}

std::cout << '\n';

TATACGTCG

Assignment 1

Type Review

Objective Build a string set with default specialization and which contains the strings "AAA", "CCC", "GGG" and
"TTT". After that print the length of the string set and use a simple for-loop to print all elements of the strings
set.
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Solution Click more... to see the solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace segan;
int main ()

{
// Build strings

DnaString str0 = "AAA";
DnaString strl = "CCC";
DnaString str2 = "GGG";
DnaString str3 = "TTT";

// Build string set and append strings
StringSet<DnaString> stringSet;
appendValue (stringSet, str0);
appendValue (stringSet, strl);
appendValue (stringSet, str2);
appendValue (stringSet, str3);
// Print the length of the string set
std::cout << length(stringSet) << std::endl;
// Print all elements
for (unsigned i = 0; i < length(stringSet); ++1i)
{

std::cout << stringSet[i] << std::endl;
}

return 0;

Assignment 2

Type Application

Objective In this task you will test, whether a Dependent StringSet contains a string without comparing
the actual sequences. Use the given code frame below and adjust it in the following way:

1. Build a Owner StringSet to store the given strings.
2. Get the corresponding ids for each position and store them.

3. Build a DependentStringSet and assign the strings of the owner string set from position 0,1 and
3 by their id to it.

4. Write a function isElement which takes a StringSet<Dependent<> > and a Id as
arguments and checks whether a string set contains a string with a given id.

5. Check if the string set contains the string of position 3 and 2 and print the result.

#include <iostream>
#include <segan/sequence.h>
#include <segan/file.h>

using namespace segan;
int main ()

{
// Build strings
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DnaString str0 = "TATA";
DnaString strl = "CGCG";
DnaString str2 = "TTAAGGCC";
DnaString str3 = "ATGC";
DnaString str4 = "AGTGTCA";

// Your code

return 0;

Hints You can use the SeqAn functions positionTold and assignValueById.

Solution Click more... to see the solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>

using namespace sedgan;

// Check whether the string set contains the string with the given id,
// without comparing the actual sequences

template <typename TStringSet, typename TId>

bool isElement (TStringSet & stringSetl, TId & id)

{

for (unsigned i = 0; 1 < length(stringSetl); ++i)
{
// Get the id of the element at position 1
if (positionToId(stringSetl, i) == id)
return true;

}

return false;

int main ()

// Build strings

DnaString str0 "TATA";
DnaString strl = "CGCG";
DnaString str2 = "TTAAGGCC";
DnaString str3 = "ATGC";
DnaString strd4 = "AGTGTCA";

// Build owner string set and append strings
StringSet<DnaString> stringSetOw;

appendValue (stringSetOw, str0);

appendValue (stringSetOw, strl);

appendValue (stringSetOw, str2);

appendValue (stringSetOw, str3);

appendValue (stringSetOw, strd);

// Get corresponding ids for positions

unsigned id0 = positionToId(stringSetOw, O0);

unsigned idl = positionToId(stringSetOw, 1);

unsigned id2 positionToId(stringSetOw, 2);

unsigned id3 = positionToId(stringSetOw, 3);

// Build dependent string set and assigns strings by id
StringSet<DnaString, Dependent<Generous> > stringSetDep;
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assignValueById
assignValueById

(
(

stringSetDep,
stringSetDep,

stringSetOw,
stringSetOw,

ido) ;
idl);

assignValueById (stringSetDep, stringSetOw, id3);

// Call function to check if a string is contained and output result

std::cout << "Does the string set contain the string with the id 'id3'?> "
—isElement (stringSetDep, id3) << std::endl;

std::cout << "Does the string set contain the string with the id
—isElement (stringSetDep, id2) << std::endl;

<<

'idz2'? " <<

[

return 0O;

ToC

Contents

e Alphabets
- Types

— Functionality
* Assignment |

Alphabets

Learning Objective You will learn the details about the alphabets in SeqAn.
Difficulty Basic

Duration 15 min

Prerequisites A First Example

This tutorial will describe the different alphabets used in SeqAn, or in other words, you will learn about the contained
types of a SeqAn String. To continue with the other tutorials, it would be enough to know, that in SeqAn several
standard alphabets are already predefined, e.g. Dna, Dna5, Rna, Rna5, lupac, AminoAcid.

Types

Any type that provides a default constructor, a copy constructor and an assignment operator can be used as the al-
phabet / contained type of a String (see also the tutorial Sequences). This includes the C++ POD types, e.g. char,
int, double etc. In addition you can use more complex types like String as the contained type of strings, e.g.
String<String<char> >.

SeqAn also provides the following types that are useful in bioinformatics. Each of them is a specialization of the class
SimpleType.
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Specialization | Description

AminoAcid Amino Acid Alphabet

Dna DNA alphabet

Dna$5 N alphabet including N character

DnaQ N alphabet plus phred quality

Dna5Q N alphabet plus phred quality including N character
Finite Finite alphabet of fixed size.

Tupac N Iupac code.

Rna N alphabet

Rna5 N alphabet including N character

Functionality

In SeqAn, alphabets are value types that can take a limited number of values and which hence can be mapped to a
range of natural numbers. We can retrieve the number of different values of an alphabet, the alphabet size, by the
metafunction ValueSize.

typedef Dna TAlphabet;

unsigned alphSize = ValueSize<TAlphabet>::VALUE;
std::cout << "Alphabet size of Dna: " << alphSize << '\n';

Alphabet size of Dna: 4

Another useful metafunction called BitsPerValue can be used to determine the number of bits needed to store a value
of a given alphabet.

unsigned bits = BitsPerValue<TAlphabet>::VALUE;
std::cout << "Number of bits needed to store a value of type Dna: " << bits << '\n

Number of bits needed to store a value of type Dna: 2

The order of a character in the alphabet (i.e. its corresponding natural number) can be retrieved by calling the function
ordValue. See each specialization’s documentation for the ordering of the alphabet’s values.

Dna a = '"A'";
Dna ¢ = 'C';
Dna g = 'G';
Dna t 'T';
std::cout <<"A: " << (unsigned)ordValue(a) << '\n';
std::cout <<"C: " << (unsigned)ordvalue(c) << '\n';
std::cout <<"G: " << (unsigned)ordValue(g) << '\n';
std::cout <<"T: " << (unsigned)ordValue(t) << '\n';

H o Q »
w N = O

Tip: The return value of the ordValue function is determined by the metafunction ValueSize. ValueSize returns the
type which uses the least amount of memory while being able to represent all possible values. E.g. ValueSize of Dna
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returns an _uint 8 which is able to represent 256 different characters. However, note that std: : cout has no visible
symbol for printing all values on the screen, hence a cast to unsigned might be necessary.

Assignment 1

Type Application

Objective In this task you will learn how to access all the letters of an alphabet. Use the piece of code from below

and adjust the function showAllLettersOfMyAlphabet () to go through all the characters of the current
alphabet and print them.

#include <segan/sequence.h>
#include <segan/basic.h>
#include <iostream>

using namespace segan;

// We want to define a function, which takes
// the alphabet type as an argument
template <typename TAlphabet>
void showAllLettersOfMyAlphabet (TAlphabet const &)
{
//

int main ()

{
showAllLettersOfMyAlphabet (AminoAcid());
showAllLettersOfMyAlphabet (Dnaf());
showAllLettersOfMyAlphabet (Dnab());
return 0;

Hints You will need the Metafunction ValueSize.

Solution Click more... to see the solution.

#include <segan/sequence.h>
#include <segan/basic.h>
#include <iostream>

using namespace sedgan;

// We define a function which takes
// the alphabet type as an argument
template <typename TAlphabet>
void showAllLettersOfMyAlphabet (TAlphabet const &)
{
typedef typename ValueSize<TAlphabet>::Type TSize;
// We need to determine the alphabet size
// using the metafunction ValueSize
TSize alphSize = ValueSize<TAlphabet>::VALUE;
// We iterate over all characters of the alphabet
// and output them
for (TSize 1 = 0; i < alphSize; ++1i)
std::cout << static_cast<unsigned> (i) << ',' << TAlphabet (i) << " "
std::cout << std::endl;

88

Chapter 4. API Documentation



http://docs.seqan.de/seqan/2.2.0/?p=FiniteOrderedAlphabetConcept#ValueSize

SegAn Manual, Release 2.2.0

int main ()

{
showAllLettersOfMyAlphabet (AminoAcid());
showAllLettersOfMyAlphabet (Dnaf());
showAllLettersOfMyAlphabet (Dnab());
return O;

Tasks, such as computing an alignment, searching for patterns online or indexing a genome or protein database are
required in many bioinformatics applications. For these tasks, SeqAn provides fundamental data structures to work
efficiently with biological sequences. SeqAn implements special alphabets, such as DNA, RNA, AminoAcid, Tupac
and more. The alphabets available in SeqAn can be reviewed /ere. You will also find some more information about
using the alphabet types.

Besides the alphabets SeqAn also implements a string class. SeqAn strings are generic containers in which characters
of any alphabet are stored continuously in memory. The default string class implementation is equivalent to the STL
vector class. However, the memory mangement of the SeqAn string class is optimized for working with SeqAn’s
alphabets. Apart of the default string class implementation SeqAn provides many useful specializations of this class,
which are very useful in the bioinformatics context. The tutorial about Strings and Segments gives you a more detailed
overview over the string class and it’s functionality.

Another generic container data structure used very often is the string set. The string set is a special container to
represent a collection of strings, which in addition provides many helpful functions to make the work even easier and
more efficient. The StringSet tutorial introduces you to this class and how to work with it.

Indices

ToC

Contents

* O-gram Index
— The Q-gram Index

— Example
x Assignment [

* Assignment 2

Q-gram Index

Learning Objective You will know the features of the q-gram Index, how it can be used for searching and how to
access the different fibres.

Difficulty Average

Duration 1 h

Prerequisites Sequences
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The Q-gram Index

A g-gram index can be used to efficiently retrieve all occurrences of a certain g-gram in the text. It consists of various
tables, called fibres (see Accessing Index Fibres), to retrieve q-gram positions, g-gram counts, etc. However, it has
no support for suffix tree iterators. A q-gram index must be specialized with a Shape type. A Shape defines q, the
number of characters in a g-gram and possibly gaps between these characters. There are different specializations of
Shape available:

Specialization Modifiable | Number of Gaps
UngappedShape - 0

SimpleShape + 0
OneGappedShape | + 071

GappedShape - any

GenericShape + any

* - fixed at compile time, + can be changed at runtime

Each shape evaluates a gapped or ungapped sequence of q characters to a hash value by the Functions hash, hashNext,
etc. For example, the shape 1101 represents a 3-gram with one gap of length 1. This shape overlayed with the
Dna text "GATTACA" at the third position corresponds to "TT-C". The function hash converts this 3-gram into
61 = (3-4+3) -4+ 1. 4is the alphabet size in this example (see ValueSize).

With hash and hashNext, we can compute the hash values of arbitrary / adjacent gq-grams and a loop that outputs the
hash values of all overlapping ungapped 3-grams could look as follows:

DnaString text = "AAAACACAGTTTGA";
Shape<Dna, UngappedShape<3> > myShape;

std::cout << hash (myShape, begin(text)) << '"\t';
for (unsigned i = 1; i < length(text) - length(myShape) + 1; ++i)
std: :cout << hashNext (myShape, begin(text) + i) << "\t';

Note that the shape not only stores the length and gaps of a q-gram shape but also stores the hash value returned by
the last hash/hashNext call. This hash value can be retrieved by calling value on the shape. However, one drawback of
the example loop above is that the first hash value must be computed with hash while the hash values of the following
overlapping g-grams can more efficiently be computed by hashNext. This complicates the structure of algorithms that
need to iterate all hash values, as they have to handle this first hash differently. As a remedy, the hashlInit function can
be used first and then hashNext on the first and all following text positions in the same way:

hashInit (myShape, begin (text));
for (unsigned i = 0; 1 < length(text) - length(myShape) + 1; ++i)
std::cout << hashNext (myShape, begin(text) + i) << '"\t';

The g-gram index offers different functions to search or count occurrences of g-grams in an indexed text, see getOc-
currences, countOccurrences. A g-gram index over a StringSet stores occurrence positions in the same way and in the
same fibre (FibreSA) as the ESA index. If only the number of q-grams per sequence are needed the QGramCounts and
QGramCountsDir fibres can be used. They store pairs (segNo, count), count>0, for each q-gram that occurs
counts times in sequence number segNo.

To efficiently retrieve all occurrence positions or all pairs (segNo, count) for a given g-gram, these positions
or pairs are stored in contiguous blocks (in QGramSA, QGramCounts fibres), called buckets. The begin position of
bucket i is stored in directory fibres (QGramDir, QGramCountsDir) at position i, the end position is the begin positions
of the bucket i+1. The default implementation of the IndexQGram index maps g-gram hash values 1-to-1 to bucket
numbers. For large q or large alphabets the Open Addressing QGram Index can be more appropriate as its directories
are additionally bound by the text length. This is realized by a non-trivial mapping from g-gram hashes to bucket
numbers that requires an additional fibre (QGramBucketMap).

For more details on g-gram index fibres see Accessing Index Fibres or QGram Index Fibres.
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Example

We want to construct the q-gram index of the string "CATGATTACATA" and output the occurrences of the ungapped
3-gram "CAT". As 3 is fixed at compile-time and the shape has no gaps we can use an UngappedShape which
is the first template argument of IndexQGram, the second template argument of Index. Next we create the string
"CATGATTACATA" and specialize the first index template argument with the type of this string. The string can be
given to the index constructor.

int main ()

{
typedef Index<DnaString, IndexQGram<UngappedShape<3> > > TIndex;
TIndex index ("CATGATTACATA");

To get all occurrences of a g-gram, we first have to hash it with a shape of the same type as the index shape (we can
even use the index shape returned by indexShape). The hash value returned by hash or hashNext is also stored in the
shape and is used by the function getOccurrences to retrieve all occurrences of our 3-gram.

hash (indexShape (index), "CAT");
for (unsigned i = 0; i < length(getOccurrences (index, indexShape (index))); ++1i)
std::cout << getOccurrences (index, indexShape (index)) [i] << std::endl;

return 0O;

Program output:

0
8

Assignment 1

Type Review
Objective Write a program that outputs all occurrences of the gapped g-gram “AT-A” in “CATGATTACATA”.

Solution Before we can create a DnaString index of “CATGATTACATA”, we have to choose an appropriate Shape.
Because our shape 1101 is known at compile-time and contains only one gap we could choose OneGapped-
Shape, GappedShape, or GenericShape (see the commented-out code). Although the GenericShape could be
used for every possible shape, it is a good idea to choose a Shape with restrictions as its hash functions are more
efficient in general.

int main ()

{
Index<DnaString, IndexQGram<OneGappedShape> > index ("CATGATTACATA");
stringToShape (indexShape (index), "1101");

Please note that the Shape object that corresponds to the IndexQGram index is empty initially and has to be set
by stringToShape or resize. This initialization is not necessary for Shape that are defined at compile-time, i.e.
UngappedShape and GappedShape. To search for “AT-A” we first have to hash it with the index shape or any
other Shape with the same bitmap. The we can use getOccurrences to output all matches.

hash (indexShape (index), "ATCA");
for (unsigned i = 0; 1 < length(getOccurrences (index, indexShape (index)));
++i)

std::cout << getOccurrences (index, indexShape (index)) [i] << std::endl;
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return O;

Tip: Instead of length (getOccurrences (...)) we could have used countOccurrences. But beware
that countOccurrences requires only the QGram_D1i r fibre, whereas getOccurrences requires both QGram_Dir
and QGram_SA, see Accessing Index Fibres. Because QGram_SA can be much more efficiently constructed
during the construction of QGram_Dir, QGram_Dir would be constructed twice.

Program output:

1
4

Assignment 2

Type Review

Objective Create and output a matrix M where M(i,j) is the number of common ungapped 5-grams between sequence
i and sequence j for 3 random Dna sequences, each not longer than 200 characters. Optional: Run the matrix
calculation twice, once for an IndexQGram and once for an Open Addressing QGram Index and output the
directory sizes (QGram_Dir, QGram_CountsDir fibre).

Hint A common g-gram that occurs a times in one and b times in the other sequence counts for min(a, b).

Solution For generating random numbers we use the std::mt19937. The random numbers returned by the random
number engine are arbitrary unsigned int values which we downscale to values between 0 and 3 and con-
vert into Dna characters. The 3 generated strings are of random length and appended to a StringSet. The main
algorithm is encapsulated in a template function ggramCount ing to easily switch between the two IndexQ-
Gram specializations.

int main ()

{
// for the sake of reproducibility
std::mt19937 rng;

// create StringSet of 3 random sequences
StringSet<DnaString> stringSet;
reserve (stringSet, 3);
for (int segNo = 0; seqgNo < 3; ++seqNo)
{
DnaString tmp;
int len = rng() % 100 + 10;
for (int i = 0; 1 < len; ++1)
appendValue (tmp, Dna(rng() % 4));
appendValue (stringSet, tmp);
std::cout << ">Seqg" << segNo << std::endl << tmp << std::endl;

ggramCounting (stringSet, IndexQGram<UngappedShape<5> >());
ggramCounting (stringSet, IndexQGram<UngappedShape<5>, OpenAddressing>());
return 0;

The main function expects the StringSet and the Index specialization as a tag. First, we define lots of types we
need to iterate and access the fibres directly. We then notify the index about the fibres we require. For storing
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the common g-grams we use a 2-dimensional Matrix object whose lengths have to be set with setLength for
each dimension. The matrix is initialized with zeros by resize.

template <typename TStringSet, typename TIndexSpec>

void ggramCounting (TStringSet & set, TIndexSpec)

{
typedef Index<TStringSet, TIndexSpec> TIndex;
typedef typename Fibre<TIndex, QGramCounts>::Type TCounts;
typedef typename Fibre<TIndex, QGramCountsDir>::Type TCountsDir;
typedef typename Value<TCountsDir>::Type TDirValue;
typedef typename Iterator<TCounts, Standard>::Type TIterCounts;
typedef typename Iterator<TCountsDir, Standard>::Type TIterCountsDir;

TIndex index (set);
indexRequire (index, QGramCounts());

// initialize distance matrix

int segNum = countSequences (index) ;
Matrix<int, 2> distMat;

setLength (distMat, 0, segNum);
setLength (distMat, 1, seqgNum);
resize (distMat, 0);

std::cout << std::endl << "Length of the CountsDir fibre: " <<
—length (indexCountsDir (index)) << std::endl;

TIterCountsDir itCountsDir = begin (indexCountsDir (index), Standard());

TIterCountsDir itCountsDirEnd = end(indexCountsDir (index), Standard());

TIterCounts itCountsBegin = begin (indexCounts (index), Standard());

The main part of the function iterates over the CountsDir fibre. Each entry in this directory represents a q-gram
bucket, a contiguous interval in the Counts fibre storing for every sequence the q-gram occurs in the number
of occurrences in pairs (seqNo,count). The interval begin of each bucket is stored in the directory and the
interval end is the begin of the next bucket. So the inner loops iterate over all non-empty buckets and two pairs
(seqNol,countl) and (seqNo2,count2) indicate that seqNo1 and seqNo2 have a common q-gram. At the end the
matrix can simply be output by shifting it to the cout stream.

// for each bucket count common g-grams for each sequence pair
TDirValue bucketBegin = xitCountsDir;
for (++itCountsDir; itCountsDir != itCountsDirEnd; ++itCountsDir)
{

TDirValue bucketEnd = »itCountsDir;

// g-gram must occur 1in at least 2 different sequences
if (bucketBegin != bucketEnd)
{

TIterCounts itA = itCountsBegin + bucketBegin;

TIterCounts itEnd = itCountsBegin + bucketEnd;

for (; itA !'= itEnd; ++itA)

for (TIterCounts itB = itA; 1itB != itEnd; ++itB)
distMat ( (*»itA) .il, (*itB).il) += _min((xitA).i2, (#itB).1i2);

}
bucketBegin

bucketEnd;

std::cout << std::endl << "Common 5-mers for Seqg i, Seqg J" << std::endl;
std::cout << distMat;
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Please note that the open addressing g-gram index directories are smaller than the IndexQGram index directories.

Program output:

>Seq0

GGCATCCGTTCAGTATACGCCT

>Seql
GGACATACCGGTCCTAAGTACACGTGGCAGGGATGGTCGAAGAACCCGC
>Seq?2

Length of the CountsDir fibre: 1025

Common 5-mers for Seqg i, Seq J

18 0 0
0 45 5
0 0 85

Length of the CountsDir fibre: 257

Common 5-mers for Seq_i, Seq_j

TGCAAAGTTAGCGTACTAGTTAGTAACCGTGATACTAGCAAAATGAGTCTICTCGTCGAAGTGGACGGGATGTGCTCACGGC(C

18 0 0
0 45 5
0 0 85
ToC
Contents

* String Indices
Indices in SeqAn
Index Construction
* Assignment |
* Assignment 2
Handling Multiple Sequences (StringSets)
Storing and Loading
Reducing the memory consumption
* SA Fibre
* FMIndex Fibres
* Other Index Fibres

String Indices

Learning Objective You will get an overview of the different kinds of indices in SeqAn and how they are used.
Difficulty Average
Duration 1 h

Prerequisites Sequences
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Indices in SeqAn

Indices in SeqAn are substring indices, meaning that they allow efficient pattern queries in strings or sets of strings.
In contrast to, e.g., online-search algorithms that search through the text in O(n), substring indices find a pattern in

sublinear time o(n).

You can find the following indices in SeqAn:
IndexSa Suffix Array [MM93]

IndexEsa Extended Suffix Array [AKO0O4]
IndexWotd Lazy suffix tree [GKS03]
IndexDfi Deferred Frequency Index [WSO0S8]
IndexQGram Q-gram index (see here)

FMIndex Full-text minute index /[FMOI]

Index Construction

We will now show how we can create the different indices in SeqAn before we show how they are used for pattern

search.

All the mentioned indices belong to the generic Index class. A SeqAn index needs two pieces of information: the type

of the String or StringSet to be indexed and the index specialization, such as IndexEsa or FMIndex.

The following code snippet creates an enhanced suffix array index of a string of type Dna5.

String<Dna5> genome = "ACGTACGTACGTN";
Index<String<Dnab>, IndexEsa<> > esalndex (genome) ;

In contrast, the next code snipped creates a FM index over a set of amino acid sequences:

StringSet<String<AminoAcid> > protein;
appendValue (protein, "VXLAGZ");
appendValue (protein, "GKTVXL");
appendValue (protein, "XLzZ");

Index<StringSet<String<AminoAcid> >, FMIndex<> > fmIndex (protein);

Assignment 1

Type Review
Objective Copy the code below and
1. change it to build an IndexEsa over a string of type Dna,

2. add an IndexEsa over a StringSet of Strings of type Dna.

#include <segan/sequence.h>
#include <segan/index.h>

using namespace segan;

int main ()

{
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String<char> text = "This is the first example";
Index<String<char>, FMIndex<> > index (text);

return O;

Solution

#include <segan/sequence.h>
#include <segan/index.h>

using namespace segan;

int main ()

{
// One possible solution to the first sub assignment
String<Dna> text = "ACGTTTGACAGCT";
Index<String<Dna>, IndexEsa<> > index (text);

// One possible solution to the second sub assignment
StringSet<String<Dna> > stringSet;

appendValue (stringSet, "ACGTCATCAT");

appendValue (stringSet, "ACTTTG");

appendValue (stringSet, "CACCCCCCTATTT");

return O;

Index<StringSet<String<Dna> >, IndexEsa<> > indexSet (stringSet);

Assignment 2

Type Application

Objective Write a small program that prints the locations of all occurrences
"TTATTAAGCGTATAGCCCTATAAATATAA".

Hints Use the find function as the conditional instruction of a <tt>while</tt> loop.

Solution

of

"TATAA"

in

#include <segan/sequence.h>
#include <segan/index.h>

using namespace segan;

int main ()

{
String<Dna5> genome = "TTATTAAGCGTATAGCCCTATAAATATAA";
Index<String<Dna5>, IndexEsa<> > esalndex (genome) ;
Finder<Index<String<Dnab>, IndexEsa<> > > esaFinder (esalndex);

while (find(esaFinder, "TATAA"))
{

std::cout << position(esaFinder) << std::endl;
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return O;

You might have noticed that we only applied the FMIndex and IndexEsa in the examples. The reason for this is that
even though everything stated so far is true for the other indices as well, IndexWotd and IndexDfi are more useful
when used with iterators as explained in the tutorial /ndex Iterators and the IndexQGram uses Shapes which is also
explained in another tutorial.

One last remark is necessary.

Important: If you search for two different patterns with the same Finder object, you have to call the clear function
of the finder between the search for the two patterns. Otherwise the behavior is undefined.

Handling Multiple Sequences (StringSets)

The previous sections already described how an index of a set of strings can be instantiated. A character position of a
StringSet can be one of the following:

1. A local position (default), i.e. a Pair (seqNo, seqOfs) where seqNo identifies the string within the StringSet and
the seqOfs identifies the position within this string.

2. A global position, i.e. a single integer value between 0 and the sum of string lengths minus 1. This integer is the
position in the gapless concatenation of all strings in the StringSet to a single string.

For indices, the meta-function SAValue determines, which position type (local or global) will be used for internal
index tables (suffix array, q-gram array) and what type of position is returned by functions like position of a Finder.
SAValue returns a Pair (local position) by default, but could be specialized to return an integer type (global position)
for some applications. If you want to write algorithms for both variants you should use the functions posLocalize,
posGlobalize, getSeqNo, and getSeqOffset.

Storing and Loading

Storing and loading an index can be done with:

const char * tempFileName = SEQAN_TEMP_FILENAME () ;
save (index, tempFileName);

or

open (index, tempFileName);

If you have built your g-gram index with variable shapes (i.e. SimpleShape GenericShape), you have to keep in mind
that q or the shape is not stored or loaded. This must be done manually and directly before or after loading with resize
or stringToShape.

A newly instantiated index is initially empty. If you assign a text to be indexed, solely the text fibre is set. All other
fibres are empty and created on demand. Normally, a full created index should be saved to disk. Therefore, you have
to create the required fibres explicitly by hand.

indexRequire (index, FibreSA());

For the IndexEsa index you could do:
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indexRequire (esalndex, EsaSA());
indexRequire (esalndex, Esalcp());
indexRequire (esalndex, EsaChildtab()); // for TopDown iterators
indexRequire (esalIndex, EsaBwt()); // for (Super-)MaxRepeats iterators
Indexes based on external strings, e.g. Index<String<Dna, External<> >, IndexEsa<> > or

Index<String<Dna,MMap<> >, IndexEsa<> > cannot be saved, as they are persistent implicitly. The first
thing after instantiating such an index should be associating it to a file with:

Index<String<Dna, External<> >, IndexEsa<> > external_index;
open (external_index, tempFileName);

The file association implies that any change on the index, e.g. fibre construction, is synchronized to disk. When
instantiating and associating the index the next time, the index contains its previous state and all yet to be constructed
fibres.

Reducing the memory consumption

All Indices in SeqAn are capable of indexing Strings or StringSets of arbitrary sizes, i.e. up to 2764 characters.
This always comes at a cost in terms of memory consumption, as any Index has to represent 64 bit positions in the
underlying text. However, in many practical instances, the text to be indexed is shorter, e.g. it does not exceed 4.29
billion (2732) characters. In this case, one can reduce the memory consumption of an Index by changing its internal
data types, with no drawback concerning running time.

SA Fibre

All Indices in SeqAn internally use the FibreSA, i.e. some sort of suffix array. For Strings, each suffix array entry
consumes 64 bit of memory per default, where 32 bit would be sufficient if the text size is appropriate. In order to
change the size type of the suffix array entry we simply have to overload the metafunction SAValue.

template<>
struct SAValue<String<Dna> >
{

typedef unsigned Type;
}i

If your text is a StringSet, then SAValue will return a Pair that can be overloaded in the same way.

template<>
struct SAValue<StringSet<String<Dna> > >
{
typedef Pair<unsigned, unsigned> Type;
}i

The first type of the pair is used as the type for the index of a string in the string set. So if you only have a few strings
you could save even more memory like this.

typedef Pair<unsigned char, unsigned> Type;

FMIndex Fibres

The size of a generalized FMIndex depends also on the total number of characters in a StringSet (see lengthSum).
This trait can be configured via the FMIndexConfig object.

98 Chapter 4. API Documentation



http://docs.seqan.de/seqan/2.2.0/?p=Index
http://docs.seqan.de/seqan/2.2.0/?p=String
http://docs.seqan.de/seqan/2.2.0/?p=StringSet
http://docs.seqan.de/seqan/2.2.0/?p=Index
http://docs.seqan.de/seqan/2.2.0/?p=Index
http://docs.seqan.de/seqan/2.2.0/?p=Index
http://docs.seqan.de/seqan/2.2.0/?p=Fibre
http://docs.seqan.de/seqan/2.2.0/?p=String
http://docs.seqan.de/seqan/2.2.0/?p=SAValue
http://docs.seqan.de/seqan/2.2.0/?p=StringSet
http://docs.seqan.de/seqan/2.2.0/?p=SAValue
http://docs.seqan.de/seqan/2.2.0/?p=Pair
http://docs.seqan.de/seqan/2.2.0/?p=FMIndex
http://docs.seqan.de/seqan/2.2.0/?p=StringSet
http://docs.seqan.de/seqan/2.2.0/?p=StringSet#lengthSum
http://docs.seqan.de/seqan/2.2.0/?p=FMIndexConfig

SegAn Manual, Release 2.2.0

typedef FMIndexConfig<wvoid, unsigned> TConfig;
Index<StringSet<String<Dna> >, FMIndex<void, TConfig> > configIndex(set);

Other Index Fibres

See Accessing Index Fibres for more information.

ToC

Contents

* Index Iterators
— Virtual String Tree Iterator

Top-Down Iteration

* Assignment |

* Assignment 2

* Assignment 3
Depth-First Search

x Assignment 4

* Assignment 5
Accessing Suffix Tree Nodes
Property Maps
— Additional iterators

Index lterators

Learning Objective You will know the different kinds of index indices and how to use them for searching.
Difficulty Average
Duration 1.5h

Prerequisites Sequences

Virtual String Tree lterator

SeqAn provides a common interface, called the Virtual String Tree Iterator (VSTree Iterator), which lets you traverse
the IndexSa, IndexEsa, IndexWotd and IndexDfi as a suffix tree (Indices definition), the IndexQGram as a suffix trie,
and the FMIndex as a prefix trie. In the first part of this tutorial we will concentrate on the TopDown Iterator which is
one of the two index iterator specializations (besides the BottomUp Iterator). The second part will then deal with the
DFS.

Top-Down Iteration

For index based pattern search or algorithms traversing only the upper parts of the suffix tree the TopDown Iterator
or TopDown History Iterator is the best solution. Both provide the functions goDown and goRight to go down to the
first child node or go to the next sibling. The TopDown History Iterator additionally provides goUp to go back to the
parent node. The child nodes in IndexEsa indices are lexicographically sorted from first to last. For IndexWotd and
IndexDfi indices this holds for all children except the first.
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In the next example we want to use the TopDown Iterator to efficiently search a text for exact matches of a pattern. We
therefore want to use goDown which has an overload to go down an edge beginning with a specific character.

Important: The following examples show how to iterate IndexSa, IndexEsa, IndexWotd or IndexDfi, i.e. Index
specializations representing suffix trees. The result of the iteration will look different on Index specializations repre-
senting tries, e.g. FMIndex or IndexQGram. Indeed, the topology of an Index changes depending on the chosen tree
or trie specialization. Note that any suffix tree edge can be labeled by more than one character, whereas any trie edge
is always labeled by exactly one character.

First we create an index of the text "How much wood would a woodchuck chuck?"

int main ()
{
typedef Index<CharString> TIndex;
TIndex index ("How much wood would a woodchuck chuck?");

Iterator<TIndex, TopDown<> >::Type it (index);

CharString pattern = "wood";
while (replLength(it) < length (pattern))
{
// go down edge starting with the next pattern character
if (!goDown (it, pattern[repLength(it)]))
return 0;

unsigned endPos = std::min((unsigned)replLength(it),
— (unsigned) length (pattern));
// compare remaining edge characters with pattern
std::cout << representative(it) << std::endl;
if (infix(representative(it), parentRepLength(it) + 1, endPos) !=
infix (pattern, parentReplength(it) + 1, endPos))
return 0;

// 1f we get here the pattern was found

// output match positions

for (unsigned i = 0; 1 < length(getOccurrences(it)); ++1i)
std::cout << getOccurrences (it) [i] << std::endl;

return 0O;

Afterwards we create the TopDown Iterator using the metafunction Iterator, which expects two arguments, the type of
the container to be iterated and a specialization tag (see the VSTree Iterator hierarchy and the Iteration Tutorial for
more details).

Iterator<TIndex, TopDown<> >::Type it (index);

The main search can then be implemented using the functions repLength and representative. Since goDown might
cover more than one character (when traversing trees) it is necessary to compare parts of the pattern against the
representative of the iterator. The search can now be implemented as follows. The algorithm descends the suffix tree
along edges beginning with the corresponding pattern character. In each step the unseen edge characters have to be
verified.

CharString pattern = "wood";
while (replength(it) < length (pattern))
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// go down edge starting with the next pattern character
if (!goDown (it, pattern[repLength(it)]))
return 0;

unsigned endPos = std::min((unsigned)replLength(it),
— (unsigned) length (pattern));
// compare remaining edge characters with pattern
std::cout << representative(it) << std::endl;
if (infix(representative(it), parentRepLength(it) + 1, endPos) !=
infix (pattern, parentReplLength(it) + 1, endPos))
return 0O;

If all pattern characters could successfully be compared we end in the topmost node who’s leaves point to text positions
starting with the pattern. Thus, the suffixes represented by this node are the occurrences of our pattern and can be
retrieved with getOccurrences.

// 1f we get here the pattern was found

// output match positions

for (unsigned i = 0; i < length(getOccurrences(it)); ++1i)
std: :cout << getOccurrences (it) [i] << std::endl;

return 0O;

Program output:

w
WO
wood
9

22

Alternatively, we could have used goDown to go down the path of the entire pattern instead of a single characters:

if (goDown (it, "wood"))
for (unsigned i = 0; i < length(getOccurrences(it)); ++1)
std::cout << getOccurrences (it) [i] << std::endl;

return 0O;

Tip: When implementing recursive algorithms such as an approximate search using backtracking, we recommend
the use of the TopDownlterator without history. By passing the iterator by value, the history is stored implicitly on the
call stack.

Assignment 1

Type Review
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Objective Copy the code into a demo program and replace the text with a string set containing the strings "How
much", "wood would" and" a woodchuck chuck?".

Solution

#include <iostream>
#include <segan/index.h>

using namespace segan;

int main ()

{
StringSet<String<char> > text;
appendValue (text, "How much");
appendvValue (text, " wood would");
appendValue (text, " a woodchuck chuck?");

typedef Index<StringSet<String<char> > > TIndex;
TIndex index (text);
Iterator<TIndex, TopDown<> >::Type it (index);

CharString pattern = "wood";
while (repLlength(it) < length(pattern))
{
// go down edge starting with the next pattern character
if (!goDown (it, pattern[repLength (it)]))
return 0;

unsigned endPos = _min(repLength(it), length(pattern));

// compare remaining edge characters with pattern

std::cout << representative(it) << std::endl;

if (infix(representative(it), parentReplLength(it) + 1, endPos) !=
infix (pattern, parentRepLength(it) + 1, endPos))
return 0;

// 1if we get here the pattern was found

// output match positions

for (unsigned i = 0; 1 < length(getOccurrences (it)); ++1i)
std::cout << getOccurrences (it) [i] << std::endl;

return 0;

The difference is the format of the positions of the found occurrences. Here, we need a Pair to indicate the string
within the StringSet and a position within the string.

Assignment 2

Type Review

Objective Write a program that traverses the nodes of the suffix tree of "tobeornottobe" in the order shown
here:
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At each node print the text of the edges from the root to the node. You may only use the functions goDown,

goRight, goUp and isRoot to navigate and representative which returns the string that represents the node the
iterator points to.

Hint
* Use a TopDown History Iterator.

¢ The code skeleton could look like this:

#include <iostream>
#include <segan/index.h>

using namespace segan;

int main ()
{
typedef Index<CharString> TIndex;
TIndex index ("tobeornottobe™);
Iterator< TIndex, TopDown<ParentLinks<> > >::Type it (index);
/%
do {
/S
} while (isRoot (it));
*/
return 0;

Solution One iteration step of a preorder DFS can be described as follows:
* if possible, go down one node
e if not:
— if possible, go to the next sibling
— if not:
* go up until it is possible to go to a next sibling
# stop the whole iteration after reaching the root node

Thus, the DFS walk can be implemented in the following way:

#include <iostream>
#include <segan/index.h>
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Assignment 3

using namespace segan;

int main ()

{

typedef Index<CharString> TIndex;
TIndex index ("tobeornottobe™);

Iterator<TIndex, TopDown<ParentLinks<> > >::Type it (index);

do
{

std::cout << representative(it) << std::endl;

if (!goDown(it) && !goRight (it))

while (goUp (it) && !goRight (it))
7

}
while (!isRoot (it));

return 0O;

Type Review

Objective Modify the program to efficiently skip nodes with representatives longer than 3. Move the whole program
into a template function whose argument specifies the index type and call this function twice, once for the
IndexEsa and once for the IndexWotd index.

Solution We modify the DFS traversal to skip the descent if we walk into a node whose representative is longer than
3. We then proceed to the right and up as long as the representative is longer than 3.

template <typename TIndexSpec>
void constrainedDFS ()

{

int

typedef Index<CharString, TIndexSpec> TIndex;
TIndex index ("tobeornottobe™);

typename Iterator<TIndex,

do
{

}

std::cout << representative(it) << std::endl;
if (!goDown (it) || repLength(it) > 3)
do
{
if (!goRight (it))
while (goUp (it) && !goRight (it))

’

}
while (replength(it) > 3);

while (!isRoot (it));
std::cout << std::endl;

main ()

constrainedDFS<IndexEsa<> >();

TopDown<ParentLinks<> > >::Type it (index);
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constrainedDFS<IndexWotd<> >();
return 0;

be

obe

Depth-First Search

The tree traversal in assignment 2 is equal to a the tree traversal in a full depth-first search (dfs) over all suffix tree
nodes beginning either in the root (preorder dfs) or in a leaf node (postorder dfs). A preorder traversal (Preorder
DFS) halts in a node when visiting it for the first time whereas a postorder traversal (Postorder DFS) halts when
visiting a node for the last time. The following two figures give an example in which order the tree nodes are visited.

Since these traversals are fre-
quently needed SeqAn provides
special iterators which we will de-
scribe next.

We want to construct the suffix
tree of the string “abracadabra”
and output the substrings repre-
sented by tree nodes in preorder
dfs. In order to do so, we cre-
ate the string “abracadabra” and
an index specialized with the type
of this string.

The Iterator metafunction expects
two arguments, the type of the
Fig. 4.1: Preorder DFS container to be iterated and a
specialization tag, as described
earlier. In this example we chose
a TopDown History Iterator
whose signature in the second
template argument is TopDown<
ParentLinks<Preorder>
>,
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plement the VSTree Iterator, they can be used via goNext, atEnd, etc.

—myString = "abracadabra

M.
— '

—<char> > TMyIndex;

—myIndex (myString) ;

—TopDown<ParentLinks
—<Preorder> > >::Type,_
—mylterator (myIndex) ;

—atEnd (myIterator))

—representative (myIteratd
—<< std::endl;

As all DFS suffix tree iterators im-

Iterator<TMyIndex, TopDown<ParentLinks<Preorder> > >:

while (!atEnd(myIterator))

{

std::cout << representative (myIterator)

++myIterator;

return O;

<< std:

:endl;

:Type mylterator (myIndex);

Program output:

a

abra
abracadabra
acadabra
adabra

bra
bracadabra
cadabra
dabra

ra
racadabra

Tip: There are currently 2 iterators in SeqAn supporting a DFS search:

é@@éé@

Fig. 4.2: Postorder DFS
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lterator Preorder | Postorder
BottomUplterator no yes
TopDownHistorylterator | yes yes

If solely a postorder traversal is needed the BottomUp Iterator should be preferred
as it is more memory efficient. Please note that the BottomUp Iterator is only
applicable to IndexEsa indices.

Tip: A relaxed suffix tree (see Indices) is a suffix tree after removing the $ characters and empty edges. For some
bottom-up algorithms it would be better not to remove empty edges and to have a one-to-one relationship between
leaves and suffices. In that cases you can use the tags PreorderEmptyEdges or PostorderEmptyEdges instead of
Preorder or Postorder or EmptyEdges for the TopDown Iterator.

Note that the goNext is very handy as it simplifies the tree traversal in assignment
2 greatly.

Assighment 4

Type Review

Objective Write a program that constructs an index of the StringSet “tobeornottobe”, “thebeeonthecomb”, “be-
ingjohnmalkovich” and outputs the strings corresponding to suffix tree nodes in postorder DFS.

Solution First we have to create a StringSet of CharString (shortcut for St ring<char>) and append the 3 strings
to it. This could also be done by using resize and then assigning the members with operator[]. The first
template argument of the index class has to be adapted and is now a StringSet.

#include <iostream>
#include <segan/index.h>

using namespace segan;

int main ()

{
StringSet<CharString> myStringSet;
appendValue (myStringSet, "tobeornottobe™);
appendValue (myStringSet, "thebeeonthecomb");
appendValue (myStringSet, "beingjohnmalkovich™);

typedef Index<StringSet<CharString> > TMyIndex;
TMyIndex myIndex (myStringSet) ;

To switch to postorder DFS we have to change the specialization tag of ParentLinks from Preorder to
Postorder. Please note that the TopDownHistorylterator always starts in the root node, which is the last
postorder DFES node. Therefore, the iterator has to be set explicitly to the first DFS node via goBegin.

Iterator<TMyIndex, TopDown<ParentLinks<Postorder> > >::Type_
—mylterator (myIndex);

// Top—-down iterators start in the root node which is not the first node of a
// postorder DFS. Thus we have to manually go to the DFS start with goBegin
goBegin (myIterator);

while (!atEnd(myIterator))

{

std::cout << representative (myIterator) << std::endl;
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++myIterator;

Alternatively with a TopDownHistorylterator you also could have used a BottomUplterator with the same result.
The BottomUp Iterator automatically starts in the first DFS node as it supports no random access.

Iterator<TMyIndex, BottomUp<> >::Type mylterator2 (myIndex);

while (!atEnd(myIterator2))
{

std::cout << representative (mylterator2) << std::endl;
++myIlterator?2;

return O;

Program output:

alkovich
beeonthecomb
beingjohnmalkovich
beornottobe

be

b

ch

comb

c

ebeeonthecomb
ecomb
eeonthecomb
eingjohnmalkovich
eonthecomb
eornottobe

eo

e
gjohnmalkovich
hebeeonthecomb
hecomb

he

hnmalkovich

h

ich
ingjohnmalkovich
i

johnmalkovich
kovich

lkovich
malkovich

mb

m
ngjohnmalkovich
nmalkovich
nottobe
nthecomb

n

obeornottobe
obe
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ohnmalkovich
omb

onthecomb
ornottobe
ottobe

ovich

o

rnottobe
thebeeonthecomb
thecomb

the
tobeornottobe
tobe

ttobe

t

vich

alkovich
beeonthecomb
beingjohnmalkovich
beornottobe

be

b

ch

comb

c
ebeeonthecomb
ecomb
eeonthecomb
eingjohnmalkovich
eonthecomb
eornottobe

eo

e
gjohnmalkovich
hebeeonthecomb
hecomb

he

hnmalkovich

h

ich
ingjohnmalkovich
i
johnmalkovich
kovich

lkovich
malkovich

mb

m
ngjohnmalkovich
nmalkovich
nottobe
nthecomb

n

obeornottobe
obe
ohnmalkovich
omb
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onthecomb
ornottobe
ottobe

ovich

o

rnottobe
thebeeonthecomb
thecomb

the
tobeornottobe
tobe

ttobe

t

vich

As the last assignment lets try out one of the specialized iterators, which you can find at the bottom of this page. Look
there for the specialization which iterates over all maximal unique matches (MUMS).

Assighment 5

Type Review

Objective Write a program that outputs all maximal unique matches (MUMs) between "CDFGHC" and
"CDEFGAHC".

Solution Again, we start to create a StringSet of CharString and append the 2 strings.

#include <iostream>
#include <segan/index.h>

using namespace segan;

int main ()

{
StringSet<CharString> myStringSet;
appendValue (myStringSet, "CDEFGHC");
appendValue (myStringSet, "CDEFGAHC");

typedef Index<StringSet<CharString> > TMyIndex;
TMyIndex myIndex (myStringSet) ;

After that we simply use the predefined iterator for searching MUMs, the Mumslterator. Its constructor expects
the index and optionally a minimum MUM length as a second parameter. The set of all MUMs can be rep-
resented by a subset of suffix tree nodes. The iterator will halt in every node that is a MUM of the minimum
length. The corresponding match is the node’s representative.

Iterator<TMyIndex, Mums>::Type mylterator (myIndex);

while (!atEnd(myIterator))
{

std::cout << representative (myIterator) << std::endl;
++myIterator;

return O;

110 Chapter 4. API Documentation


http://docs.seqan.de/seqan/2.2.0/?p=StringSet
http://docs.seqan.de/seqan/2.2.0/?p=CharString
http://docs.seqan.de/seqan/2.2.0/?p=MumsIterator
http://docs.seqan.de/seqan/2.2.0/?p=VSTreeIterator#representative

SegAn Manual, Release 2.2.0

Program output:

CD
FG
HC

Accessing Suffix Tree Nodes

In the previous subsection we have seen how to walk through a suffix tree. We now want to know what can be done
with a suffix tree iterator. As all iterators are specializations of the general VSTree Iterator class, they inherit all of
its functions. There are various functions to access the node the iterator points at (some we have already seen), so we
concentrate on the most important ones.

representative returns the substring that represents the current node, i.e. the concatenation of substrings on the path
from the root to the current node

getOccurrence returns a position where the representative occurs in the text
getOccurrences returns a string of all positions where the representative occurs in the text

isRightTerminal tests if the representative is a suffix in the text (corresponds to the shaded nodes in the Indices
figures)

isLeaf tests if the current node is a tree leaf

parentEdgeLabel returns the substring that represents the edge from the current node to its parent (only TopDown-
History Iterator)

Important: There is a difference between the functions isLeaf and isRightTerminal. In a relaxed suffix tree (see
Indices) a leaf is always a suffix, but not vice versa, as there can be internal nodes a suffix ends in. For them isLeaf
returns false and isRightTerminal returns true.

Property Maps

Some algorithms require to store auxiliary information (e.g. weights, scores) to the nodes of a suffix tree. To attain
this goal SeqAn provides so-called property maps, simple Strings of a property type. Before storing a property value,
these strings must first be resized with resizeVertexMap. The property value can then be assigned or retrieved via
assignProperty, getProperty, or property. It is recommended to call resize VertexMap prior to every call of assignProp-
erty to ensure that the property map has sufficient size. The following example iterates over all nodes in preorder dfs
and recursively assigns the node depth to each node. First we create a String of int to store the node depth for each
suffix tree node.

int main ()

{

String<char> myString = "abracadabra";

typedef Index<String<char>, IndexWotd<> > TMyIndex;
TMyIndex myIndex (myString);
String<int> propMap;

The main loop iterates over all nodes in preorder DFS, i.e. parents are visited prior children. The node depth for
the root node is 0 and for all other nodes it is the parent node depth increased by 1. The functions assignProperty,
getProperty and property must be called with a VertexDescriptor. The vertex descriptor of the iterator node is returned
by value and the descriptor of the parent node is returned by nodeUp.
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Iterator<TMyIndex, TopDown<ParentLinks<Preorder> > >::Type mylterator (myIndex);

int depth;
while (!atEnd(myIterator))
{
if (isRoot (myIterator))
depth = 0;
else
depth = getProperty (propMap, nodeUp (myIterator)) + 1;

resizeVertexMap (propMap, myIndex);
assignProperty (propMap, value (myIterator), depth);

++myIterator;

At the end we again iterate over all nodes and output the calculated node depth.

goBegin (myIterator);
while (!atEnd(myIterator))
{
std::cout << getProperty (propMap, value (myIterator)) << '\t' <<
—representative (myIterator) << std::endl;
++myIterator;
}

return 0O;

Program output:

a
abra
abracadabra
acadabra
adabra

bra
bracadabra
cadabra
dabra

ra
racadabra

NEFEF PPN EPEDNDDNDWNDERE O

Tip: In SeqAn there is already a function nodeDepth defined to return the node depth.

Additional iterators

By now, we know the following iterators (n = text size, o = alphabet size, d = tree depth):

Iterator specialization | Description Space | Index tables
BottomUplterator postorder dfs O(d) SA,LCP
TopDownlterator can go down and go right O(1) SA, Lcp, Childtab
TopDownHistorylterator | can also go up, preorder/postorder dfs | O(d) SA, Lcp, Childtab

Besides the iterators described above, there are some application-specific iterators in SeqAn:
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Iterator specialization Description Space Index tables
MaxRepeatslterator maximal repeats O(n) SA, Lcp, Bwt
SuperMaxRepeatslterator supermaximal repeats O(d+ o) | SA, Lcp, Childtab,
Bwt

SuperMaxRepeatsFastltera- supermaximal repeats (optimized for O(o) SA, Lcp, Bwt

tor ESA)

Mumslterator maximal unique matches O(d) SA, Lcp, Bwt
MultiMemslterator multiple maximal exact matches (w.i.p.) O(n) SA, Lcp, Bwt

Given a string s a repeat is a substring r that occurs at 2 different positions i and j in s. The repeat can also be identified
by the triple (i,j,Irl). A maximal repeat is a repeat that cannot be extended to the left or to the right, i.e. s[i-1]s[j-1] and
s[i+Irl]s[j+Irl]]. A supermaximal repeat r is a maximal repeat that is not part of another repeat. Given a set of strings
S1y .-+ Sm a MuliMEM (multiple maximal exact match) is a substring r that occurs in each sequence s; at least once
and cannot be extended to the left or to the right. A MUM (maximal unique match) is a MultiMEM that occurs exactly
once in each sequence. The following examples demonstrate the usage of these iterators:

e Demo Maximal Unique Matches
* Demo Supermaximal Repeats
e Demo Maximal Repeats

Indices in SeqAn allow efficient pattern queries in strings or sets of strings. In contrast to, e.g., online-search algorithms
that search through the text in O(n), substring indices find a pattern in sublinear time o(n).

Indices store additional data structures that allow searching the text using an iterator. Using the iterator can be thought
of as traversing a suffix tree. The following section gives you an introduction how the suffix tree is built.

Tip: The Finder interface allows searching indices without using the iterator. For more information check out the
tutorial on Indexed Pattern Matching.

Suffix Trees

We consider an alphabet > and a sentinel character $ that is smaller than every character of ¥. A suffix tree of a
given non-empty string s over X is a directed tree whose edges are labeled with non-empty substrings of s$ with the
following properties:

1. Each outgoing edge begins with a different letter and the outdegree of an internal node is greater than 1. 2. Each
suffix of s$ is the concatenation of edges from the root to a leaf node. 3. Each path from the root to a leaf node is a
suffix of s$.

The following figure shows the suffix tree of the string s=""mississippi” (suffix nodes are shaded):
Figure 1: Suffix tree of “mississippi”

Many suffix tree construction algorithms expect $ to be part of the string alphabet which is undesirable for small bit-
compressible alphabets (e.g. DNA). In SeqAn there is no need to introduce a $. We relax suffix tree criterion 2. and
consider the relaxed suffix tree that arises from the suffix tree of s by removing the $ character and all empty edges. In
the following, we only consider relaxed suffix trees and simply call them suffix trees. In that tree a suffix can end in
an inner node as you can see in the next figure (suffix “i”):

Figure 2: Relaxed suffix tree of “mississippi”

Alignment
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Scoring Schemes

Learning Objective This tutorial introduces you to the scoring systems that can be used in SeqAn to quantify the
sequence similarity. You will learn basic techniques to create and modify standard and custom scoring systems
capable to satisfy the requirements of a wide range of applications.

Difficulty Basic
Duration 45 min
Prerequisites A First Example, Sequences, Alignment Representation (Gaps)

The alignment procedures are usually based on the sequences similarity computation described by an alignment scor-
ing system that gives countable information used to determine which sequences are related and which are not.

Four main biological events must be considered during the sequence alignment: Conservation, substitution, insertion
and deletion. We could have a Conservation when the two compared letters are the same and a Match is detected,
a Substitution when we detect a Mismatch where a letter is aligned with another, and Insertion or Deletion when in
one of the two aligned sequences a letter is aligned with a Gap. Matches, mismatches and gaps detected during the
alignment do not guarantee to be the most representative biological truth since their dispositions is dependent of the
chosen scoring schemes and the selected alignment algorithm. In order to improve the correlation between computed
sequence alignment and biological similarity, specific combinations of scoring schemes and alignment algorithms have
been developed during the years and are usually adopted for the alignment of different types of biological sequences.
For example, as we will see in the following, the small RNA sequences are usually aligned with a Global Alignment
algorithm implementing a Simple Score scheme, differently from the protein sequences that are mostly aligned with
the Local Alignment algorithm that uses a Substitution Matrix Score scheme.

(Qry) ACDEFG ACDEFG ACDEFG AC--EFG

(Sbj) ACDEFG ACLEFG AC--EFG ACDEFG

Biological ¢, \cervation Substitution Insertion Deletion
event

Alignment .

P Match Mismatch Gap Gap

Given an alignment structure that store the two sequences and a scoring scheme, the score of the alignment can be
computed as the sum of the scores for aligned character pairs plus the sum of the scores for all gaps.

With refer to the alignment procedure a Scoring Scheme can be defined as the set of rules used to assess the possible
biological events that must be considered during the alignment procedure.
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In SeqAn are available several scoring schemes to evaluate matches and mismatches, while three different gap models
can be applied to consider insertions and deletions events. We will first introduce you to the scoring schemes used
to evaluate match and mismatch. Subsequently, you will learn how to chose the gap model to be implemented in the
chosen scoring scheme.

Match/Mismatch Evaluation
Simple Score

The simplest example of Scoring Scheme, usually applied to score the similarity among nucleotide sequences, is the
Levenshtein distance model that assigns a score of 0 and -1 respectively if a match or a mismatch occurs, whereas a
penalty value equal to -1 in case of gaps representing insertions or deletions (this scoring scheme is the default for
SimpleScore). Alternatively, also the Hamming distance model can be used for some simple tasks that do not require
the gap evaluations.

Now, let’s start by constructing our first scoring function for the global alignment algorithm called with the function
globalAlignment. As first step we need to include the header file <segan/align.h> which contains the necessary
data structures and functions associated with the alignments. The next steps would be to implement the main function
of our program and to define the types that we want to use.

#include <iostream>
#include <segan/align.h>

using namespace sedgan;

int main ()

{
typedef String<AminoAcid> TSequence; // sequence type
typedef Align<TSequence, ArrayGaps> TAlign; // align type

We first define the type of the input sequences (TSequence) and an Align object (TA1ign) type to store the align-
ment. For more information on the Align datastructure, please read the tutorial Alignment Representation (Gaps).
After defining the types, we can continue to construct our own Align object. First, we create two input sequences
seql = "TELKDD" and seq2 = "LKTEL", then we define the scoring values for match, mismatch, gap. As last
we create the ‘align’ object and resize it to manage two Gaps objects, at this point we filled it with the sequences to be
aligned.

TSequence seqgl = "TELKDD";
TSequence seg2 = "LKTEL";
int match = -0;

int mismatch -1;

int gap = -1;

TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seql);
assignSource (row(align, 1), seg2);

Now, we can compute the global alignment that makes use of the simple scoring function. To do so, we simply call
the function globalAlignment and give as input parameters the a1ign object and the scoring scheme representing the
Levenshtein distance. The globalAlignment function fills the align object with the best computed alignment and
returns the maximum score which we store in the score variable. Afterwards, we print the computed score and the
corresponding alignment.
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int score = globalAlignment (align, Score<int, Simple> (match, mismatch, gap));
std::cout << "Score: " << score << std::endl;
std::cout << align << std::endl;

return 0;

Congratulations! You have created your global alignment implementing the simple scoring function, the output is as
follows:

Score: -5
0 .
TELK-DD

Il
—-LKTEL

However, in the evaluation of protein similarity or for advanced nucleotide alignments a more complex scoring model
is generally applied. It is based on the usage of a Substitution Matrix, proven to better describe from a biological point
of view, events such as matches and mismatches.

Substitutional Matrices Score

Substitutional Matrices are built on the basis of the probability that a particular amino acid or nucleotide is replaced
with another during the evolution process. They assign to each pair a value that indicates their degree of similarities,
obtained thanks to statistical methods reflecting the frequency of a particular substitution in homologous protein or
RNA families. A positive value in the Substitutional Matrix means that the two letters share identical or similar
properties.

These scoring schemes store a score value for each pair of characters. This value can be accessed using score. Ex-
amples for this kind of scoring scheme are Pam120 and Blosum62. Anyway the class MatrixScore can be used to
store arbitrary scoring matrices for the creation of custom scoring systems, as shown in the example proposed in the
Working With Custom Score Matrices.

Blosum matrix, is one of the most used Substitutional Matrix implemented by considering multiple alignments of
evolutionarily divergent proteins, while Ribosum is the RNA counterpart computed using ribosomal sequences.

In the following example it is proposed the construction of a scoring function for a global alignment algorithm that
uses the Blosum62 matrix to score the matched and mismatched letters. As first we include the header file <segan/
align.h> which contains the necessary data structures and functions associated with the alignments, then we im-
plement the main function of our program and define the types that we want to use.

#include <iostream>
#include <segan/align.h>

using namespace sedgan;

int main ()

{
typedef String<AminoAcid> TSequence; // sequence type
typedef Align<TSequence, ArrayGaps> TAlign; // align type

The input sequences type TSequence and the Align object of type TA1ign are defined and the two input sequences
seql = "TELKDD" and seg2 = "LKTEL" together with the gap penalty are assigned. In this case we define
only the gap value since the Blosum matrix will be used to score matches and mismatches. Then the sequences are
associated with the alignment object.
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TSequence seqgl = "TELKDD";
TSequence seqg2 = "LKTEL";
int gap = -1;

TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seql);
assignSource (row(align, 1), seg2);

Now, we compute the global alignment function, providing as second parameter the tag referred to the Blosum62
matrix together with the gap costs. To do so, we simply call the function globalAlignment and give as input parameters
the align object and the Blosum62 scoring scheme. The globalAlignment function returns the score of the best
alignment, which we store in the score variable that is then printed together with the corresponding alignment.

int score = globalAlignment (align, segan::Blosumb62 (gap, gap));
std::cout << "Score: " << score << std::endl;
std::cout << align << std::endl;

return 0O;

The output of a global alignment implementing the Blosum62 scoring function is as follows:

Score: 9
0 .
——TELKDD

L1
LKTEL---

Note: As can be noted the output of this scoring scheme is completely different with respect to the output generated
with the simple scoring scheme confirming that the scoring scheme choice is one of the most important step to achieve
high quality alignments.

Gap Evaluation

In the previous sections we proposed two simple code examples useful to highlight the differences between two scoring
schemes capable to evaluate match and mismatch events. In this section we will see the three gap models, implemented
in the SeqAn library, to evaluate the insertion and deletion events.

Linear Gap Model

The easiest is the Linear gap model that considers, for the alignment score computation, the gap length (g) giving the
possibility to evaluate with different scores gaps of different sizes;

Yin(g) = —g* d

This gap model is chosen as standard when only a gap value is provided in the scoring function or when the two
provided gaps have the same value. For instance, this gap model as been adopted during the alignment computation
of the two proposed examples.
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Affine Gap Model

It has been proven that the first amino acid or nucleotide inserted/deleted (identified as gap open) found during the
alignment operations is more significant, from a biological point of view, than the subsequent ones (called gap exten-
sion), making the so called Affine Gap model a viable solution for the alignment of biomolecules [Car06]. Affine gap
model that attribute different costs to the gap open (d) and the gap extension (e) events, is able to assign an higher
penalty to the gap presence with respect to its relative length (g).

Yass(g) =—d—(g—1) *e

The Affine Gap model implemented in the DP alignment algorithms is however quite expensive both in terms of
computational time as well as in terms of memory requirements with respect to other less demanding solutions such
as the Linear Gap model application.

Dynamic Gap Model

In SeqAn is provided an optimised version of the Affine Gap model called Dynamic Gap Selector (DGS) designed
by Urgese et al. [UPA+14]. This new gap model can be used to reduce the computational time and the memory
requirement while keeping the alignment scores close to those computed with the Affine Gap model. The usage
of Dynamic Gap model in the Global alignment computation of long strings can give results slightly different from
those computed using Affine Gap model since the alignment matrix became bigger and different alignment paths can
be chosen during the alignment procedure. Score variation are rare when Dynamic Gap model is used in the Local
alignments.

Example Affine vs Dynamic

Tip: The order of the different costs in the scoring scheme is match, mismatch, gapExtend and gapOpen.
The gap model selection can be done providing one of the three specific tags (LinearGaps (), AffineGaps ()
or DynamicGaps () ) as last parameter in the scoring function creation. If you want to use Linear Gap costs you
could also omit the last parameter gapOpen and the scoring scheme would automatically choose the Linear Gap cost
function. The Affine Gap model is chosen as standard when the gap costs are different and the gap model tag is not
provided. If the Dynamic Gap model is required the relative tag must be supplied.

In the following we propose an example where two different scoring functions have been created to show how to call a
global alignment algorithm that uses the Blosum62 plus the Af fineGaps () and DynamicGaps () specializations.
The inclusion of the header and the type definition is identical to the previous examples.

#include <iostream>
#include <segan/align.h>

using namespace sedgan;

int main ()

{
typedef String<AminoAcid> TSequence; // sequence type
typedef Align<TSequence, ArrayGaps> TAlign; // align type

The input sequences type and the Align object of type TA1ign are then create and initialized. As can be noted we
define two different gap values, one for the gap extension and one for the gap open. Even in this example the Blosum62
will be used to score match and substitutions events.
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TSequence seqgl = "TELKDD";
TSequence seqg2 = "LKTEL";
int gapExtend = -2;
int gapOpen = -10;

TAlign alignAffine;

resize (rows (alignAffine), 2);
assignSource (row (alignAffine, 0), seql);
assignSource (row(alignAffine, 1), seq2);

TAlign alignDynamic;

resize (rows (alignDynamic), 2);
assignSource (row (alignDynamic, 0), seql);
assignSource (row (alignDynamic, 1), seqg2);

Now, we can compute the global alignment function providing as second parameter the tag referred to the Blosum62
matrix filled with the two different gap costs. Moreover, the tag for the gap model selection is provided. To do so,
we simply call the function globalAlignment and give as input parameters the align object, the Blosum62 scoring
scheme and the Af fineGaps () or DynamicGaps () tag. The globalAlignment function output is then printed.

int scoreAffine = globalAlignment (alignAffine, Blosum62 (gapExtend, gapOpen), .
—~AffineGaps());

std::cout << "ScoreAffine: " << scoreAffine << std::endl;

std::cout << alignAffine << std::endl;

int scoreDynamic = globalAlignment (alignDynamic, Blosum62 (gapExtend, gapOpen),
—DynamicGaps());

std::cout << "ScoreDynamic: " << scoreDynamic << std::endl;

std::cout << alignDynamic << std::endl;

return O;

The output of a global alignment implementing the Blosum62 with the two gap models is as follows:

ScoreAffine: -12
0 .
TELKDD-
[
——LKTEL

ScoreDynamic: -12
0 .
TELKDD—-
I
——LKTEL

Tip: The functions scoreMatch and scoreMismatch access values for match and mismatch. The function scoreGap,
or scoreGapExtend and scoreGapOpen access values for gaps.
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Alignment Representation (Gaps)

Learning Objective This tutorial introduces you to the gaps data structures that can be used to represent an alignment
in SeqAn. You will learn basic techniques to create and modify such data structures and how to access certain
information from these data structures.

Difficulty Basic
Duration 15 min

Prerequisites A First Example, Sequences

The Align data structure is simply a set of multiple Gaps data structures. A Gaps data structure is a container storing
gap information for a given source sequence. The gap information is put on top of the source sequence (coordinates of
the gapped sequence refer to the gap space) without directly applying them to the source (coordinates of the ungapped
sequence refer to the source space). This way operating with gaps sustains very flexible.

Gaps data structures

There are two specializations available for the Gaps data structures: Array Gaps and Anchor Gaps. They differ in the
way they implement the gap space.

Note: In general, using Array Gaps is sufficient for most applications. This specialization is also the default one if
nothing else is specified. It simply uses an array which stores the counts of gaps and characters in an alternating order.
Thus, it is quite efficient to extend existing gaps while it is more expensive to search within the gapped sequence or
insert new gaps. Alternatively, one should prefer Anchor Gaps if many conversions between coordinates of the gap
and the source space are needed as binary search can be conducted to search for specific positions.

Constructing an alignment

Now, let’s start by constructing our first alignment. Before we can make use of any of the mentioned data structures,
we need to tell the program where to find the definitions. This can be achieved by including the header file <segan/
align.h> which contains the necessary data structures and functions associated with the alignments. The next steps
would be to implement the main function of our program and to define the types that we want to use.

#include <iostream>
#include <segan/align.h>
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using namespace segan;

int main ()

{

We first define the type of the input sequences (TSequence). Then we can define the type of our actual Align object
we want to use. In an Align object, the gapped sequences are arranged in rows. You can use the Metafunction Row
to get the correct type of the used Gaps objects. In the following we use the term row to explicitly refer to a single
gapped sequence in the Align object. We will use the term gapped sequence to describe functionalities that are
related to the Gaps data structure independent of the Align object.

typedef char TChar; // character type
typedef String<TChar> TSequence; // sequence type
typedef Align<TSequence, ArrayGaps> TAlign; // align type

typedef Row<TAlign>::Type TRow; // gapped sequence type

After defining the types, we can continue to actually construct our own Align object. Therefore, we need to resize
the alignment object in order to reserve space for the sequences we want to add. In our case, we assume a pairwise
alignment, hence we reserve space for 2 sequences. With the function row, we get access to the gapped sequence at a
specific row in the alignment object. This is similar to the value function used in String Sets. Now, we can assign the
source to the corresponding gapped sequence.

TSequence seqgl = "CDEGDC";
TSequence seg2 = "CDEFGAHGC";

TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seqgl);
assignSource (row(align, 1), seqg2);
std::cout << alignj;

0 .
CDFGDC

I
CDEFGA

Note: The second string CDEFGAHGC of the alignment is cropped in the output to CDEFGA, such that they are of
equal length. Note that the string itself is not modified, i.e. not shortened.

After assigning the sources to the gapped sequences, we need to add some gaps to make it look like a real alignment.
You can use the functions insertGap() and removeGap() to insert and delete one gap or insertGaps() and removeGaps()
to insert and delete multiple gaps in a gapped sequence.

TRow & rowl = row(align, 0);
TRow & row2 = row(align, 1);
insertGap (rowl, 2);
std::cout << alignj;
insertGaps (rowl, 5, 2);
std::cout << align;

0 .
CD-FGDC
N
CDEFGAH
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0 .
CD-FG--DC
N [
CDEFGAHGC

Congratulations! You have created your first alignment. Note that we used a reference declaration TRow & for the
variables rowl and row2. Without the reference, we would only modify copies of rows and the changes would not
effect our align object.

Gap Space vs. Source Space

source position 012334455586
(clipped) view position -1 012 3 456 7 & 9
unclipped view position 0 1 2 3 456 7 8 910

gapped sequence

source sequence

begin position = 1, end position = 5, clipping begin position = 1, clipping end position = 8

In the next steps, we want to dig a little deeper to get a feeling for the gap space and the source space. As mentioned
above, the gaps are not inserted into the source but put on top of it in a separate space, the gap space. When inserting
gaps, the gap space is modified and all coordinates right of the inserted gap are shifted to the right by the size of the
gap. At the same time, the coordinates of the source remain unchanged. Using the function toSourcePosition(), we can
determine which position of the current gapped sequence (gap space) corresponds to the position in the source space.

std::cout << std::endl << "ViewToSourcel: " << std::endl;
for (auto c: rowl)
std::cout << c << " ",

std::cout << std::endl;

for (unsigned i = 0; i < length(rowl); ++1i)
std::cout << toSourcePosition(rowl, i) << " ";
std::cout << std::endl;

std::cout << std::endl << "ViewToSource2: " << std::endl;
for (auto c: row2)
std::cout << ¢ << " ",

std::cout << std::endl;

for (unsigned i = 0; 1 < length(row2); ++1i)
std::cout << toSourcePosition(row2, i) << " ";
std::cout << std::endl;

ViewToSourcel:
cCDh-FG--DC
01223444%5

ViewToSource?2:
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CDEFGAHGC
012345¢6 78

If the position in the gap space is actually a gap, then toSourcePosition() returns the source position of the next
character to the right that is not a gap. Vice versa, we can determine where our current source position maps into the
gap space using the function toViewPosition().

std::cout << std::endl << "SourceToViewl: " << std::endl;
for (auto c: source(rowl))
std::cout << ¢c << " ";

std::cout << std::endl;

for (unsigned i = 0; i < length(source(rowl)); ++1i)
std::cout << toViewPosition(rowl, i) << " ";
std::cout << std::endl;

std::cout << std::endl << "SourceToView2: " << std::endl;
for (auto c: source(row2))
std::cout << c << " ",

std::cout << std::endl;

for (unsigned i = 0; i < length(source(row2)); ++1)
std::cout << toViewPosition(row2, i) << " ";
std::cout << std::endl;

SourceToViewl:
CDFGDZC
013478

SourceToView2:
CDEFGAHGZC
012 345¢6 738

In the first alignment, it seems that the end of the second row is cropped off to match the size of the first one. This effect
takes place only in the visualization but is not explicitly applied to the gapped sequence. The second alignment is the
one we manually constructed. Here, you can see that the second row is expanded to its full size while it matches the
size of the first row. However, it is possible to explicitly crop off the ends of a gapped sequence by using the functions
setClippedBeginPosition() and setClippedEndPosition(). These functions shrink the gap space and can be understood
as defining an infix of the gapped sequence. After the clipping, the relative view position changes according to the
clipping and so does the mapping of the source positions to the gap space. The mapping of the view positions to the
source space does not change.

std::cout << std::endl << "Before clipping:\n" << align;
setClippedBeginPosition (rowl, 1);
setClippedEndPosition (rowl, 7);
setClippedBeginPosition (row2, 1);
setClippedEndPosition (row2, 7);

std::cout << std::endl << "After clipping:\n" << align;

Before clipping:
0 .
CD-FG—-DC
[T |
CDEFGAHGC
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After clipping:
0 .
D-FG--
[l
DEFGAH

Here the output of the clipping procedure.

std::cout << std::endl << "ViewToSourcel: ";

for (unsigned i = 0; i < length(rowl); ++1i)
std::cout << toSourcePosition(rowl, i) << " ";

std::cout << std::endl << "ViewToSource2: ";

for (unsigned i = 0; 1 < length(row2); ++1i)
std::cout << toSourcePosition(row2, i) << " ";

std::cout << std::endl;

std::cout << std::endl << "SourceToViewl: ";

for (unsigned i = 0; i < length(source(rowl)); ++i)
std::cout << toViewPosition(rowl, i) << " ";

std::cout << std::endl << "SourceToView2: ";

for (unsigned i = 0; i < length(source(row2)); ++1)
std::cout << toViewPosition(row2, i) << " ";

std::cout << std::endl;

ViewToSourcel:
ViewToSource?2:

SourceToViewl: -
SourceToView2: -

Note: It is important to understand the nature of the clipping information. It virtually shrinks the gap space not
physically. That means the information before/after the begin/end of the clipping still exists and the physical gap
space remains unchanged. To the outer world it seems the alignment is cropped off irreparably. But you can expand
the alignment again by resetting the clipping information.

Iterating over Gapped Sequences

In the last part of this section, we are going to iterate over a Gaps object. This can be quite useful if one needs to parse
the alignment rows to access position specific information. First, we have to define the type of the ITterator, which
can be easily done by using the metafunction Iterator. Remember that we iterate over an TRow object. Then we have
to construct the iterators it which points to the begin of rowl using the begin() function and itEnd which points
behind the last value of row1l using the end() function. If you need to refresh the Iterator Concept you can read the
iterator section Iferation. While we iterate over the gapped sequence, we can ask if the current value, at which the
iterator it points to, is a gap or not by using the function isGap(). Use gapValue to print the correct gap symbol.

typedef Iterator<TRow>::Type TRowlIterator;

TRowIterator it = begin(rowl),
itEnd = end(rowl);
for (; it != itEnd; ++it)
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TChar ¢ = isGap(it) ? gapValue<TChar> () : =it;
std::cout << c << " ",

}

std::cout << std::endl;

D-F G- -

We will now reset the clipping of row1l using clearClipping and iterate again over it to see its effect.

clearClipping(rowl);

it = begin(rowl);
itEnd = end(rowl);

for (; it != itEnd; ++it)

{
TChar ¢ = isGap(it) ? gapValue<TChar> () : =it;
std::cout << ¢ << " ";

}
std::cout << std::endl;

return 0O;

Cb-FG--DZC

Here you can see how resetting the clipping positions brings back our complete row.

Assignment 1

Type Review

Objective Construct an alignment using the Align data structure for the sequences "ACGTCACCTC" and
"ACGGGCCTATC". Insert two gaps at the second position and insert one gap at the fifth position of the first
sequence. Insert one gap at the ninth position of the second sequence. Iterate over the rows of your Align object
and print the total count of gaps that exist within the alignment.

Hints You can use the function countGaps to count the number of consecutive gaps starting from the current position
of the iterator.

The resulting alignment should look like:

AC--GTC-ACCTIC

ACGGGCCTA--TC

Solution

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{

// Defining all types that are needed.
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typedef String<char> TSequence;

typedef Row<TAlign>::Type TRow;
typedef Iterator<TRow>::Type TRowlIterator;

TSequence segl = "ACGTCACCTC";
TSequence seq2 "ACGGGCCTATC";

// Initializing the align object.
TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seql);
assignSource (row(align, 1), seqg2);

// Use references to the rows of align.
TRow & rowl = row(align, 0);
TRow & row2 row(align, 1);

// Insert gaps.
insertGaps (rowl, 2, 2);

—due to the previous insertion.
insertGaps (row2, 9, 2);

// Initialize the row iterators.
TRowIterator itRowl = begin(rowl);
TRowIterator itEndRowl = end(rowl);
TRowIterator itRow2 = begin (row2);

// Iterate over both rows simultaneously.
int gapCount = 0;

{
if (isGap(itRowl))
{

gapCount += countGaps (itRowl); //
—gaps from the current position in rowl.

itRowl += countGaps (itRowl) ; //
—gaps.

itRow2 += countGaps (itRowl); //
—gaps.

}
if (isGap (itRow2))
{

gapCount += countGaps (itRow2); //
—gaps from the current position in rowZ2.

itRowl += countGaps (itRow2) ; //
—gaps.

itRow2 += countGaps (itRow2); //
—gaps.

}
// Print the result.

typedef Align<TSequence, ArrayGaps> TAlign;

insertGap(rowl, 7); // We need to pass the view position which is changed,,

for (; itRowl != itEndRowl; ++itRowl, ++itRow2)

Count the number of consecutive,
Jump to next position to check for_

Jump to next position to check for_

Count the number of consecutive,
Jump to next position to check for_

Jump to next position to check for_

std::cout << "Number of gaps: " << gapCount << std::endl;
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Number of gaps: 5

ToC

Contents

* Alignment Representation (Graph)

— Assignment 1

Alignment Representation (Graph)

Learning Objective This tutorial introduces you to the graph data structures that can be used to represent an align-
ment in SeqAn. You will learn basic techniques to create and modify such data structures and how to access
certain information from these data structures.

Difficulty Basic
Duration 15 min

Prerequisites A First Example, Sequences

Another very useful representation of alignments is given by the Alignment Graph. It is a graph in which each vertex
corresponds to a sequence segment, and each edge indicates an ungapped alignment between the connected vertices,
or more precisely between the sequences stored in those vertices. Here is an example of such a graph:

T /i;“\ GT
N

In the following we will actually construct this example step by step. First we include the i ost ream header from the
STL and the <segan/align.h> header to include all necessary functions and data structures we want to use. We
use the namespace segan and write the main function with an empty body.

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{

At the begin of the function we define our types we want to use later on. We define TSequence as the type of our
input strings. Since we work with a Dna alphabet we define TSequence as a String over a Dna alphabet. For the
AlignmentGraph we need two StringSets. The TStringSet is used to actually store the input sequences and the
TDepStringSet is internally used by the AlignmentGraph. That is the AlignmentGraph does not copy the sources
into its data structure but rather stores a reference to each of the given input strings as it does not modify the input
sequences. The Dependent StringSet facilitates this behavior. In the end we define the actual AlignmentGraph type.
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typedef String<Dna> TSequence;

typedef StringSet<TSequence> TStringSet;

typedef StringSet<TSequence, Dependent<> > TDepStringSet;

typedef Graph<Alignment<TDepStringSet> > TAlignGraph;

typedef typename VertexDescriptor<TAlignGraph>::Type TVertexDescriptor;

We first create our two input sequences TTGT and TTAGT append them to the StringSet st rings using the append-
Value function and pass the initialized strings object as a parameter to the constructor of the AlignmentGraph
alignG.

TSequence seqgl = "TTGT";
TSequence seqg?2 "TTAGT";

TStringSet strings;
appendValue (strings, seql);
appendValue (strings, seq2);

TAlignGraph alignG(strings);
std::cout << alignG << std::endl;

Before adding vertices to the graph align prints the empty adjacency and edge list.

Adjacency list:
Edge list:

Before we construct the alignment we print the unmodified AlignmentGraph. Then we add some alignment informa-
tion to the graph. In order to add an ungapped alignment segment we have to add an edge connecting two vertices of
different input sequences. To do so we can use the function addEdge and specify the two vertices that should be con-
nected. Since we do not have any vertices yet, we create them on the fly using the function addVertex(). The function
addVertex gets as second parameter the id which points to the the correct input sequence within the st rings object.
We can use the function positionTold() to receive the id that corresponds to a certain position within the underlying
Dependent StringSet of the AlignmentGraph.

We can access the Dependent StringSet using the function stringSet(). The third parameter of addVertex specifies the
begin position of the segment within the respective input sequence and the fourth parameter specifies its length. Now,
we add an edge between the two vertices of each input sequence which covers the first two positions. In the next step
we have to add a gap. We can do this simply by just adding a vertex that covers the inserted string. Finally we have to
add the second edge to represent the last ungapped sequence and then we print the constructed alignment.

Note that we use find Vertex() to find the the last two inserted vertices. The syntax is the same as add Vertex(), but omits
the length parameter.

TVertexDescriptor u,v;

// TT

u = addVertex (alignG, positionToId(stringSet (alignG), 0), 0, 2);
v = addVertex(alignG, positionToId(stringSet (alignG), 1), 0, 2);
addEdge (alignG, u, v);

// A
addVertex (alignG, positionToId(stringSet (alignG), 1), 2, 1);

// GT
addVertex (alignG, positionToId(stringSet (alignG), 0), 2, 2);
addVertex (alignG, positionToId(stringSet (alignG), 1), 3, 2);

u = findVertex(alignG, positionToId(stringSet (alignG), 0), 2);
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v = findVertex(alignG,

addEdge (alignG, u,

positionToId (stringSet (alignG),
v);
std::cout << alignG << std::endl;

return 0;

1), 3);

Now align prints the desired alignment.

Alignment matrix:
0 .
TT-GT
[T
TTAGT

The general usage of graphs is explained in the Graphs tutorial.

Assignment 1

Type Review

Objective Construct a multiple sequence alignment using the Alignment Graph data structure. Use the three se-
quences GARFIELDTHECAT, GARFIELDTHEBIGCAT and THEBIGCAT and align them such that you obtain

the maximal number of matches.

Hints TSequence should be St ring<char> instead of St ring<Dna>.

The function findVertex returns the vertex of an AlignmentGraph that covers the given position in the given

sequence.

Solution

#include <iostream>
#include <segan/align.h>

using namespace sedgan;

int main ()
{
// Define the types we need.
typedef String<char> TSequence;
typedef StringSet<TSequence> TStringSet;
typedef StringSet<TSequence,
typedef
typedef

Dependent <>

// Initializing the sequences and the string set.
TSequence segl = "GARFIELDTHECAT";

TSequence seg2 = "GARFIELDTHEBIGCAT";

TSequence seg3 = "THEBIGCAT";

TStringSet strings;
appendValue (strings,
appendValue (strings,
appendValue (strings,

seql) ;
seq?) ;
seq3) ;

// Load the string set into the Alignment Graph.

> TDepStringSet;
Graph<Alignment<TDepStringSet> > TAlignGraph;
typename VertexDescriptor<TAlignGraph>::Type TVertexDescriptor;
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TAlignGraph alignG(strings);
TVertexDescriptor u,v;

// Add two vertices covering "GARFIELD" in the first and the second sequence,
—and connect them with an edge.

u = addVertex(alignG, positionToId(stringSet (alignG), 0), 0, 8);

v = addVertex(alignG, positionToId(stringSet (alignG), 1), 0, 8);

addEdge (alignG, u, v);

// Add two vertices covering "THE" in the first and the second sequence and,
—connect them with an edge.

u = addVertex(alignG, positionToId(stringSet (alignG), 0), 8, 3);

v = addVertex(alignG, positionToId(stringSet (alignG), 1), 8, 3);

addEdge (alignG, u, v);

// Find the vertex covering "THE" in the first sequence and add the vertex,
—covering "THE" in the third sequence and connect them with an edge.

u = findVertex(alignG, positionToId(stringSet (alignG), 0), 8);

v = addVertex(alignG, positionToId(stringSet (alignG), 2), 0, 3);

addEdge (alignG, u, v);

// Find the vertices covering "THE" in the second and the third sequence and,_
—connect them with an edge.

u = findVertex(alignG, positionToId(stringSet (alignG), 1), 8);

v = findVertex(alignG, positionToId(stringSet (alignG), 2), 0);

addEdge (alignG, u, v);

// Add two vertices covering "FAT" in the second and the third sequence and,
—connect them with an edge.

u = addVertex(alignG, positionToId(stringSet (alignG), 1), 11, 3);

v = addVertex(alignG, positionToId(stringSet (alignG), 2), 3, 3);

addEdge (alignG, u, v);

// Add two vertices covering "CAT" in the first and the second sequence and,
—connect them with an edge.

u = addVertex(alignG, positionToId(stringSet (alignG), 0), 11, 3);

v = addVertex(alignG, positionToId(stringSet (alignG), 1), 14, 3);

addEdge (alignG, u, v);

// Find the vertex covering "CAT" in the first sequence and add the vertex,
—covering "CAT" in the third sequence and connect them with an edge.

u = findVertex(alignG, positionToId(stringSet (alignG), 0), 11);

v = addVertex(alignG, positionToId(stringSet (alignG), 2), 6, 3);

addEdge (alignG, u, v);

// Find the vertices covering "CAT" in the second and the third sequence and_
—connect them with an edge.

u = findVertex(alignG, positionToId(stringSet (alignG), 1), 14);

v = findVertex(alignG, positionToId(stringSet (alignG), 2), 6);

addEdge (alignG, u, v);

std::cout << alignG << std::endl;

return O;

Alignment matrix:
0
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GARFIELDTHE---CAT
NEREERNREN I
GARFIELDTHEBIGCAT

FEEEEEET
———————— THEBIGCAT

Alignment Algorithms ( e.g. Pairwise and Multiple ) are one of the core algorithms in SeqAn. In this section you can
learn how SeqAn represents alignments as C++ Objects and how you could use those data structures for your own
alignment algorithm. Furthermore, you can learn which different kinds of Scoring Schemes exist, i.e. which com-
binations of Match/Mismatch Evaluation (e.g. Simple Score, Substitutional Matrices Score) and Insertion/Deletion
Evaluation (e.g. Linear Gap Model, Affine Gap Model and Dynamic Gap Model) are possible and how you can define
your own Scoring Matrices.

Store

ToC

Contents

* Genome Annotations
— AnnotationStore as Part of the FragmentStore
— AnnotationStore
* Loading an Annotation File
x Traversing the Annotation Tree
- Asignment 1
- Assignment 2
* Accessing the Annotation Tree
- Assignment 3
- Assignment 4
x Write an Annotation File

Genome Annotations

Learning Objective You will learn how to work with annotations in SeqAn. After this tutorial, you will be able
to write your own programs using annotations and analyzing them. You will be ready to continue with the
Fragment Store Tutorial, e.g. if you want to combine your annotations with information from alignments.

Difficulty Average
Duration 1 h
Prerequisites Sequences

This tutorial will present SeqAn’s efficient and easy-to-use data structures to work with annotations. They allow to
annotate genome regions with features like ‘gene’, ‘mRNA’, ‘exon’, ‘intron’ and if required with custom features.
We will give you an understanding of how to load annotations from a GFF or GTF file, store them in efficient data
structures, as well as how to traverse and access these information.

AnnotationStore as Part of the FragmentStore

This section will give you a short introduction to data structures relevant for working with annotations.
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In SeqAn, annotations are stored in the so-called annotationStore, which is part of the FragmentStore. The annota-
tionStore can only be used together with the FragmentStore, because the latter stores additional information, e.g. the
contig names or sequences. The FragmentStore is a data structure specifically designed for read mapping, genome
assembly or gene annotation.

The FragmentStore can be seen as a database, where each table (called “store”) is implemented as a String. Each row
of the table corresponds to an element in the string. The position of each element in the string implicitly represents
the Id of such element in the table. All such strings are members of the class FragmentStore, are always present and
empty if unused. For example, the member contigStore is a string of elements, each one containing among others a
contig sequence.

For detailed information about the FragmentStore read the Fragment Store Tutorial.

Accordingly, the annotationStore is a String, where each element represents one annotation. Each element holds the
necessary information, e.g. beginPos, endPos, parentld etc., as data members.

AnnotationStore

In this section you will learn how to work with the annotationStore itself.
Annotations are represented hierarchically by a tree having at least a root node.

A typical annotation tree looks as follows.

) |_cos
,/ 4 exon
1 mRNA 'g exon

/| gene [
; e
/

““ | exon |
N\, \“1 cDs

{gene — mRNA m
exon

CDS

root

Fig. 4.3: Annotation tree example

The following entity-relationship diagram shows the tables holding store annotations, their relationships and cardinal-
ities.

The instantiation of an annotationStore happens implicitly with the instantiation of a FragmentStore. To access the
FragmentStore definitions we’ll need to include the correct header:

’#include <segan/store.h>

Now we can simply write:

’ FragmentStore<> store;
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contigStore annotationTypeStore
contig | annotationType
contigld* typeld*
contigSeq typeName
contigGaps
contigFileld

" annotation | " annotationKey

annotationld* parentld keyld*

typeld lastChildld keyName

contigld nextSiblingld M:N

beginPos

endPos

values annotationKeyStore
annotationStore

Fig. 4.4: Stores involved in gene annotation

Loading an Annotation File

Before we deal with the actual annotation tree, we will first describe how you can easily load annotations from a GFF
or GTF file into the FragmentStore.

An annotation file can be read from an GffFileIn with the function readRecords. The file extension specifies if we
want to read a GFF, GTF or UCSC file. The following example shows how to read an GTF file:

CharString fileName = getAbsolutePath ("demos/tutorial/genome_annotations/example.
ogtf");
GffFileIn file(toCString(fileName));

readRecords (store, file);

The GFF-reader is also able to detect and read GTF files. The UCSC Genome Browser uses two seperate files, the
kownGene.txt and knownIsoforms.txt. They must be read by using two different UcscFileln objects (one
for knownGene.txt and one for knownIsoforms.txt). Finally you call readRecords with both UcscFileln
objects.

Tip: An annotation can be loaded without loading the corresponding contigs.

In that case empty contigs are created in the contigStore with names given in the annonation. A subsequent call of
loadContigs would load the sequences of these contigs, if they have the same identifier in the contig file.
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Traversing the Annotation Tree

This section will illustrate how to use iterators to traverse the annotation tree.

The annotation tree can be traversed and accessed with the AnnotationTree Iterator. Again we use the metafunction
dox:ContainerConcept#lterator Iterator to determine the appropriate iterator type for our container. A new Annota-
tionTree iterator can be obtained by calling begin with a reference to the FragmentStore and the AnnotationTree
tag:

Iterator<FragmentStore<>, AnnotationTree<> >::Type it;
it = begin(store, AnnotationTree<>());

The AnnotationTree iterator starts at the root node and can be moved to adjacent tree nodes with the functions goDown,
goUp, and goRight. These functions return a boolean value that indicates whether the iterator could be moved. The
functions isLeaf, isRoot, isLastChild return the same boolean without moving the iterator. With goRoot or goTo the
iterator can be moved to the root node or an arbitrary node given its annotationld. If the iterator should not be moved
but a new iterator at an adjacent node is required, the functions nodeDown, nodeUp, nodeRight can be used.

// Move the iterator down to a leaf

while (goDown (it))

{}

// Create a new iterator and if possible move it to the right sibling of the,
—~first iterator

Iterator<FragmentStore<>, AnnotationTree<> >::Type it2;

if (isLastChild(it))

it2 = nodeRight (it);

The AnnotationTree iterator supports a preorder DFS traversal and therefore can also be used in typical begin-end
loops with the functions goBegin (== goRoot), goEnd, goNext, atBegin, atEnd. During a preorder DFS, the descent
into subtree can be skipped by goNextRight, or goNextUp which proceeds with the next sibling or returns to the parent
node and proceeds with the next node in preorder DFS.

// Move the iterator back to the beginning
goBegin (it) ;
// Iterate over the nodes in preorder DFS while the end is not reached and
// output 1if the current node is a leaf
while (!atEnd(it))
{

if (isLeaf (it))

std::cout << " current node is leaf" << std::endl;
goNext (it);

Asignment 1

Type Review

Objective Copy the code below, which loads the annotations from a given GTF file into the FragmentStore and
initializes an iterator on the AnnotationTree. Download the GTF file assignment_annotations.gtf,
whose annotations build an AnnotationTree of the typical structure with gene, mRNA and exon level. Adjust
the code to go down to the exon level and iteratate over all children of the first mRNA and count them. Print the
result.

Click more... to see the code.
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#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>
#include <segan/store.h>

using namespace sedgan;

int main ()
{

CharString fileName = getAbsolutePath ("demos/tutorial/genome_annotations/
—assignment_annotations.gtf");

GffFileIn file(toCString(fileName)) ;

FragmentStore<> store;

readRecords (store, file);

// Create AnnotationTree iterator
Iterator<FragmentStore<>, AnnotationTree<> >::Type it;
it = begin(store, AnnotationTree<>());

// Move iterator one node down

goDown (it);

std::cout << "Is leaf: " << isLeaf (it) << std::endl;
return 0;

Hints In the given data the left-most leaf is a child of mRNA and has siblings. You can use the function goRight
to traverse over all siblings.

Solution Click more... to see one possible solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>
#include <segan/store.h>

using namespace segan;
int main ()
{
CharString fileName = getAbsolutePath ("demos/tutorial/genome_annotations/
—assignment_annotations.gtf");
GffFileIn file(toCString(fileName)) ;

FragmentStore<> store;

readRecords (store, file);

// Create AnnotationTree iterator

Iterator<FragmentStore<>, AnnotationTree<> >::Type it;

it = begin(store, AnnotationTree<>());

unsigned count = 0;

// Go down to the first leaf (first child of the first mRNA)
while (goDown (it))

{}

std::cout << "Is leaf: " << isLeaf (it) << std::endl;

++count;
// Iterate over all siblings and count
while (goRight (it))
++count;
std::cout << "No. of children of the first mRNA: " << count << std::endl;
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return 0O;

Is leaf: 1
No. of children of the first mRNA: 9

Assignment 2

Type Review

Objective Reuse the code and the GTF file from above. Instead of counting only the children of the first mRNA
adjust the code to count the children for each given mRNA. Print the results.

Hints After you reached the last child of the first mRNA you can use the functions goNext and goDown to traverse to
the next leaf.

Solution Click more... to see one possible solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>
#include <segan/store.h>

using namespace sedgan;

int main()
{

CharString fileName = getAbsolutePath ("demos/tutorial/genome_annotations/
—assignment_annotations.gtf");

GffFileIn file(toCString(fileName)) ;

FragmentStore<> store;

readRecords (store, file);

// Iterate over all leafs, count and print the result
Iterator<FragmentStore<>, AnnotationTree<> >::Type it;

it = begin(store, AnnotationTree<>());
unsigned count = 0;
std::cout << "Number of children for each mRNA: " << std::endl;

// Go down to the first leaf (first child of the first mRNA)
while (goDown (it))
{}

while (!atEnd(it))
{
++count;
// Iterate over all siblings and count
while (goRight (it))
++count;
std::cout << count << std::endl;
count = 0;
// Jump to the next mRNA or gene, go down to its first leaf and count it
if (latEnd(it))
{
goNext (it);
if (latEnd(it))
while (goDown (it))
{}
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}
return 0;

Number of children for each mRNA:
9
2
2

Accessing the Annotation Tree

Let us now have a closer look how to access the information stored in the different stores representing the annotation
tree.

To access or modify the node an iterator points at, the iterator returns the node’s annotationld by the value function
(== operatorx*). With the annotationld the corresponding entry in the annotationStore could be modified manually
or by using convenience functions. The function getAnnotation returns a reference to the corresponding entry in the
annotationStore. getName and setName can be used to retrieve or change the identifier of the annotation element.
As some annotation file formats don’t give every annotation a name, the function getUniqueName returns the name
if non-empty or generates one using the type and id. The name of the parent node in the tree can be determined
with getParentName. The name of the annotation type, e.g. ‘mRNA’ or ‘exon’, can be determined and modified with
getType and setType.

Assume we have loaded the file example . gt £ with the following content to the FragmentStore store and instantiated
the iterator it of the corresponding annotation tree.

chrl MySource exon 150 200 . +
- gene_id "381.000"; transcript_id "381.000.1";

chrl MySource exon 300 401 . +
[ gene_id "381.000"; transcript_id "381.000.1";

chrl MySource CDS 380 401 .

. + 0 gene_id "381.000"; transcript_id "381.000.1";
chrl MySource exon 160 210 . +
— gene_id "381.000"; transcript_id "381.000.2";

We now want to iterate to the first exon and output a few information:

// Move the iterator to the begin of the annotation tree

it = begin(store, AnnotationTree<>());

// Go down to exon level

while (goDown (it)) ;

std::cout << "type: " << getType(it) << std::endl;

std::cout << "id: " << value (it) << std::endl;

std::cout << "begin position: " << getAnnotation(it) .beginPos << std::endl;

For our example the output would be:

type: exon
id: 3
begin position: 149

An annotation can not only refer to a region of a contig but also contain additional information given as key-value
pairs. The value of a key can be retrieved or set by getValueByKey and assignValueByKey. The values of a node can
be cleared with clearValues.
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A new node can be created as first child, last child, or right sibling of the current node with createLeftChild, cre-
ateRightChild, or createSibling. All three functions return an iterator to the newly created node.

Iterator<FragmentStore<>, AnnotationTree<> >::Type 1it3;

// Create a right sibling of the current node and return an iterator to this new_
—node

it3 = createSibling(it);

The following list summarizes the functions provided by the AnnotationTree iterator.
getAnnotation, value Return annotation object/id of current node

getName, setName, getType, setType Access name or type of current annotation object
getParentName Access parent name of current annotation object

clearValue, getValueByKey, assignValueByKey Access associated values

goBegin, goEnd, atBegin, atEnd Go to or test for begin/end of DFS traversal

goNext, goNextRight, goNextUp go next, skip subtree or siblings during DFS traversal
goRoot, goUp, goDown, goRight Navigate through annotation tree

createLeftChild, createRightChild, createSibling Create new annotation nodes

isRoot, isLeaf Test for root/leaf node

Assignment 3

Type Application

Objective Again use the given GTF file assignment_annotations.gtf and create an iterator on the annota-
tion tree. Now iterate to the first node of type “exon” and output the following features:

1. type
2. begin position

3. end position

4. its Id

5. the Id of its parent

6. the name of its parent

Solution Click more... to see one possible solution.

#include <iostream>
#include <segan/sequence.h>
#include <segan/stream.h>
#include <segan/store.h>

using namespace sedgan;

int main ()

{

CharString fileName = getAbsolutePath ("demos/tutorial/genome_annotations/
—assignment_annotations.gtf");
GffFileIn file(toCString(fileName)) ;

FragmentStore<> store;
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readRecords (store, file);
// Create iterator
Iterator<FragmentStore<>,

it begin (store,

return O;

while ('atEnd(it) && getType (it

goNext (it) ;
// Output:
std::cout << " type: " << getType (it)
std::cout << " Dbegin position:
std::cout << " end position: "
std::cout << " id: " << wvalue(it)
std::cout << " parent id: "
std::cout << " parent name: "

AnnotationTree<> >::Type it;
AnnotationTree<>());
// Iterate to the first annotation of type

"exon"

) 1=

"exon")

<< std::endl;

" << getAnnotation(it) .beginPos << std::endl;
<< getAnnotation(it) .endPos << std::endl;

<< std::endl;

<< getAnnotation(it) .parentId << std::endl;

<< getParentName (it) << std::endl;

type: exon

begin position: 149
end position: 200
id: 3

parent id: 2

parent name: 381.000.1

Assignment 4

Objective

Write a small statistic tool to analyse a given set of annotations.

1. Load the annotations given in the GTF file assignment_annotations.gtf.
2. Output the average number of mRNAs for genes.

3. Output the average number of exons for mRNAs.

4. Additionally output the average exon length.

5. Test your program also on large data, e.g. the annotation of the mouse genome
Mus_musculus. NCBIM37.61.gtf.zip (don’t forget to unzip first).

Solution Click more... to see one possible solution.

<iostream>
<seqgan/sequence.h>
<segan/stream.h>
<seqgan/store.h>

#include
#include
#include
#include

using namespace segan;

int main ()
{

CharString fileName
—assignment_annotations.gtf");

FragmentStore<> store;
readRecords (store, file);
// Create iterator
Iterator<FragmentStore<>,

getAbsolutePath ("demos/tutorial /genome_annotations/

GffFileIn file(toCString(fileName));

AnnotationTree<> >::Type it;
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it = begin(store, AnnotationTree<>());
unsigned countGenes = 0;
unsigned countmRNAs = 0;
unsigned countExons = 0;

unsigned length = 0;
// Iterate over annotation tree and count different elements and compute exon,,
—lengths

while (!atEnd(it))
{

if (getType(it) == "gene")

{

++countGenes;

}

else if (getType(it) == "mRNA")
{
++countmRNAs;
}
else if (getType(it) == "exon")

{
++countExons;
length += abs((int)getAnnotation(it).endPos - (int)getAnnotation(it).
—beginPos) ;
}
goNext (it) ;
}

if (countGenes == 0u) // prevent div-by-zero below
countGenes = 1;
if (countmRNAs == 0u) // prevent div-by-zero below
countmRNAs = 1;
if (countExons == 0u) // prevent div-by-zero below
countExons = 1;
// Ouput some stats:
std::cout << "Average number of mRNAs for genes: " << (float)countmRNAs /
— (float) countGenes << std::endl;
std::cout << "Average number of exons for mRNAs: " << (float)countExons /
— (float) countmRNAs << std::endl;
std::cout << "Average length of exons: " << (float)length / (float)countExons

—<< std::endl;
return O;

Average number of mRNAs for genes: 1.5
Average number of exons for mRNAs: 3
Average length of exons: 95.5556

Write an Annotation File

To write an annotation to a file use the function writeRecords. Note that the format (G££ () or Gt £ () ) is specified
by the file extension.

// Open output stream

GffFileOut fileOut ("example out.gtf");
// Write annotations to GTF file
writeRecords (fileOut, store);
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Name Stores

Fragment Store

Learning Objective You will learn about the SeqAn FragmentStore for handling fragments. The “fragments” are
reads and the data structure is useful in the context of read mapping, genome assembly, and gene annotation.
After completing this tutorial, you will be able to use the most relevant functionality of the FragmentStore class.

Difficulty Advanced
Duration 1 h

Prerequisites Gerting Started, Sequences

Overview

The FragmentStore is a data structure specifically designed for read mapping, genome assembly or gene annotation.
These tasks typically require lots of data structures that are related to each other like:

* reads, mate-pairs, reference genome
* pairwise alignments
e genome annotation

The Fragment Store subsumes all these data structures in an easy to use interface. It represents a multiple alignment
of millions of reads or mate-pairs against a reference genome consisting of multiple contigs. Additionally, regions of
the reference genome can be annotated with features like ‘gene’, ‘mRNA’, ‘exon’, ‘intron’ or custom features. The
Fragment Store supports I/O functions to read/write a read alignment in SAM/BAM or AMOS format and to read/write
annotations in GFF or GTF format.

The Fragment Store can be compared with a database where each table (called “store”) is implemented as a String
member of the FragmentStore class. The rows of each table (implemented as structs) are referred by their ids which are
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their positions in the string and not stored explicitly (marked with » in the Figures 2 and 5). The only exception is the
alignedReadStore whose elements of type AlignedReadStoreElement contain an id-member as they may be rearranged
in arbitrary order, e.g. by increasing genomic positions or by readld. Many stores have an associated name store to
store element names. Each name store is a StringSet that stores the element name at the position of its id. All stores are
present in the Fragment Store and empty if unused. The concrete types, e.g. the position types or read/contig alphabet,
can be easily changed by defining a custom config struct which is a template parameter of the Fragment Store class.

Multiple Read Alighment

The Fragment Store can represent a multiple read alignment, i.e. is an alignment between the contigs and the set of
reads, where one read can be aligned at zero, one or multiple positions of a contig. In the multiple alignment the contig
is represented by one line with gaps () and the remaining lines are to reads or read segments with gaps aligned to the
contig. The following figure shows one contig (the line at the top) and multiple reads aligned to it arranged as stairs
(reads in lower-case align to the reverse strand):

TGAAAACTATATTTATGCTATTCAGTTCTAAATATAGAAATTGAAACAGCTGTGTITTAGTGCCTTIGTTCA—————
—ACCCCCTTGCAACAACCTTGAGAACCCCAGGGAATTTGTCAATGTCAGGGAAGGAGCATTTTGTCAGTTACCAAATGTGTTTATTA
TGAAAACTATATT ATGCTATTCAGTTCTAAATATAGAAATTGAAACAG GTGITTAGTGCCTTTIGTTCA-—————

—ACCCCCTTGCAACAAC aaccccagggaatttgtcaatgtcagggaaggagce,,
—~ttttgtcagttaccaaatgtgtttattaccag
tgaa ctatatttatgctattcagttctaaatatagaaatt acagctgtgtttagtgcctttgttca———— acccccttg,,

—aacaaccttgagaaccccagggaatttgtcaatgt GGAAGGAGCATTTTGTCAGTTACCAAATGTGTTT TACCAG
TGAAAACTATAT TATGCTATTCAGTTCTAAATATAGAAATTGAAACA ctgtgtttagtgcctttgttca———-
—acccccttgcaac ACCTTGAGAACCCCAGGGAATTTGTCAATGTCAGG
—aggagcattttgtcagttaccaaatgtgtttatta at

TGAAAACTATATTTA gctattcagttctaaatatagaaattgaaacagct
—~GTTTAGTGCCTTTGTTCACATAGACCCCCTTGCAA aaccttgagaaccccagggaatttgtcaatgtcag
—aggagcattttgtcagttaccaaatgtgtttatta AG

TGAAAACTATATTTATGCTATTCAGT GAAATTGAAACAGCTGTGTTTAGTIGCCTTTGTTCA .
—ccccttacaacaaccttgagaaccccagggaattt CAGGGAAGGAGCATTTTGTCAGTTACCAAATGTGT .
— G

tgaaaactatatttatgctattcagt .
—GCCTTTGTTCACATAGACCCCCTTGCAACAACCTT cagggaatttgtcaatgtcagggaaggagcatttt
—CAGTTACCAAATGTGTTTATTACCAG

tgaaaactatatttatgctattcagttcta AG—————
—+ACCCCCTTGCAACAACCTTGAGAACCCCAGGGA ggaaggagcattttgtcagttaccaaatgtgttta
TGAAAACTATATTTATGCTATTCAGTTCTAA A-————
«—ACCCCCTTGCAACAACCTTGAGAACCCCAGGGAA gaaaggagcattttgtcagttaccaaatgtgttta
TGAAAACTATATTTATGCTATTCAGTTCTAAA A-—————

—ACCCCCTTGCAACAACCTTGAGAACCCCAGGGAA
—AGGAGCATTTTGTCAGTTACCAAATGTGTITTATTA
TGAAAACTATATTTATGCTATTCAGTITCTAAA

—TGCAACAACCTTGAGAACCCCAGGGAATTTGTCAA ggagcattttgtcagttaccaaatgtgtttattac
TGAAAACTATATTTATGCTATTCAGTTCTAAAT .
—TGCAACAACCTTGAGAACCCCAGGGAATTTGTCAA GGAGCATTTTGTCAGTTACCAAATGTGTTTATTAC
TGAAAACTATATTTATGCTATTCAGTTCTAAAT .
—TGCAACAACCTTGAGAACCCCAGGGAATTTGTCAA GGAGCATTTTGTCAGTTACCAAATGTGTTTATTAT
ctatatttatgctattcagttctaaatatagaaatt .
—tgcaacaaccttgagaaccccagggaatttgtcaa GGAGCATTTTIGTCAGTTACCAAATGTGTTTATTAC
ctatatttatgctattcagttctaaatatagaaatt o
< CAACCTTGAGAACCCCAGGGAATTTGTCAATGTCA agcattttgtcagttaccaaatgtgtttattacca
TATTTATGCTATTCAGTTATAAATATAGAAATTGAAACAG o
s CCTTGAGAACCCCAGGGAATTTGTCAATGTCAGGG agcattttgtcagttaccaaatgtgtttattacca
atttatgctattcagttctaaatatagaaattgaa .
— CTTGAGAACCCCAGGGAATTTGTCAATGTCAGGGA GCATTTTGTCAGTTACCAAATGTGTTTATTACCAG
tttacgctattcagtactaaatatagaaattgaaa o
— CTTGAGAACCCCAGGGAATTTGTCAATGTCAGGGA GCATTTTGTCAGTTACCAAATGTGTTTATTACCAG
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ttatgctattcagttctaaatatagaaattgaaac -
— gggaatttgtcaatgtcagggaaggagcattttgt AGTTACCAAATGTGTTTATTACCAG

* *Figure 1:* Multiple read alignment

The following figure shows which tables represent the multiple read alignment:

contigStore readStore matePairStore libraryStore
contig read matePair library
cont‘ig]d* readid*. . s matePairld* R libraryld*
contigSeq matePairld 0.2:1 readld[2] N:1 mean
contigGaps libraryld std
contigFileld
\).

Z

alignedRead alignQuality

alignid alignid*

readld 3 pairScore

contigld 1:0.1 1 seore

beginPos errors

endPos - :

gaps alignQualityStore

pairMatchid

alignedReadStore

Fig. 4.5: *Figure 2:* Stores used to represent a multiple read alignment

The main table is the alignedReadStore which stores AlignedReadStoreElements. Each entry is an alignment of a read
(readId) and a contig (contigId). Introduced gaps are stored as a string of gap anchors in the gaps member of
the alignedReadStore entry and the contigStore entry. The begin and end positions of the alignment are given by the
beginPos and endPos members which are 0-based positions on the forward strand in gap space, i.e. positions in
the gapped contig sequence. If the read is aligned to the reverse strand it holds endPos < beginPos. However,
the gaps are always related to the forward strand. Additional information, e.g. the number of errors, an alignment
score or additional alignment tags, are stored in the tables alignQualityStore and alignedReadTagStore at position id,
where id is a unique id of the AlignedReadStoreElement. Paired-end or mate pair alignments are represented by two
entries in the alignedReadStore that have the same pairMatchId value (unequal to INVALID_ID). For orphaned
read alignments holds pairMatchId == INVALID_ID.

012345556789 sequence space

012345678901 gap space
contig ACCAC--GTTTG
readl ACACGGT [2-9]
read?2 ACGGTT-G [4-12[

The alignedReadStore is the only store where the id (alignld in the figure) of an element is not implicitly given by its
position. The reason for this is that it is necessary in many cases to rearrange the elements of the alignedReadStore,
e.g. increasingly by (contigld,beginPos), by readld or pairMatchld. This can be done by sortAlignedReads. If it is nec-
essary to address an element by its id, the elements must be sorted by id first. In the case that ids are not contiguously
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increasing, e.g. because some elements where removed, they must be renamed by a prior call of compactAligne-
dReads. Analogously the function compactPairMatchlds renames pairMatchId values contiguously and replaces
values that occur in only one alignment by INVALID_ID.

Display Aligned Reads

The multiple read alignment can be displayed in text form or in a scalable graphics format (SVG). Therefore first a
stairs layout of the reads must be computed via layoutAlignment and stored in an AlignedReadLayout. The function
printAlignment can then be used to output a window (beginPos,endPos, firstLine,lastLine) of the read alignment against
a contig either to a stream or SVGF1ile. The following small example demonstrates how to first load two contigs from
a Fasta file and then import a read alignment given in SAM format:

#include <iostream>
#include <segan/store.h>
#include <segan/misc/svg.h>

using namespace segan;

int main ()
{

CharString fastaFileName = getAbsolutePath ("demos/tutorial/fragment_store/example.
—~fa");

CharString samFileName = getAbsolutePath ("demos/tutorial/fragment_store/example.
—sam") ;

typedef FragmentStore<> TStore;

TStore store;

loadContigs (store, toCString(fastaFileName));
BamFileIn file(toCString (samFileName));
readRecords (store, file);

Then we create a stairs layout of the aligned reads and output a window from gapped position 0 to 150 and line O to
36 of the multiple alignments below contig 1 to standard out.

AlignedReadLayout layout;

layoutAlignment (layout, store);

printAlignment (std::cout, layout, store, 1, 0, 150, 0, 36);
TTCAAATGAACTTCTGTAATTGAAAAATTCATTTAAGAAATTACAAAATATAGTTGAAAGCTCTAACAATAGACTAAACCAAGCAGAAGAAAGAGGTTCAC
©—F e o o o o o s o s o s s o s s s s e s s s e s s s e s s s s e s s s s s s e s s s s e e s s s e s s s e e s s .
NN,
e e e Gttt i e e i it e e e e e e e e e e e
........................................................ Al e e e
©—F e o o o o o s o s o s s ® s s s s e s s s e e s s s e a8 s s s 8 e s s s s e s s s s e s s s e e s s s e s s e e e
bt e e et ettt et e e e e e e A e e
e e e et et N.NNN Nt e e e e e et e e e
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The same window can also be exported as a scalable vector graphic in SVG format.

146 Chapter 4. API Documentation




SegAn Manual, Release 2.2.0

SVGFile svg("layout.svg");
printAlignment (svg, layout, store, 1, 0, 150, 0, 36);

return 0O;

TTCAAATGAACTTCTGTAATTGAAAAATTCATTTAAGAAATTACAAAATATAGTTGAAAGCTCTAACAATAGACTAAACCAAGCAGAAGAAAGAGGT TCAGAACTTGAAGACAAGTCTCTTATGAATTAACCCAGTCAGACAAAAATAAA

C

A

N_NNN N

NN__

Ts

Fig. 4.6: ©‘Figure 3:>“” SVG export of a multiple read alignment

Accessing Pairwise Alignments

In the next step, we want to access several pairwise alignments between reads and contig segments. Therefore we first
need to get the associated types that the Fragment Store uses to store contig and read sequences and gaps. This can be
done by the following typedefs:

typedef Value<TStore::TContigStore>::Type TContig;
typedef Value<TStore::TAlignedReadStore>::Type o
—TAlignedRead;

typedef Gaps<TContig::TContigSeq, AnchorGaps<TContig::TGapAnchors> >
—TContigGaps;
typedef Gaps<TStore::TReadSeq, AnchorGaps<TAlignedRead::TGapAnchors> > TReadGaps;

TStore: :TReadSeq readSeq;

Now we want to extract and output the alignments from the alignedReadStore at position 140,144,...,156. First we
store a reference of the alignedRead in ar as we need to access it multiple times. The read sequence is neither
stored in the readStore or alignedReadStore as many short sequences can more efficiently be stored in a separate
StringSet like the readSeqStore. We copy the read sequence into a local variable (defined outside the loop to save
allocations/deallocations) as we need to compute the reverse-complement for reads that align to the reverse strand.
Then we create a gaps object that represent the alignment rows of the contig and the aligned read in the multiple
sequence alignment. The Gaps object requires references of the sequence and the gap-anchor string stored in the
contigStore and the alignedReadStore. We need to limit the view of the contig alignment row to the interval the read
aligns to, i.e. the gap position interval [beginPos,endPos[. After that we output both alignment rows.

Tip: The Gaps contains two Holder references to the sequence and the inserted gaps. In our example these Holders
are dependent and changes made to the Gaps object like the insertion/deletion of gaps would immediatly be persistent
in the Fragment Store.
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for (int i = 140; 1 < 160; i += 4)
{
TAlignedRead & ar = store.alignedReadStore[i];

readSeq = store.readSegStorelar.readId];
if (ar.endPos < ar.beginPos)
reverseComplement (readSeq) ;

TContigGaps contigGaps (
store.contigStore[ar.contigId].seq,
store.contigStore[ar.contigId].gaps);

TReadGaps readGaps (
readSeq,

ar.gaps);

setBeginPosition (contigGaps, std::min(ar.beginPos, ar.endPos));
setEndPosition (contigGaps, std::max(ar.beginPos, ar.endPos));

std::cout << "ALIGNMENT " << i << std::endl;

std::cout << "\tcontig " << ar.contigId << ":\t" << contigGaps;

std::cout << " \t[" << beginPosition (contigGaps) << ".." <<,
—endPosition (contigGaps) << "[" << std::endl;

std::cout << "\tread " << ar.readId << ":\t" << readGaps << std::endl;

std::cout << std::endl;

ALIGNMENT 140

contig O: CTGTGTITTAGTGCCTTTIGTTCA-———— ACCCCCTTGCAACAACCT o
— [266..306][
read 149: CTGTGTTTAGTGCCTTTGTTICA-———— ACCCCCTTGCAAC

ALIGNMENT 144

contig O: AGTGCCTTTGTTCA-————- ACCCCCTTGCAACAACCTTGAG [274..
—310[

read 153: AGTGCCTTTGTTCACATAGACCCCCTTGCAACAACC

ALIGNMENT 148

contig O: TTCA-————— ACCCCCTTGCAACAACCTTGAGAACCCCAGGGAATT o
— [284..324]
read 157: ATAG————- ACCCCCTTGCAACAACCTTGAGAACCCCAGG

ALIGNMENT 152

contig O: CA————— ACCCCCTTGCAACAACCTTGAGAACCCCAGGGAATTIG .
s [286..326]
read 161: CA————- ACCCCCTTGCAACAACCTTGCGAACCCCAGGGA

ALIGNMENT 156
contig O: TTGCAACAACCTTGAGAACCCCAGGGAATTTGTCA [294..329]
read 165: CCCCCTTGCAACAACCTTGAGAACCCCAGGGAATT

Assignment 1

Type Rview

Objective Modify the example above, such that reads that align to the reverse strand are displayed in lower-case

148 Chapter 4. API Documentation




SegAn Manual, Release 2.2.0

letters.

Difficulty Easy

Hint The Dna alphabet used in the fragment store doesn’t support lower-case letters. You have to use a string of chars

for readSeq.

Solution As we copy the read sequence, it suffices to change the type of the target string readSeq and the sequence

type of the read Gaps object into CharString, i.e. a String of char.

typedef Value<TStore::TContigStore>::Type
—TContig;

typedef Value<TStore::TAlignedReadStore>::Type
—~TAlignedRead;

typedef Gaps<TContig::TContigSeq, AnchorGaps<TContig::TGapAnchors> >
—TContigGaps;

—TReadGaps;

CharString readSeqg;

typedef Gaps<TStore::TReadSeq, AnchorGaps<TAlignedRead::TGapAnchors> > _

Then, we not only need to reverse-complement readSeq if the read aligns to the reverse strand (endPos <
beginPos) but also need to convert its letters into lower-case. Therefor SeqAn provides the function toLower.

Alternatively, we could iterate over readSeq and add (‘a’-‘A’) to its elements.

for (int i = 140; i < 160; i += 4)
{
TAlignedRead & ar = store.alignedReadStore[i];

readSeq = store.readSeqgStorel[ar.readId];
if (ar.endPos < ar.beginPos)
{

reverseComplement (readSeq) ;

toLower (readSeq) ;

TContigGaps contigGaps (
store.contigStore[ar.contigId].seq,
store.contigStore[ar.contigId].gaps);

TReadGaps readGaps (
readSeq,

ar.gaps);

setBeginPosition (contigGaps, std::min(ar.beginPos, ar.endPos));
setEndPosition (contigGaps, std::max(ar.beginPos, ar.endPos));

std::cout << "ALIGNMENT " << i << std::endl;

std::cout << "\tcontig " << ar.contigId << ":\t" << contigGaps;
std::cout << " \t[" << beginPosition (contigGaps) << ".." <<
—endPosition (contigGaps) << "[" << std::endl;
std::cout << "\tread " << ar.readId << ":\t" << readGaps << std::endl;
std::cout << std::endl;
}
Running this program results in the following output.
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ALIGNMENT 140

contig O: CTIGTGTTTAGTGCCTTITGTTICA————— ACCCCCTTGCAACAACCT o
— [266..306]

read 149: CTGTIGTITTAGTGCCTTTIGTTCA-———— ACCCCCTTGCAAC
ALIGNMENT 144

contig O: AGTGCCTTTGTTCA————— ACCCCCTTGCAACAACCTTGAG o
. [274..310[

read 153: AGTGCCTTTGTTCACATAGACCCCCTTGCAACAACC
ALIGNMENT 148

contig O: TTCA-————- ACCCCCTTGCAACAACCTTGAGAACCCCAGGGAATT o
s [284..324]

read 157: ATAG————- ACCCCCTTGCAACAACCTTGAGAACCCCAGG
ALIGNMENT 152

contig O: CA————- ACCCCCTTGCAACAACCTTGAGAACCCCAGGGAATTTG o
— [286..326]

read 161: CA-————— ACCCCCTTGCAACAACCTTGCGAACCCCAGGGA
ALIGNMENT 156

contig O: TTGCAACAACCTTGAGAACCCCAGGGAATTTGTCA [294..
—329](

read 165: CCCCCTTGCAACAACCTTGAGAACCCCAGGGAATT

Gene Annotation

Annotations are represented as a tree that at least contains a root node where all annotations of children or grandchil-

dren of. A typical annotation tree looks as follows:

CDS

exon

exon

CDs

mRNA
gene
mRNA
root
gene mRNA

CDS

Fig. 4.7: *Figure 4:* Annotation tree example

The following figure shows which tables represent the annotation tree:
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contigStore annotationTypeStore
contig | annotationType
contigld* typeld*
contigSeq typeName
contigGaps
contigFileld

" annotation | " annotationKey

annotationld* parentld keyld*

typeld lastChildld keyName

contigld nextSiblingld M:N

beginPos

endPos

values annotationKeyStore
annotationStore

Fig. 4.8: *Figure 5:* Stores involved in gene annotation

Traversing the Annotation Tree

The annotation tree can be traversed and accessed with the AnnotationTree Iterator. A new iterator can be created with
begin given a reference to the FragmentStore and the tag AnnotationTree:

Iterator<FragmentStore<>, AnnotationTree<> >::Type it;
it = begin(store, AnnotationTree<>());

It starts at the root node and can be moved to adjacent tree nodes with the functions goDown, goUp, and goRight.
These functions return a boolean value that indicates whether the iterator could be moved. The functions islLeaf,
isRoot, isLastChild return the same boolean without moving the iterator. With goRoot or goTo it can be moved to
the root node or an arbitrary node given its annotationld. If the iterator should not be moved but a new iterator at an
adjacent nodes is required, the functions nodeDown, nodeUp, nodeRight can be used.

The AnnotationTree iterator supports a preorder DFS traversal and therefore can also be used in typical begin-end
loops with the functions goBegin (== goRoot), goEnd, goNext, atBegin, atEnd. During a preorder DFS, the descent
into subtree can be skipped by goNextRight, or goNextUp which proceeds with the next sibling or returns to the parent
node and proceeds with the next node in preorder DFS.

Accessing the Annotation Tree

To access or modify the node an iterator points at, the iterator returns the node’s annotationld by the value function
(== operator*). With the annotationld the corresponding entry in the annotationStore could be modified manually
or by using convenience functions. The function getAnnotation returns a reference to the corresponding entry in the
annotationStore. getName and setName can be used to retrieve or change the identifier of the annotation element.
As some annotation file formats don’t give every annotation a name, the function getUniqueName returns the name
if non-empty or generates one using the type and id. The name of the parent node in the tree can be determined
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with getParentName. The name of the annotation type, e.g. ‘mRNA’ or ‘exon’, can be determined and modified with
getType and setType.

An annotation can not only reference a region of a contig but also contain additional information given as key-value
pairs. The value of a key can be retrieved or set by getValueByKey and assignValueByKeq. The values of a node can
be cleared with clearValues.

A new node can be created as first child, last child, or right sibling of the current node with createLeftChile, cre-
ateRightChild, or createSibling. All three functions return an iterator to the newly created node.

The following tables summarizes the functions provided by the AnnotationTree iterator:

Function Description
getAnnotation, value Return annotation object/id of current node
[get/set]Name, [get/set] Type Access name or type of current annotation object
clearValues, [get/set]ValueByKey Access associated values
goBegin, goEnd, atBegin, atEnd Go to or test for begin/end of DFS traversal
goNext, goNextRight, goNextUp go next, skip subtree or siblings during DFS traversal
goRoot, goUp, goDown, goRight Navigate through annotation tree
create[Left/Right]Child, createSibling | Create new annotation nodes
isRoot, isLeaf Test for root/leaf node

File /0

Reads and Contigs

To efficiently load reads, use the function loadReads which auto-detects the file format, supporting Fasta, Fastq, QSeq
and Raw (see AutoSeqFormat), and uses memory mapping to efficiently load millions of reads, their names and quality
values. If not only one but two file names are given, loadReads loads mate pairs or paired-end reads stored in two
separate files. Both files are required to contain the same number or reads and reads stored at the same line in both
files are interpreted as pairs. The function internally uses appendRead or appendMatePair and reads distributed over
multiple files can be loaded with consecutive calls of loadReads.

Contigs can be loaded with the function loadContigs. The function loads all contigs given in a single file or mul-
tiple files given a single file name or a StringSet of file names. The function has an additional boolean parameter
loadSegs to load immediately load the contig sequence or if false load the sequence later with loadContig to save
memory, given the corresponding contigId. If the contig is accessed by multiple instances/threads the functions
lockContig and unlockContig can be used to ensure that the contig is loaded and release it after use. The function
unlockAndFreeContig can be used to clear the contig sequence and save memory if the contig is not locked by any
instance.

To write all contigs to an open output stream use writeContigs.

Multiple Read Alignments

A multiple read alignment can be loaded from an open BamFileln with readRecords. Similarly, it can be written to an
open BamFileOut with writeRecords.

As SAM supports a multiple read alignment (with padding operations in the CIGAR string) but does not enforce its
use. That means that a typical SAM file represents a set of pairwise (not multiple) alignments. To convert all the
pairwise alignments into a multiple alignments of all reads, read internally calls the function convertPairWiseToGlob-
alAlignment. A prior call to loadReads is not necessary (but possible) as SAM contains the read names, sequences and
quality values. Contigs can be loaded at any time. If they are not loaded before reading a SAM file, empty sequences
are created with the names referred in the SAM file. A subsequent call of loadContigs would load the sequences of
these contigs, if they have the same identifier in the contig file.
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Annotations

A annotation file can be read from an open GffFileln or UcscFileln with readRecords. Similarly, it can be written to
an open GffFileOut with writeRecords.

The GffFileln is also able to detect and read GTF files in addition to GFF files. As the kownGene.txt and known-
Isoforms.txt files are two seperate files used by the UCSC Genome Browser, they must be read by two consecutive
calls of readRecords (first knownGene.txt then knownlsoforms.txt). An annotation can be loaded without loading the
corresponding contigs. In that case empty contigs are created in the contigStore with names given in the annonation.
A subsequent call of loadContigs would load the sequences of these contigs, if they have the same identifier in the

contig file.

Please note, that UCSC files cannot be written due to limitations of the file format.

Stores

The Fragment Store consists of the following tables:

Read Stores

Store Description Details

readStore Reads String mapping from readId to matePairId

readSeqStore | Read sequences String mapping from readIdto readSeq

matePairStore | Mate-pairs / pairs of reads | String mapping from matePairIdto <readId[2], 1libId>
libraryStore Mate-pair libraries String mapping from 1ibId to <mean, std>

Contig Stores

Store Description Details
contig- Contig sequences with gaps String that maps from contigIdto <contigSeq,
Store contigGaps, contigFileId>
contig- Stores information how to load String that maps from contigFileId to <fileName,
FileStore contigs on-demand firstContigId>

Read Alignment Stores
Store Description Details
aligne- Alignments of reads String that stores <alignId, readId, contigId,
dReadStore against contigs pairMatchId, beginPos, endPos, gaps>
aligne- Additional alignment String that maps from alignIdto alignTag
dReadTag- tags (used in SAM)
Store
alignQuali- Mapping quality of read | String that maps from alignIdto <pairScore, score,
tyStore alignments errors>
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Annotation Stores

Store Description Details

annota- | Annotations of | String that maps from annoIdto <contigId, typeld, beginPos,
tion- contig regions endPos, parentId, lastChildId, nextSiblingId, values>
Store

Name Stores

annotationNameStore | Annotation names String that maps from annoId to annoName
readNameStore Read identifiers (Fasta ID) String that maps from readId to readName
contigNameStore Contig identifiers (Fasta ID) | String that maps from contigIdto contigName
matePairNameStore Mate-pair identifiers String that maps from contigId to cont igName
libraryNameStore Mate-pair library identifiers | String that maps from 1ibId to 1ibName

In this tutorial we will explain the GenomeAnnotation store and the FragmentStore. Both are very comprehensive and
feature rich data structures that come with many advantages when dealing with annotation trees or read alignments.
However, these are more advanced topics and rather aimed for more experienced SeqAn users.

ToC

Contents

* Graphs
— Overview
Graph Basics
* Assignment [

* Assignment 2

* Assignment 3
Property Maps
Graph Iterators

x Assignment 4

Graphs

Learning Objective This tutorial shows how to use graphs in SeqAn and their functionality.
Difficulty Average
Duration 1 h

Prerequisites Sequences, Alignment, Pairwise Sequence Alignment

Overview

A graph in computer science is an ordered pair G = (V, E) of a set of vertices V and a set of edges E. SeqAn provides
different types of graphs and the most well-known graph algorithms as well as some specialized alignment graph
algorithms. In this part of the tutorial, we demonstrate how to construct a graph in SeqAn and show the usage of some
algorithms. Alignment graphs are described in the tutorial Alignment.
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Let us follow a simple example. We have given the following network of five cities and in this network we want to
compute the shortest path from Hannover to any other city.

In the section Graph Basics, we will create the network and write the graph to a .dot file. The section Property Maps
assigns city names to the vertices and Graph Iterators demonstrates the usage of a vertex iterator.

After having worked through these sections you should be familiar with the general usage of graphs in SeqAn. You are
then prepared to proceed with Graph Algorithms, where we will compute the shortest path by calling a single function.

Graph Basics

The general header file for all types of graphs is <segan/graph_types.h>. It comprises the Graph class, its
specializations, every function for basic graph operations and different iterators. Later, for computing the shortest path
we will also need <segan/graph_algorithms.h> which includes the implementations of most of SeqAn’s
graph algorithms.

#include <iostream>

#include <segan/graph_types.h>
#include <segan/graph_algorithms.h>
using namespace segan;

We want to model the network of cities as an undirected graph and label the edges with distances. Before we start
creating edges and vertices, we need some typedefs to specify the graph type.

SeqAn offers different specializations of the class Graph: Undirected Graph, DirectedGraph, Tree, Word Graph,
Automaton, HmmGraph, and Alignment Graph. For our example, an undirected graph will be sufficient, so we define
our own graph type TGraph with the specialization Undirected Graph of the class Graph. Luckily, this specialization
has an optional cargo template argument, which attaches any kind of object to the edges of the graph. This enables us
to store the distances between the cities, our edge labels, using the cargo type TCargo defined as unsigned int.
Using the cargo argument, we have to provide a distance when adding an edge. And when we remove an edge we also
remove the distance.

int main ()

{
typedef unsigned int TCargo;
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typedef Graph<Undirected<TCargo> > TGraph;
typedef VertexDescriptor<TGraph>::Type TVertexDescriptor;

Each vertex and each edge in a graph is identified by a so-called descriptor. The type of the descriptors is returned by
the metafunction VertexDescriptor. In our example, we define a type TVertexDescriptor by calling VertexDe-
scriptor on our graph type. Analogously, there is the metafunction EdgeDescriptor for edge descriptors.

‘We can now create the graph g of our type TGraph.

TGraph g;

For our example, we add five vertices for the five cities, and six edges connecting the cities.

Vertices can be added to g by a call to the function addVertex. The function returns the descriptor of the created vertex.
These descriptors are needed to add the edges afterwards.

TVertexDescriptor vertBerlin = addVertex(qg);
TVertexDescriptor vertHamburg = addVertex(g);
TVertexDescriptor vertHannover = addVertex(g);
TVertexDescriptor vertMainz = addVertex(qg);
TVertexDescriptor vertMuenchen = addVertex(g);

The function addEdge adds an edge to the graph. The arguments of this function are the graph to which the edge is
added, the vertices that it connects, and the cargo (which is in our case the distance between the two cities).

addEdge (g, vertBerlin, vertHamburg, 289);
addEdge (g, vertBerlin, vertHannover, 286);
addEdge (g, vertBerlin, vertMainz, 573);
addEdge (g, vertBerlin, vertMuenchen, 586);
addEdge (g, vertHannover, vertMuenchen, 572);
addEdge (g, vertHamburg, vertMainz, 521);

Once we have created the graph we may want to have a look at it. SeqAn offers the possibility to write a graph to a
dot file. With a tool like Graphviz you can then visualize the graph.

The only thing that we have to do is to call the function write on a file stream with the tag DotDrawing () and pass
over our graph g.

std::ofstream dotFile ("graph.dot");
writeRecords (dotFile, g, DotDrawing());
dotFile.close();

After executing this example, there should be a file graph . dot in your directory.

Alternatively, you can use the standard output to print the graph to the screen:

std::cout << g << '\n';

Assignment 1

Type Review

Objective Copy the code from above and adjust it such that a road trip from Berlin via Hamburg and Hannover to
Munich is simulated.

Hints Use directed Edges

Solution Click more... to see the solution.
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#include <iostream>

#include <segan/graph_types.h>
#include <segan/graph_algorithms.h>
using namespace segan;

int main ()
{
typedef unsigned int TCargo;
typedef Graph<Directed<TCargo> > TGraph;
typedef VertexDescriptor<TGraph>::Type TVertexDescriptor;

TGraph g;

TVertexDescriptor vertBerlin = addVertex(qg);
TVertexDescriptor vertHamburg = addVertex(g);
TVertexDescriptor vertHannover = addVertex(qg);
TVertexDescriptor vertMuenchen = addVertex (qg)

4
addEdge (g, vertBerlin, vertHamburg, 289u);
addEdge (g, vertHamburg, vertHannover, 289u);

addEdge (g, vertHannover, vertMuenchen, 572u);

std: :ofstream dotFile ("graph.dot");
writeRecords (dotFile, g, DotDrawing());

dotFile.close();
std::cout << g << std::endl;

return O;

The output is the following:

Adjacency list:

0o -—> 1,

1 > 2,

2 -> 3,

3 —>

Edge list:

Source: 0,Target: 1 (Id: 0)
Source: 1,Target: 2 (Id: 1)
Source: 2,Target: 3 (Id: 2)

Assignment 2

Type Application
Objective Write a program which creates a directed graph with the following edges:

(1,0), (0,4), (2,1), (4,1), (5,1), (6,2), (3,2), (2,3), (7,3), (5.4), (6,5), (5,6), (7,6), (7,7)

Use the function addEdges instead of adding each edge separately. Output the graph to the screen.
Solution Click more... to see the solution.

We first have to include the corresponding header file for graphs. Instead of <segan/graph_types.h>, we
can also include <segan/graph_algorithms.h> as it already includes <segan/graph_types.h>
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#include <iostream>
#include <segan/graph_algorithms.h>
using namespace sedgan;

This time we define a DirectedGraph without cargo at the edges.

int main ()

{
typedef Graph<Directed<> > TGraph;
typedef VertexDescriptor<TGraph>::Type TVertexDescriptor;
typedef Size<TGraph>::Type TSize;

The function addEdges takes as parameters an array of vertex descriptors and the number of edges. The array

of vertex descriptors is sorted in the way predecessorl, successorl, predecessor2, successor2, ...

TSize numEdges = 14;
TVertexDescriptor edges[] = {1,0, 0,4, 2,1, 4,1, 5,1, 6,2, 3,2, 2,3,
-~ 6,5, 5,6, 7,6, 7,7};
TGraph g;
addEdges (g, edges, numEdges) ;
std::cout << g << std::endl;
The screen output of the graph consists of an adjacency list for the vertices and an edge list:
Adjacency list:
0 —> 4,
1 -> 0,
2 -> 3,1,
3 —> 2,
4 -> 1,
5 ->6,4,1,
6 —> 5,2,
7 ->7,6,3,
Edge list:
Source: 0,Target: 4 (Id: 1)
Source: 1,Target: 0 (Id: 0)
Source: 2,Target: 3 (Id: 7)
Source: 2,Target: 1 (Id: 2)
Source: 3,Target: 2 (Id: 6)
Source: 4,Target: 1 (Id: 3)
Source: 5,Target: 6 (Id: 11)
Source: 5,Target: 4 (Id: 9)
Source: 5,Target: 1 (Id: 4)
Source: 6,Target: 5 (Id: 10)
Source: 6,Target: 2 (Id: 5)
Source: 7,Target: 7 (Id: 13)
Source: 7,Target: 6 (Id: 12)
Source: 7,Target: 3 (Id: 8)

Assignment 3

Type Transfer
Objective Write a program which defines an HMM for DNA sequences:

¢ Define an exon, splice, and intron state.
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» Sequences always start in the exon state. The probability to stay in an exon or intron state is 0.9. There is
exactly one switch from exon to intron. Between the switch from exon to intron state, the HMM generates
exactly one letter in the splice state. The sequence ends in the intron state with a probability of 0.1.

» Consider to use the type LogProb for the transition probabilities.
* Output the HMM to the screen.
¢ Use the follwing emission probabilities.

A C G T
exon state 0.25 | 0.25 | 0.25 | 0.25
splice state | 0.05 | 0.0 | 0.95 | 0.0
intron state | 0.4 0.1 0.1 04

Solution The program starts with the inclusion of <segan/graph_algorithms.h>. In this example you could
include <segan/graph_types.h> instead of the algorithms header file. However, it is likely that if you
define a graph, you will call a graph algorithm as well.

#include <iostream>
#include <segan/graph_algorithms.h>

using namespace segan;

Next, we define our types. The most interesting type here is THmm. It is a Graph with the specialization
HmmGraph. The specialization takes itself three template arguments: the alphabet of the sequence that the
HMM generates, the type of the transitions, and again a specialization. In our case, we define the transitions
to be the logarithm of the probilities (LogProb) and hereby simplify multiplications to summations. For the
specialization we explicitly use the Default tag. The default tag can always be omitted but it shows the
possibility of further specialization.

int main ()
{
typedef LogProb<> TProbability;
typedef Dna TAlphabet;
typedef Size<TAlphabet>::Type TSize;
typedef Graph<Hmm<TAlphabet, TProbability, Default> > THmm;
typedef VertexDescriptor<THmm>::Type TVertexDescriptor;

After that, we define some variables, especially one of our type THmm.

Dna dnaA = Dna
Dna dnaC = Dna
Dna dnaG = Dna
Dna dnaT = Dna

THmm hmm;

Now we can start with defining the states. States are represented by the vertices of the HMM-specialized graph.

The initial and terminating states of an HMM in SeqAn are always silent, i.e. they do not generate characters.
That is why we have to define an extra begin state and tell the program that this is the initial state of the HMM.
The latter is done by calling the function assignBeginState.

TVertexDescriptor begState = addVertex (hmm) ;
assignBeginState (hmm, begState);

For our three main states we also add a vertex to the HMM with add Vertex. Additionally, we assign the emission
probabilities for all possible characters of our alphabet using emissionProbability.

4.2. Data Structures 159


http://docs.seqan.de/seqan/2.2.0/?p=LogProb
http://docs.seqan.de/seqan/2.2.0/?p=Graph
http://docs.seqan.de/seqan/2.2.0/?p=HmmGraph
http://docs.seqan.de/seqan/2.2.0/?p=LogProb
http://docs.seqan.de/seqan/2.2.0/?p=HmmGraph#assignBeginState
http://docs.seqan.de/seqan/2.2.0/?p=Graph#addVertex
http://docs.seqan.de/seqan/2.2.0/?p=HmmGraph#emissionProbability

SegAn Manual, Release 2.2.0

TVertexDescriptor exonState = addVertex (hmm) ;
emissionProbability (hmm, exonState, dnaA) = 0.25;
emissionProbability (hmm, exonState, dnaC) = 0.25;
emissionProbability (hmm, exonState, dnaG) = 0.25;
emissionProbability (hmm, exonState, dnaT) = 0.25;
TVertexDescriptor spliceState = addVertex (hmm);
emissionProbability (hmm, spliceState, dnaA) = 0.05;
emissionProbability (hmm, spliceState, dnaC) = 0.0;
emissionProbability (hmm, spliceState, dnaG) = 0.95;
emissionProbability (hmm, spliceState, dnaT) = 0.0;
TVertexDescriptor intronState = addVertex (hmm);
emissionProbability (hmm, intronState, dnah) 0.4;
emissionProbability (hmm, intronState, dnaC) = 0.1;
emissionProbability (hmm, intronState, dnaG) = 0.1;
emissionProbability (hmm, intronState, dnaT) = 0.4;

Finally, we need to define the end state and call assignEndState.
TVertexDescriptor endState = addVertex (hmm) ;
assignEndState (hmm, endState);

For the HMM, only the transition probabilities are still missing. A transition is represented by an edge of our
HMM graph type. The cargo on these edges correspond to the transition probabilities.

Since the sequences always start with an exon, we set the transition probability from the begin state to the exon
state to 1.0 calling the already well-known function addEdge. And also the other transitions can be defined in
the same way.

addEdge (hmm, begState, exonState, 1.0);
addEdge (hmm, exonState, exonState, 0.9);
addEdge (hmm, exonState, spliceState, 0.1);
addEdge (hmm, spliceState, intronState, 1.0);
addEdge (hmm, intronState, intronState, 0.9);
addEdge (hmm, intronState, endState, 0.1);

To check the HMM we can simply output it to the screen:

std::cout << hmm << std::endl;

This should yield the following:

Alphabet:

{Ar,C,G, T}

States:

{0 (Silent),1,2,3,4 (Silent)}
Begin state: 0

End state: 4

Transition probabilities:

0 ->1 (1)

1 ->2 (0.1) ,1 (0.9)
2 => 3 (1)

3 ->4 (0.1) ,3 (0.9)
4 —>

Emission probabilities:
1: A (0.25) ,C (0.25) ,G (0.25) ,T (0.25)
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Property Maps

So far, the vertices in our graph can only be distinguished by their vertex descriptor. We will now see how to associate
the city names with the vertices.

SeqAn uses Property Maps to attach auxiliary information to the vertices and edges of a graph. The cargo parameter
that we used above associated distances to the edges. In most scenarios you should use an external property map to
attach information to a graph. Be aware that the word external is a hint that the information is stored independently
of the graph and functions like removeVertex do not affect the property map. Property maps are simply Strings of a
property type and are indexed via the already well-known vertex and edge descriptors.

Lets see how we can define a vertex property map for the city names. Our property type is a String of a city name,
more explicitly a char string. The vertex property map should hold several names so we define a String of Strings.
Now, we only have to create and resize this map so that it can hold information on all vertices.

typedef String<char> TCityName;
typedef String<TCityName> TProperties;
TProperties cityNames;

resizeVertexMap (cityNames, g);

Next, we can enter the city names for each vertex. Note that this is completely independent from our graph object g.

assignProperty (cityNames, vertBerlin, "Berlin");
assignProperty (cityNames, vertHamburg, "Hamburg");
assignProperty (cityNames, vertMuenchen, "Munich");
assignProperty (cityNames, vertMainz, "Mainz");
assignProperty (cityNames, vertHannover, "Hannover");

If we now want to output all vertices including their associated information we can iterate through the graph and use
the iterators value to access the information in the property map.

Graph lterators

Let us have a quick look at iterators for graph types. SeqAn provides six different specializations for graph iterators:
Vertex Iterator, Adjacency Iterator, Dfs Preorder Iterator, and Bfs Iterator for traversing vertices, and Edge Iterator
and Out-edge Iterator for traversing edges. Except for the Vertex Iterator and the Edge Iterator who only depend on
the graph, all other graph iterators depend additionally on a specified edge or vertex.

To output all vertices of our graph in an arbitrary order, we can define an iterator of the specialization Vertex Iterator
and determine its type with the metafunction Iterator. The functions atEnd and goNext also work for graph iterators
as for all other iterators in SeqAn.

The value of any type of vertex iterator is the vertex descriptor. To print out all city names we have to call the function
getProperty on our property map cityNames with the corresponding vertex descriptor that is returned by the value
function.

typedef Iterator<TGraph, VertexIterator>::Type TVertexIterator;
TVertexIterator itV (g);
for (; 'atEnd(itV); goNext (itV))
{
std::cout << wvalue (itV) << ':' << getProperty(cityNames, value (itV)) <<
—std::endl;
}
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The output of this piece of code should look as follows:

Sw N PO

:Berlin
:Hamburg
:Hannover
:Mainz
:Munich

Assignment 4

Type Application

Objective Add a vertex map to the program from assignment 2:

Hint

1. The map shall assign a lower-case letter to each of the seven vertices. Find a way to assign the properties
to all vertices at once in a single function call (without using the function assignProperty for each vertex
separately).

2. Show that the graph is not connected by iterating through the graph in depth-first-search ordering. Output
the properties of the reached vertices.

» Use an array and the function assignVertexMap to assign all properties at once.

» Use the DFS Iterator for depth-first-search ordering.

Solution Our aim is to assign all properties at once to the vertices. Therefore, we create an array containing all the

properties, the letters ‘a’ through ‘A’.

The function assignVertexMap does not only resize the vertex map (as resize VertexMap does) but also initializes
it. If we specify the optional parameter prop, the values from the array prop are assigned to the items in the
property map.

String<char> nameMap;
char names[] = {'a', lbl, 'C', le’ Yel’ va, lg!, lhv};
assignVertexMap (nameMap, g, names);

To iterate through the graph in depth-first-search ordering we have to define an Iterator with the specialization
DfsPreorderlterator.

The vertex descriptor of the first vertex is 0 and we choose this vertex as a starting point for the depth-first-search
through our graph g with the iterator df sIt:

TVertexDescriptor start = 0;
typedef Iterator<TGraph, DfsPreorder>::Type TDfsIterator;
TDfsIterator dfsIt (g, start);

std::cout << "Iterate from '" << getProperty(nameMap, start) << "' in depth-
—first-search ordering: ";
while (!atEnd(dfsIt))
{
std::cout << getProperty (nameMap, getValue (dfsIt)) << ", ";
goNext (dfsIt);
}

std::cout << std::endl;
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For the chosen starting point, only two other vertices can be reached:

Iterate from 'a' in depth-first-search ordering: a, e, b,

ToC

Contents

o Seeds

— The Seed Class
* Assignment |

Seeds

Learning Objective In this tutorial, you will learn about the seeds-related SeqAn class.
Difficulty Basic

Duration 15 min

Prerequisites Sequences

Many efficient heuristics to find high scoring, but inexact, local alignments between two sequences start with small
exact (or at least highly similar) segments, so called seeds and extend or combine them to get larger highly similar
regions. Probably the most prominent tool of this kind is BLAST [AGM+90], but there are many other examples like
FASTA [Pea90] or LAGAN [BDC+03]. You will learn seed-and-extend and many applications including local and
global chianing in Seed Extension.

SeqAn’s header file for all data structures and functions related to two-dimensional seeds is <segan/seeds.h>.
The Seed Class

seqH

N
N

seqV

AN

The Seed class allows to store seeds. Seeds have a begin and end position in each sequence. Often, two or more close
seeds are combined into a larger seed, possibly causing a shift in horizontal or vertical direction between the begin
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position of the upper left seed and the end position of the lower right seed. For this reason, the Seed class also stores
an upper and a lower diagonal to reflect the expansion between those shifted seeds.

The image to the right shows an example where three smaller seeds (black diagonals) were combined (or “chained
locally”) into one larger seed (green area).

The Simple Seed specialization only stores the begin and end positions of the seed (left-uppermost and right-lowermost
corners of green surface) in both sequences and the upper and lower diagonal. The initial diagonals are not stored. The
ChainedSeed specialization additionally stores these information. In most cases, the Simple Seed class is sufficient
since the best alignment around the seeds has to be determined using a banded alignment algorithm of the seed infixes
anyway.

You can get/set the begin and end position in the horizontal/vertical sequences using the functions beginPositionH,
beginPositionV, setBeginPositionH, and setBeginPositionV. The band information can be queried and updated using
lowerDiagonal, upperDiagonal, setLowerDiagonal, and setUpperDiagonal. Note, we use the capital letters ‘H’ and ‘V’
to indicate horizontal direction and vertical direction, respectively, while the subject sequence is always considered
as the horizontal sequence and the query as the vertical sequence in the context of sequence alignments.

The following program gives an example of creating seeds as well as setting and reading properties.

// Default-construct seed.
Seed<Simple> seedl;
std::cout << "seedl\n"

<< "beginPositionH == " << beginPositionH(seedl) << "\n"
<< "endPositionH == " << endPositionH(seedl) << "\n"

<< "beginPositionV == " << beginPositionV(seedl) << "\n"
<< "endPositionV == " << endPositionV(seedl) << "\n"

<< "lowerDiagonal == " << lowerDiagonal (seedl) << "\n"

<< "upperDiagonal == " << upperDiagonal (seedl) << "\n\n";

// Construct seed with begin and end position in both sequences.
Seed<Simple> seed2 (3, 10, 7, 14);

setUpperDiagonal (seed2, -7);
setLowerDiagonal (seed2, -9);
std::cout << "seed2\n"

<< "beginPositionH == " << beginPositionH (seed2) << "\n"
<< "endPositionH == " << endPositionH(seed2) << "\n"

<< "beginPositionV == " << beginPositionV(seed2) << "\n"
<< "endPositionV == " << endPositionV(seed2) << "\n"

<< "lowerDiagonal == " << lowerDiagonal (seed2) << "\n"

<< "upperDiagonal == " << upperDiagonal (seed2) << "\n\n";

The output to the console is as follows.

seedl
beginPositionH ==
endPositionH ==
beginPositionV ==
endPositionV ==
lowerDiagonal ==
upperDiagonal == 0

seed?2

beginPositionH ==
endPositionH ==
beginPositionV == 10
endPositionV == 14
lowerDiagonal == -9
upperDiagonal == -7

164 Chapter 4. API Documentation



http://docs.seqan.de/seqan/2.2.0/?p=Seed
http://docs.seqan.de/seqan/2.2.0/?p=SimpleSeed
http://docs.seqan.de/seqan/2.2.0/?p=ChainedSeed
http://docs.seqan.de/seqan/2.2.0/?p=SimpleSeed
http://docs.seqan.de/seqan/2.2.0/?p=Seed#beginPositionH
http://docs.seqan.de/seqan/2.2.0/?p=Seed#beginPositionV
http://docs.seqan.de/seqan/2.2.0/?p=Seed#setBeginPositionH
http://docs.seqan.de/seqan/2.2.0/?p=Seed#setBeginPositionV
http://docs.seqan.de/seqan/2.2.0/?p=Seed#lowerDiagonal
http://docs.seqan.de/seqan/2.2.0/?p=Seed#upperDiagonal
http://docs.seqan.de/seqan/2.2.0/?p=Seed#setLowerDiagonal
http://docs.seqan.de/seqan/2.2.0/?p=Seed#setUpperDiagonal

SegAn Manual, Release 2.2.0

Assignment 1

Type Review

Objective Extend the program above such that seedl is updated from seed2 and all members (begin positions,
end positions, diagonals) are equal to the corresponding member of seed times two. For example, the lower
diagonal of seed2 should be 2 %« lowerDiagonal (seedl).

Solution

#include <segan/stream.h>
#include <segan/seeds.h>
#include <segan/sequence.h>

using namespace segan;

int main ()

{
// Default-construct seed.
Seed<Simple> seedl;

// Construct seed with begin and end position in both sequences.
Seed<Simple> seed2 (3, 10, 7, 14);

setUpperDiagonal (seed2, -7);
setLowerDiagonal (seed2, -9);

// Update seedl.

setBeginPositionH (seedl, 2 * beginPositionH (seed2));
setEndPositionH (seedl, 2 * endPositionH (seed2));
setBeginPositionV(seedl, 2 * beginPositionV (seed2));
setEndPositionV (seedl, 2 * endPositionV (seed2));
setLowerDiagonal (seedl, 2 * lowerDiagonal (seed2));
setUpperDiagonal (seedl, 2 * upperDiagonal (seed2));

// Print resulting seedl.
std::cout << "seedl\n"

<< "beginPositionH == " << beginPositionH (seedl) << "\n"
<< "endPositionH == " << endPositionH (seedl) << "\n"

<< "beginPositionV == " << beginPositionV(seedl) << "\n"
<< "endPositionV == " << endPositionV(seedl) << "\n"

<< "lowerDiagonal == " << lowerDiagonal (seedl) << "\n"

<< "upperDiagonal == " << upperDiagonal (seedl) << "\n\n";

return O;

ToC
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Modifiers

Learning Objective In this tutorial you will learn how to modify the elements of a container without copying them
using SeqAn modifiers. You will learn about the different specializations and how to work with them.

Difficulty Basic
Duration 20 min

Prerequisites A First Example, Sequences

Overview

Modifiers give a different view to other classes. They can be used to change the elements of a container without
touching them. For example, someone gave you an algorithm that works on two arbitrary String objects, but you want
to use it for the special pair of a string and its reverse (left-to-right mirror). The classical approach would be to make
a copy of the one string, where all elements are mirrored from left to right and call the algorithm with both strings.
With modifiers, e.g. a ModifiedString, you can create the reverse in (1) extra memory without copying the original
string. This can be handy if the original sequence is large.

Modifiers implement a certain concept (e.g. ContainerConcept, Iterator, ...) or class interface (String, ...) and thus can
be used as such. The mirror modifier is already part of SeqAn and implements the class interface of String and can be
used in every algorithm that works on strings.

The Modified String

The ModifiedString is a modifier that implements the String interface and thus can be used like a String. It has two
template parameters. The first one specifies a sequence type (e.g. String, Segment, ...) and the second one specifies
the modifiers behavior. That can be ModReverseString for mirroring a string left to right or ModViewModifiedString
for applying a function to every single character (like ‘C’->’G’, ‘A’->"T", ...).

ModReverse

We begin with the specialization ModReverseString from the example above. Now we have a given string:

#include <iostream>
#include <segan/stream.h>
#include <segan/modifier.h>

using namespace segan;

int main()

{

String<char> myString = "A man, a plan, a canal-Panama";

and want to get the reverse. So we need a ModifiedString specialized with St ring<char> and ModReverseString.
We create the modifier and link it with myString:

ModifiedString<String<char>, ModReverse> myModifier (myString);

The result is:
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std::cout << myString << std::endl;
std::cout << myModifier << std::endl;

A man, a plan, a canal-Panama
amanaP-lanac a ,nalp a ,nam A

To verify that we didn’t copy myString, we replace an infix of the original string and see that, as a side effect, the
modified string has also changed:

replace (myString, 9, 9, "master ");
std::cout << myString << std::endl;
std::cout << myModifier << std::endl;

return 0O;

A man, a master plan, a canal-Panama
amanaP-lanac a ,nalp retsam a ,nam A

ModView

Another specialization of the ModifiedString is the ModViewModifiedString modifier. Assume we need all characters
of myString to be in upper case without copying myString. In SeqAn you first create a functor (a STL unary
function) which converts a character to its upper-case character.

struct MyFunctor
public std::unary_function<char, char>

inline char operator () (char x) const
{
if (('a' <= x) && (x <= "z"))

return x + ('A' - 'a');

return x;

}i

and then create a ModifiedString specialized with ModView<MyFunctor>:

String<char> myString = "A man, a plan, a canal-Panama";
ModifiedString<String<char>, ModView<MyFunctor> > myModifier (myString);

The result is:

std::cout << myString << std::endl;
std::cout << myModifier << std::endl;

A man, a plan, a canal-Panama
A MAN, A PLAN, A CANAL-PANAMA

The upper-case functor and some other predefined functors are part of SeqAn (in segan/modifier/
modifier_functors.h)already. The following functors can be used as an argument of ModViewModifiedString:

FunctorUpcase<TValue> Converts each character of type TValue to its upper-case character
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FunctorLowcase<TValue> Converts each character to type TValue to its lower-case character
FunctorComplement<Dna> Converts each nucleotide to its complementary nucleotide
FunctorComplement<Dna5> The same for the Dna5 alphabet

FunctorConvert<TInValue, TOutValue> Converts the type of each character from TInValue to
TOutValue

So instead of defining your own functor we could have used a predefined one:

ModifiedString< String<char>, ModView<FunctorUpcase<char> > >
—myPredefinedModifier (myString);

Assignment 1

Type Review
Objective

In this assignment you will create a modifier using your own functor. Assume you have given two
Dna sequences as strings as given in the code example below. Let’s assume you know that in one of
your Dna sequences a few ‘C’ nucleotides are converted into ‘T’ nucleotides, but you still want to
compare the sequence. Extend the code example as follows:

1. Write a functor which converts all ‘C’ nucleotides to ‘T’ nucleotides.
2. Define a ModifiedString with the specialization ModViewModifiedString using this functor.

3. Now you can modify both sequences to compare them, treating all ‘Cs’ as ‘Ts’. Print the results.

#include <iostream>
#include <segan/stream.h>
#include <segan/modifier.h>

using namespace segan;
int main ()
{

typedef String<Dna> TSequence;

TSequence segl = "CCCGGCATCATCC";
TSequence seg2 = "CTTGGCATTATTC";

std::cout << segl << std::endl;
std::cout << seqg2 << std::endl;

std::cout << std::endl;

return O;

Solution

#include <iostream>
#include <segan/stream.h>
#include <segan/modifier.h>

using namespace sedgan;

struct ConvertCT
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return x;

int main ()

TSequence
TSequence

seql
seqg?2

std::cout

std: :cout
std::cout

return O;

public std::unary_function<Dna,

inline Dna operator () (Dna x)

typedef ModifiedString<TSequence,
TModCT modCT1 (seql) ;
TModCT modCT2 (seqg2) ;

std::cout << modCTl << std:
std::cout << modCT2 << std

Dna>

const

return 'T';

typedef String<Dna> TSequence;

"CCCGGCATCATCC";
"CTTGGCATTATTC";

<< seqgl << std::endl;
<< seqg2 << std::endl;
<< std::endl;

ModView<ConvertCT> > TModCT;

cendl;
::endl;

CCCGGCATCATCC
CTTGGCATTATTC

TTTGGTATTATTT
TTTGGTATTATTT

For some commonly used modifi

ers you can use the following shortcuts:

Shortcut Substitution
ModComplementDna ModView<FunctorComplement<Dna> >
ModComplementDnab ModView<FunctorComplement<Dnab> >

DnaStringComplement

ModifiedString<DnaString, ModComplementDna>

DnabSStringComplement | ModifiedString<DnabString, ModComplementDnab>
DnaStringReverse ModifiedString<DnaString, ModReverse>
DnaS5StringReverse ModifiedString<DnabString, ModReverse>

DnaStringReverseCompl

eMedt fiedString<ModifiedString<DnaString,
ModComplementDna>, ModReverse>

Dna5StringReverseComp

1 dodntfiedString<ModifiedString<Dna5String,
ModComplementDnab>, ModReverse>
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The Modified Iterator

We have seen how a ModifiedString can be used to modify strings without touching or copying original data. The
same can be done with iterators. The ModifiedIterator implements the Iterator concept and thus can be used in every
algorithm or data structure that expects an iterator. In fact, we have already used the ModifiedIterator unknowingly
in the examples above, as in our cases the ModifiedString returns a corresponding ModifiedlIterator via the Iterator
meta-function. The main work is done in the ModifiedIterator, whereas the ModifiedString only overloads the begin
and end. Normally, you are going to use the ModifiedString and maybe the result of its Iterator meta-function instead
of a ModifiedIterator directly.

Nested Modifiers

As modifiers implement a certain concept and depend on classes of this concept, two modifiers can be chained to
create a new modifier. We have seen how the ModifiedString specialized with ModReverseString and ModViewModi-
fiedString can be used. Now we want to combine them to create a modifier for the reverse complement of a DnaString
We begin with the original string:

’ String<Dna> myString = "attacgg"; ‘

Then we define the modifier that complements a DnaString:

’ typedef ModifiedString<String<Dna>, ModComplementDna> TMyComplement; ‘

This modifier now should be reversed from left to right:

’ typedef ModifiedString<TMyComplement, ModReverse> TMyReverseComplement; ‘

The original string can be given to the constructor.

’ TMyReverseComplement myReverseComplement (myString); ‘

The result is:

std::cout << myString << '\n';
std::cout << myReverseComplement << '\n';

replace (myString, 1, 1, "cgt");

std::cout << myString << '\n';
std::cout << myReverseComplement << '\n';

ATTACGG
CCGTAAT
ACGTTTACGG
CCGTAAACGT

Using a predefined shortcut, the whole example could be reduced to:

’ std::cout << DnaStringReverseComplement (myString) << std::endl;

ToC
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— Simultaneously Searching Multiple Sequences
* Assignment [

Journaled String Tree

Learning Objective This tutorial introduces you to the new data structure Journaled String Tree. You will learn
how to use this data structure and how to exploit it for an efficient analysis while searching multiple sequences
simultaneously.

Difficulty Average
Duration 45 min
Prerequisites Sequences, String Sets

A typical task in bioinformatics is to find patterns in biological sequences e.g. transcription factors, or to examine
different biological traits and the effects of modifications on such traits. With the current advances in sequencing
technologies, sequences of whole populations have been made available. But the time for searching in all these
sequences is proportional to the number of sequences searched. That’s why it is important to find novel strategies to
cope with the deluge of sequencing data. Since, many biological problems often involve the analysis of sequences of
the same species, one effective strategy would be to exploit the similarities of such sequences.

For this special purpose we will introduce you to two data structures that are designed to improve these algorithmic
tasks. The first one is the JournaledString and the second is the JournaledStringTree.

Journaled String

The JournaledString data structure behaves like a normal String in SeqAn, except that it is composed of two data
structures.

1. The first data structure is a Holder which stores a sequence.

2. The second data structure stores modifications that are made to this particular sequence using a journal (see
Journaling Filesystems for more information). This journal contains a list of deletions and insertions. The
inserted characters are stored in an additional insertion buffer.

The advantage of this data structure lies in representing a String as a “patch” to another String. The journaled data
structure can be modified without loosing the original context. We want to show you how to work with these data
structures so you can build your own algorithms based on this.

First, we show you how to work with the Journaled String so you can learn the basic principles. To get access to the
Journaled String implementation you have to include the <segan/sequence_journaled.h> header file. Note
that you will need the <segan/stream.h> too in order to print the sequences.

#include <segan/stream.h>
#include <segan/sequence_journaled.h>

using namespace sedgan;

int main ()

{
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In the next step we define the Journaled String type. A Journaled String is a specialization of the String class and
is defined as String<TValue, Journaled<THostSpec, TJournalSpec, TBufferSpec> >. The
specialization takes two parameters: (1) TValue defines the alphabet type used for the Journaled String and (2)
Journaled<> selects the Journaled String specialization of the String class.

Journaled<> is further specialized with

* THostSpec selects the specialization of the underlying host sequence (A11oc<> for [dox:AllocString Alloc
String),

* TJournaleSpec selects the used implementation to manage the journaled differences (here:
SortedArray), and

* TBufferSpec selects the used specialization for the internally managed insertion buffer (here: A1loc<> as
well).

In our scenario we use a char alphabet and [dox:AllocString Alloc String for the host string and the insertion buffer.
Additionally, we use a Sorted Array as the model to manage the recorded differences.

We use the metafunction Host to get the type of the underlying host string used for the Journaled String.

typedef String<char, Journaled<Alloc<>, SortedArray, Alloc<> > > TJournaledString;
typedef Host<TJournaledString>::Type THost;

Now we can define the variables holding data structures. First, we construct our host sequence and after that we
construct the Journaled String. Then, we set the host sequence using the function setHost. Afterwards, we examine
the data structure in more detail and print the host sequence the constructed journaled sequence and the nodes of it.

THost hostStr = "thisisahostsequence";
TJournaledString journalStr;
setHost (journalStr, hostStr);

std::cout << "After creating the Journaled String:" << std::endl;
std::cout << "Host: " << host(journalStr) << std::endl;

std::cout << "Journal: " << journalStr << std::endl;

std::cout << "Nodes: " << journalStr._journalEntries << std::endl;

std::cout << std::endl;

Tip: The Journal

A node in the Journaled String represents either a part of the host sequence or a part of the insertion buffer. The type
of a node is distinguished by the member variable segmentSource and can be of value SOURCE_ORIGINAL to refere
to a part in the host or SOURCE_PATCH to refere to a part in the insertion buffer. A node further consists of three
variables which specify the virtual position, the physical position and the length of this part. The virtual position
gives the relative position of the Journaled String after all modifications before this position have been “virtually”
applied. The physical position gives the absolute position where this part of the journal maps to either the host
sequence or the insertion buffer.

This is followed by modifying our Journaled String. We insert the string "modified" at position 7 and delete the
suffix "sequence™" at position 1 9. Note that position 19 refers to the string after the insertion of "modified" at
position 7. Again we print the host, the journaled sequence and the nodes that represent the modifications to see how
our changes affect the host and the journaled sequence.

insert (journalStr, 7, "modified");
erase (journalStr, 19, 27);

std::cout << "After modifying the Journaled String:" << std::endl;
std::cout << "Host: " << host(journalStr) << std::endl;
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std::cout << "Journal: " << journalStr << std::endl;
std::cout << "Nodes: " << journalStr._journalEntries << std::endl;
std::cout << std::endl;

All of this is followed by calling flatten on our journeld string. This call applies all journaled changes to the host
sequence. Again we print the sequences to see the effects.

flatten(journalStr);
std::cout << "After flatten the Journaled String:" << std::endl;

std::cout << "Host: " << host(journalStr) << std::endl;
std::cout << "Journal: " << journalStr << std::endl;
std::cout << "Nodes: " << journalStr._journalEntries << std::endl;

return 0O;

Here is the output of our small program.

After creating the Journaled String:

Host: thisisahostsequence

Journal: thisisahostsequence

Nodes: JournalEntries ({segmentSource=1, virtualPosition=0, physicalPosition=0,
—physicalOriginPosition=0, length=19})

After modifying the Journaled String:

Host: thisisahostsequence

Journal: thisisamodifiedhost

Nodes: JournalEntries ({segmentSource=1, virtualPosition=0, physicalPosition=0,
—physicalOriginPosition=0, length=7}, {segmentSource=2, virtualPosition=7,_
—physicalPosition=0, physicalOriginPosition=0, length=8}, {segmentSource=1,
—virtualPosition=15, physicalPosition=7, physicalOriginPosition=7, length=4})

After flatten the Journaled String:

Host: thisisamodifiedhost

Journal: thisisamodifiedhost

Nodes: JournalEntries ({segmentSource=1, virtualPosition=0, physicalPosition=0,
—physicalOriginPosition=0, length=19})

Important: Be careful when using the flatten function as it modifies the underlying host sequence. This might affect
other journaled sequences that share the same host sequence. This becomes important especially when working with
Journaled Sets where a whole set of sequences is journaled to the same reference.

Simultaneously Searching Multiple Sequences
Now, we come to a simple example to demonstrate the use of the Journaled String Tree (JST). As you could imagine,
the JST internally uses a set of Journaled Strings to buffer the sequences, while requiring only a low memory footprint.

In this article, we are going to create a small JST, which we will use to search for a pattern using the Horspool
algorithm.

Let’s just start with the include headers. In order to make the JST implementation visible to our source code we need
to include the header include <segan/journaled_string_tree.h>.
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#include <iostream>
#include <segan/stream.h>
#include <segan/journaled string tree.h>

In the next step, we are going to define the type of the JST.

using namespace segan;

int main ()

{
typedef JournaledStringTree<DnaString> TJst;
typedef Pattern<DnaString, Horspool> TPattern;
typedef Traverser<TJst>::Type TTraverser;

The only information that is required is the type of the reference sequence used for the underlying sequence. We also
defined the pattern type and a traverser type, which we will explain soon.

Now, we are ready to initialize the JST. To construct a JST, we need to know the reference sequence and how many
sequences should be represented by the JST. In our case we assume 10 sequences. The JST supports insertion or
deletion of delta events. A delta event is a tuple consisting of four parameters: The reference position, the value,
the coverage and the delta type. The reference position determines the position within the reference sequence, where
this event occurs. The value represents the actual modification applied to the sequences, that are determined by the
coverage. The type of the value depends on the delta type.

Tip: The internal types, e.g. the types of the different delta events, of the JST can be overloaded with a second
optional traits object. If no trait object is given DefaultJstConfig is taken as default. See the API documentation for
more information.

The following listing creates a JST and inserts some delta events into the object:

DnaString seq = "AGATCGAGCGAGCTAGCGACTCAG";
TJst jst(seq, 10);

insert (jst, 1, 3, std::vector<unsigned>{1l, 3, 5, 6, 7}, DeltaTypeDel());
insert (jst, 8, "CGTA", std::vector<unsigned>{1l, 2}, DeltaTypelns());
insert (jst, 10, 'C', std::vector<unsigned>{4, 9}, DeltaTypeSnp());
insert (jst, 15, 2, std::vector<unsigned>{0, 4, 7}, DeltaTypeDel());
insert (jst, 20, 'A', std::vector<unsigned>{0, 9}, DeltaTypeSnp());
insert (jst, 20, Pair<unsigned, DnaString> (1, "CTIC"), std::vector<unsigned>{1l, 2, |
—3, 7}, DeltaTypeSV());

After creating the JST, we can now prepare the search. To do so, we first define a needle that we want to search.
Second, we need to instantiate a traverser object. A traverser represents the current state of the traversal over the JST.
It is comparable to an iterator, but it is not lightweight, as it uses a state stack to implement the traversal over the JST.
The traverser is initialized with two arguments: The instance of the JST and the context length, which is in our case
the length of the needle.

Here is the listing:

DnaString ndl = "AGCGT";
TTraverser trav(jst, length(ndl));

TPattern pat (ndl);
JstExtension<TPattern> ext (pat);

In line 4 and 5 in the listing above we initialize the pattern with the needle and then create an JstExtension object.
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This JstExtension is needed to extend the Pattern class of SeqAn with some auxiliary functions necessary for the
JST based search. The only thing required, is that pat is fully initialized when passing it to ext.

The last preparation step we need before invoking the search algorithm is to create a functor that is called, whenever
the search algorithm finds a match. In our scenario we simply want to print the sequences and the positions where the
hit occurs. Therefor we create a simple Mat chPrinter functor:

template <typename TTraverser>
struct MatchPrinter

{

TTraverser & trav;

MatchPrinter (TTraverser & _trav) : trav(_trav)

{}

void

operator () ()

{
auto pos = position(trav);
for (auto p : pos)
{

std::cout << "Seqg: " << p.il << " Pos: " << p.i2 << std::endl;

}i

This match printer, holds a reference to the actual traverser. So we can call the position function on the traverser,
when the function-call-operator is invoked by the search algorithm.

Now we can invoke the search using the £ind interface:

MatchPrinter<TTraverser> delegate (trav);
find(trav, ext, delegate);

return 0O;

And finally the output:

Seq: 1 Pos: 7
Seq: 2 Pos: 10

The following list gives an overview of the available search algorithms:
Horspool Exact online search using HorspoolPattern as base pattern class.
ShiftAnd Exact online search using ShiftAndPattern as base pattern class.
ShiftOr Exact online search using ShiftOrPattern as base pattern class.

MyersUkkonen Approximate online search using MyersUkkonen as base pattern class.

Assignment 1

Type Review
Objective

Use the code from above and find all patterns of the needle CCTCCA with up to 2 errors.
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Hints When searching with errors, the context size needs to be updated accordingly.

Solution Since we are trying to find the needle approximatively, we need to use the Myers' bitvector algorithm.
Here is the entire solution:

#include <iostream>
#include <segan/stream.h>
#include <segan/journaled_string_tree.h>

template <typename TTraverser>
struct MatchPrinter
{

TTraverser & trav;

MatchPrinter (TTraverser & _trav) : trav(_trav)

{}

void

operator () ()

{
auto pos = position(trav);
for (auto p : pos)
{

std::cout << "Seqg: " << p.il << " Pos: " << p.i2 << std::endl;

}i
using namespace segan;

int main ()

{
typedef JournaledStringTree<DnaString> TJst;
typedef Pattern<DnaString, MyersUkkonen> TPattern;
typedef Traverser<TJst>::Type TTraverser;

DnaString seq = "AGATCGAGCGAGCTAGCGACTCAG";
TJst jst(seq, 10);

insert
insert
insert
insert

jst, 1, 3, std::vector<unsigned>{1, 3, 5, 6, 7}, DeltaTypeDel());
jst, 8, "CGTA", std::vector<unsigned>{1l, 2}, DeltaTypelns());
jst, 10, 'C', std::vector<unsigned>{4, 9}, DeltaTypeSnp());
jst, 15, 2, std::vector<unsigned>{0, 4, 7}, DeltaTypeDel());
insert (jst, 20, 'A', std::vector<unsigned>{0, 9}, DeltaTypeSnp());
insert (jst, 20, Pair<unsigned, DnaString> (1, "CTIC"), std::vector<unsigned>{1,
—~2, 3, 7}, DeltaTypeSV());

DnaString ndl = "CCTCCA";
TTraverser trav(jst, length(ndl) + 2);

TPattern pat(ndl, -2);
JstExtension<TPattern> ext (pat);

MatchPrinter<TTraverser> delegate (trav);
find(trav, ext, delegate);

return 0;
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And here is the output:

Seqg: 7 Pos: 17
Seq: 7 Pos: 18
Seqg: 4 Pos: 20
Seg: 1 Pos: 23
Seq: 2 Pos: 26
Seqg: 3 Pos: 19
Seqg: 1 Pos: 24
Seq: 2 Pos: 27
Seqg: 3 Pos: 20
Seqg: 1 Pos: 25
Seq: 2 Pos: 28
Seqg: 3 Pos: 21
Seqg: 7 Pos: 19
Seq: 1 Pos: 26
Seqg: 2 Pos: 29
Seqg: 3 Pos: 22
Seq: 7 Pos: 20
Seqg: 5 Pos: 19
Seg: 6 Pos: 19
Seq: 8 Pos: 22

SeqAn has numerous data structures that are helpful for analyzing biological sequences. Those range from simple
containers for strings that can be saved in different ways, to collection of strings or compressed strings.

The Journaled string tree, for example allows the user to traverse all sequence contexts, given a window of a certain
size, that are present in a set of sequences. Similar sequences are hence only traversed once, and the coordinate
bookkeeping is all within the data structure. This allows for example speedup of up to a 100x given sequences from
the 1000 Genome project and compared to traversing the sequences one after another.

Another strong side of SeqAn are its generic string indices. You can think “suffix tree” but the implementations range
from an enhanced suffix array to (bidirectional) FM-indices.

In this section you find tutorials addressing the most common of SeqAn’s data structures.

The tutorials under Sequences will introduce you to alphabets, sequence containers, iterators and various kinds of
string sets, among them also comrpessed, reference based representations. The tutorials under /ndices will introduce
you to the interfaces and implementations of SeqAn’s string and q-gram indices and the corresponding interators.

The tutorials under Alignment Representation (Gaps) will introduce you to how SeqAn implements alignment objects
(e.g. gaps in sequences). The tutorials under Store will introduce you to SeqAn’s store data structures for NGS read
mapping and annotation

The tutorials under Graphs will introduce you to SeqAn’s graph type. Its simple and we provide in the algorithms
section various standard graph algorithms for the datatype. The tutorials under Seeds will introduce you to seeds in
SeqAn. Its what you need if you think ‘seed-and-extend’.

The tutorials under Modifiers will introduce you SeqAn’s modifier concept. If you want the reverse complement of
a string, there is no need to explicitely allocate memory for it. Modifiers leave the sequence as it is but provide a
different access to it.

The tutorials under Journaled String Tree will introduce you to a data structure which allows you to have data parallel
access to a collection of similar strings. If you have an algorithm that scans collections of sequences one after another
and left to right, this will be of interest for you, since it avoids a lot of redundant work if the sequences in the collection
are similar.
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Algorithms

Pattern Matching

ToC

Contents

* Online Pattern Matching
— Exact Search
x Assignment [
— Approximate Search
* Assignment 2

Online Pattern Matching

Learning Objective In this tutorial you will learn how to use the SeqAn classes finder and pattern to search a known
pattern in a string or StringSet.

Difficulty Average

Duration 40 min

Prerequisites Sequences, Indices

For all online search algorithms, the Finder is an iterator that scans over the haystack. The Pattern is a search
algorithm dependent data structure preprocessed from the needle. The second template argument of the Pattern
selects the search algorithm.

Exact Search

The following code snippet illustrates the usage of online search algorithms in SeqAn using the example of the Hoor-
spool algorithm [Hor80]. We begin by creating two strings of type char containing the haystack and the needle.

#include <iostream>
#include <segan/find.h>

using namespace segan;

int main ()

{
CharString haystack = "Simon, send more money!";
CharString needle = "mo";

We then create Finder and Pattern objects of these strings and choose Horspool as the specialization in the second
template argument of Pattern.

Finder<CharString> finder (haystack);
Pattern<CharString, Horspool> pattern(needle);
while (find(finder, pattern))
std::cout << '[' << beginPosition(finder) << ',' << endPosition(finder) <<
—")\t" << infix(finder) << std::endl;

178 Chapter 4. API Documentation


http://docs.seqan.de/seqan/2.2.0/?p=StringSet
http://docs.seqan.de/seqan/2.2.0/?p=Finder
http://docs.seqan.de/seqan/2.2.0/?p=Pattern
http://docs.seqan.de/seqan/2.2.0/?p=Pattern
http://docs.seqan.de/seqan/2.2.0/?p=Finder
http://docs.seqan.de/seqan/2.2.0/?p=Pattern
http://docs.seqan.de/seqan/2.2.0/?p=HorspoolPattern
http://docs.seqan.de/seqan/2.2.0/?p=Pattern

SegAn Manual, Release 2.2.0

return 0;

Program output:

[2,4) mo
[12,14) mo
[17,19) mo

Currently the following exact online algorithms for searching a single sequence are implemented in SeqAn:
Simple Brute force algorithm

Horspool [Hor80]

Bfam Backward Factor Automaton Matching

BndmAlgo Backward Nondeterministic DAWG Matching

ShiftAnd Exact string matching using bit parallelism

ShiftOr Exact string matching using bit parallelism

... and for multiple sequences:

WuManber Extension of Horspool.

MultiBfam Multiple version of Bfam, uses an automaton of reversed needles.
SetHorspool Another extension of Horspool using a trie of reversed needles.
AhoCorasick [AC75]

MultipleShiftAnd Extension of ShiftAnd, should only be used if the sum of needle lengths doesn’t exceed the ma-
chine word size.

Assignment 1

Type Review

Objective Use the given code example from below. Extend the code to search the given haystack simultaneously

for “mo”, “send” and “more”. For every match output the begin and end position in the haystack and which
needle has been found.

Hint Online search algorithms for multiple sequences simply expect needles of type St ring<String<...> >.

#include <iostream>
#include <segan/find.h>

using namespace segan;

int main ()
{
CharString haystack = "Simon, send more money!";
String<CharString> needles;
appendValue (needles, "mo");
appendValue (needles, "send");
appendValue (needles, "more");
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return O;

You can use the specialization WuManber.

Solution Click more... to see the solution.

#include <iostream>
#include <segan/find.h>

using namespace sedgan;

int main ()
{
CharString haystack = "Simon, send more money!";
String<CharString> needles;
appendValue (needles, "mo");
appendValue (needles, "send");
appendvValue (needles, "more");

Finder<CharString> finder (haystack);
Pattern<String<CharString>, WuManber> pattern (needles);
while (find(finder, pattern))
{
std::cout << '[' << beginPosition(finder) << ',' << endPosition(finder) <
=< ")\t";
std::cout << position(pattern) << '"\t' << infix(finder) << std::endl;
}

return 0O;

We use a Pattern specialized with the WuManber algorithm for the search and initialize it with our needles
string. For every match found by find we output the begin and end position and the match region in the
haystack as well as the index of the found needle which is returned by position (pattern).

[2,4) 0 mo

[7 11) 1 send
[12,14) 0 mo
[12,16) 2 more
[17,19) 0 mo

Approximate Search

The approximate search can be used to find segments in the haystack that are similar to a needle allowing errors,
such as mismatches or indels. Note that if only mismatches are allowed, the difference of the end and begin position of
a match is the length of the found needle. However, in the case of indels this difference may vary and is only a rough
estimate for the length. Therefore, to find a begin position for a certain end position the findBegin interface should be
used. The usage is similar to find and is shown in the next example. We want to find all semi-global alignments of a
needle “more” with a SimpleScore of at least -2 using the scoring scheme (0,-2,-1) (match,mismatch,gap).

Again, we create haystack and needle strings first:

#include <iostream>
#include <segan/find.h>

using namespace segan;
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int main ()

{
CharString haystack = "Simon, send more money!";
CharString needle = "more";

We then create Finder and Pattern objects of these strings and choose DPSearch as the specialization in the second
template argument of Pattern. DPSearch expects the scoring function as the first template argument which is Simple-
Score in our example. The pattern is constructed using the needle as a template and our scoring object is initialized
with the appropriate scores for match, mismatch and gap. As in the previous example, the main iteration uses find to
iterate over all end positions with a minimum best score of -2. If such a semi-global alignment end position is found
the begin position is searched via findBegin. Please note that we have to set the minimum score to the score of the
match found (getScore) in order to find the begin of a best match. We then output all begin and end positions and the
corresponding haystack segment for each match found.

Finder<CharString> finder (haystack);
Pattern<CharString, DPSearch<SimpleScore> > pattern(needle, SimpleScore(0, -2, -
—1));
while (find(finder, pattern, -2))
while (findBegin (finder, pattern, getScore (pattern)))
std::cout << '"[' << beginPosition(finder) << ',' << endPosition(finder) <
< ")\t" << infix(finder) << std::endl;

return 0O;

Program output:

[2,4) mo
[12,14) mo
[12,15) mor
[12,106) more
[12,17) more
[12,18) more m
[17,19) mo
[17,21) mone

The following specializations are available:

Specialization DPSearch Dynamic programming algorithm for many kinds of scoring scheme

Specialization Myers [Mye99], [Ukk85]

Specialization Pex [BYN99]

Specialization AbndmAlgo Approximate Backward Nondeterministic DAWG Matching, adaption of AbndmAlgo

Assignment 2

Type Application

Objective Use the example from above. Modify the code to search with the Myers algorithm for matches of "more"
with an edit distance of at most 2.

Solution Click more... to see the solution.

#include <iostream>
#include <segan/find.h>
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using namespace segan;

int main()

{
CharString haystack = "Simon, send more money!";
CharString needle = "more";

Finder<CharString> finder (haystack);
Pattern<CharString, Myers<> > pattern (needle);
while (find(finder, pattern, -2))
while (findBegin(finder, pattern, getScore (pattern)))
std::cout << '[' << beginPosition(finder) << ',' <<
")\t" << infix(finder) << std::endl;

[

—endPosition (finder) <<

return O;

We again set the needle to "more". We then change the specialization tag of the Pattern to Myers with
default arguments. As Myers algorithm is only applicable to edit distance searches it cannot be specialized or
initialized with a scoring scheme. In SeqAn, edit distance corresponds to the scoring scheme (0,-1,-1) (match,
mismatch, gap) and an edit distance of 2 corresponds to a minimum score of -2 given to the find function.

The program’s output is as follows.

[2,4 ) mo
[2,5 mon
[2, ) mon,
[12,14) mo
[12,15) mor
[12,16) more
[12,17) more
[12,18) more m
[17,19) mo
[17,20) mon
[17,21) mone
[17,22) money

ToC

Contents

* Indexed Pattern Matching
— Overview
— Exact Search
x Assignment [

— Approximate Filtration

Indexed Pattern Matching

Learning Objective In this tutorial you will learn how to use the SeqAn classes finder and pattern to search a known
pattern in a string or StringSet.

Difficulty Average
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Duration 30 min

Prerequisites Sequences, Indices, Online Pattern Matching

Overview

The Finder is an object that stores all necessary information for searching for a pattern. We have learned how to use it
in Online Pattern Matching tutorial.

The following line of code shows how the Finder is initialized with an index. In this example, we search for the pattern
ACGT.

String<Dna5> genome = "ACGTACGTACGTN";
Index<String<Dnab>, IndexEsa<> > esalndex (genome);
Finder<Index<String<Dnab5>, IndexEsa<> > > esaFinder (esalndex);

Calling the function find invokes the localization of all occurrences of a given pattern. It works by modifying pointers
of the Finder to tables of the index. For example, the Finder of esaIndex stores two pointers, pointing to the first
and last suffix array entry that stores an occurrence of the pattern. The return value of the find function tells us whether
or not a given pattern occurs in the text. Furthermore, if there are several instances of a pattern, consecutive calls of
find will modify the Finder such that it points to the next occurrence after each call:

find(esaFinder, "ACGT"); // first occurrence of "ACGT"
find(esaFinder, "ACGT"); // second occurrence of "ACGT"
find (esaFinder, "ACGT"); // third occurrence of "ACGT"

The above code is not very useful, since we do not know the locations of the first, second or third pattern occurrence.
The function position will help here. position called on a finder returns the location of the xth pattern, where x can be
the first, second, or any other occurrence of the pattern.

find(esaFinder, "ACGT"); // first occurrence of "ACGT"
position (esaFinder); // -> 0
find(esaFinder, "ACGT"); // second occurrence of "ACGT"
position(esaFinder); // —> 4
find(esaFinder, "ACGT"); // third occurrence of "ACGT"
position (esaFinder); // —-> 8

Tip: Indices in SeqAn are built on demand. That means that the index tables are not build when the constructor is
called, but when we search for a pattern for the first time.

Exact Search

For the index based search the Finder needs to be specialized with an Index of the haystack in the first template
argument. The index itself requires two template arguments, the haystack type and a index specialization. In
contrast, since the needle is not preprocessed the second template argument of the Pattern has to be omitted. The
following source illustrates the usage of an index based search in SeqAn using the example of the IndexEsa index (an
enhanced suffix array index). This is the default index specialization if no second template argument for the index is
given. We begin to create an index object of our haystack "tobeornottobe" and a needle "be".

int main ()

{

Index<CharString> index ("tobeornottobe");
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CharString needle = "be";
Finder<Index<CharString> > finder (index);

We proceed to create a Pattern of the needle and conduct the search in the usual way.

Pattern<CharString> pattern (needle);
while (find(finder, pattern))
std::cout << '[' << beginPosition(finder) << ',' << endPosition(finder) <<
—")\t" << infix(finder) << std::endl;

Instead of creating and using a pattern solely storing the needle we can pass the needle directly to find. Please note
that an Index based Finder has to be reset with clear before conducting another search.

clear (finder) ;
while (find(finder, "be"))
std::cout << '"[' << beginPosition(finder) << ',' << endPosition (finder) <<
—")\t" << infix(finder) << std::endl;

return 0O;

Program output:

[11,13) be
[2,4) be
[11,13) be
[2,4) be

All indices also support StringSet texts and can therefore be used to search multiple haystacks as the following
example shows. We simply exchange the CharString of the haystack with a StringSet of CharString and append some
strings to it.

int main ()

{
typedef StringSet<CharString> THaystacks;
THaystacks haystacks;
appendValue (haystacks, "tobeornottobe");
appendValue (haystacks, "thebeeonthecomb");
appendValue (haystacks, "beingjohnmalkovich");

Index<THaystacks> index (haystacks) ;
Finder<Index<THaystacks> > finder (haystacks);

The rest of the program remains unchanged.

clear (finder) ;
while (find(finder, "be"))
std::cout << '[' << beginPosition(finder) << ',' << endPosition(finder) <<
—")\t" << infix(finder) << std::endl;

return 0O;

[< 0, 11 >,< 0, 13 >) be
[< 1, 3 ><1, 5> be
[< 2, 0><2, 2> be
[< 0, 2 ><0, 4> be
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The following index specializations support the Finder interface as described above.
Specialization IndexEsa Enhanced suffix array based index. Supports arbitrary needles.
Specialization IndexQGram Q-gram index. Needle mustn’t exceed the size of the q-gram.

Specialization Open Adressing QGram Index Q-gram index with open addressing. Supports larger g-grams. Nee-
dle and g-gram must have the same size.

Besides the find interface there is another interface for indices using suffix tree iterators to search exact needle
occurrences described in the tutorial /ndices.

Assignment 1

Type Application

Objective Modify the example above to search with a Open Adressing QGram Index g-gram index for matches of
“tobe” in “tobeornottobe”.

Solution Click more... to see the solution.

#include <iostream>
#include <segan/index.h>

using namespace segan;

int main ()
{

typedef Index<CharString, IndexQGram<UngappedShape<4>, OpenAddressing> >
—TIndex;

TIndex index ("tobeornottobe™);

Finder<TIndex> finder (index);

while (find(finder, "tobe"))
std::cout << '"[' << beginPosition(finder) << ',' << endPosition(finder) <

< ")\t" << infix(finder) << std::endl;

return 0;

We simply add a second template argument to the definition of the Index as described in the documentation of
the Open Adressing QGram Index. As shape we can use an UngappedShape of length 4.

Program output:

[0,4) tobe
[9,13) tobe

Approximate Filtration

Currently there are no indices directly supporting an approximate search. But nevertheless, there are approximate
search filters available that can be used to filter out regions of the haystack that do not contain an approximate
match, see SwiftFinder and SwiftPattern. The regions found by these filters potentially contain a match and must be
verified afterwards. beginPosition, endPosition and infix can be used to return the boundaries or sequence of such a
potential match. For more details on using filters, see the article Filtering Similar Sequences.
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Pattern matching is about searching a known string or StringSet (needle) in another string or StringSet (haystack).
This tutorial will introduce you into the SeqAn classes Finder and Pattern. It will demonstrate how to use the spezial-
izations of the class finder to perform either an online search or an index based seach. And you will learn how to
specify the search algorithm, which can be either exact or approximate.

Overview

In the case of approximate searching errors are allowed, which are either only mismatches or also indels. Additionally
there are filtration algorithms which return potential matches, i.e. haystack segments possibly containing a pattern
match. All searching is done by calling the function find, which takes at least two arguments:

1. A Finder that stores all necessary information about the haystack and the last found position of the needle
within the haystack.

2. A Pattern that stores all information about the needle. Some variants of find support further arguments. The
Finder and Pattern classes expect the underlying haystack and needle types as first template arguments. In
addition, a second template argument specifies the search algorithm.

Each call of find finds only one match (or potential match) of the needle within the haystack. The Finder can be
asked for the begin and end position of the last found match. The Pattern can be asked for the number of the found
sequence if the needle is a StringSet. Subsequent calls of find can be used to find more occurrences of the needle,
until no more occurrences can be found and find returns false.

In general, search algorithms can be divided into algorithms that preprocess the needle (online search) or preprocess
the haystack (index search).

DP Alignment

ToC

Contents

* Pairwise Sequence Alignment
— Global Alignments

x Assignment 1
Overlap Alignments

* Assignment 2
Specialized Alignments

* Assignment 3
Local Alignments

x Assignment 4
Banded Alignments

* Assignment 5

Pairwise Sequence Alignment

Learning Objective You will learn how to compute global and local alignments, how you can use different scoring
schemes, and how you can customize the alignments to fulfill your needs.

Difficulty Average

Duration 1h
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Prerequisites A First Example, Sequences, Scoring Schemes, Graphs

Alignments are one of the most basic and important ways to measure similarity between two or more sequences. In
general, a pairwise sequence alignment is an optimization problem which determines the best transcript of how one
sequence was derived from the other. In order to give an optimal solution to this problem, all possible alignments
between two sequences are computed using a Dynamic Programming approach. Scoring schemes allow the compar-
ison of the alignments such that the one with the best score can be picked. Despite of the common strategy to compute
an alignment, there are different variations of the standard DP algorithm laid out for special purposes.

We will first introduce you to the global alignments. Subsequent, you will learn how to compute local alignments.
Finally, we will demonstrate how you can reduce the search space using a band.

Global Alignments

In this section, we want to compute a global alignment using the Needleman-Wunsch algorithm. We will use the
Levenshtein distance as our scoring scheme.

A program always starts with including the headers that contain the components (data structures and algorithms) we
want to use. To gain access to the alignment algorithms we need to include the <segan/align.h> header file. We
tell the program that it has to use the segan namespace and write the main function with an empty body.

A good programming practice is to define all types that shall be used by the function at the beginning of the function
body. In our case, we define a TSequence type for our input sequences and an Align object (TA11ign) type to store
the alignment. For more information on the Align datastructure, please read the tutorial Alignment Representation
(Gaps).

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{
typedef String<char> TSequence; // sequence type
typedef Align<TSequence, ArrayGaps> TAlign; // align type

After we defined the types, we can define the variables and objects. First, we create two input sequences seql =
"CDFGHC" and segq2 = "CDEFGAHC". We then define an ‘align’ object where we want to put the sequences into,
we resize it to manage two Gaps objects, and then assign the sequences to it.

TSequence seqgl "CDFGHC";
TSequence seg2 = "CDEFGAHC";

TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seql);
assignSource (row(align, 1), seg2);

Now, we can compute our first alignment. To do so, we simply call the function globalAlignment and give as input
parameters the align object and the scoring scheme representing the Levenshtein distance. The globalAlignment
function returns the score of the best alignment, which we store in the score variable. Afterwards, we print the
computed score and the corresponding alignment.

int score = globalAlignment (align, Score<int, Simple> (0, -1, -1));
std::cout << "Score: " << score << std::endl;
std::cout << align << std::endl;
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return 0O;

The output is as follows:

Score: -2
0 .
CD-FG-HC
T
CDEFGAHC

Assignment 1

Type Review
Objective

Compute two global alignments between the DNA sequences "AAATGACGGATTG".
"AGTCGGATCTACTG" using the Gotoh algorithm [Gor82], implementing the Affine Gap model,
with the following scoring parameters: match = 4, mismatch = -2, gapOpen = -4 and
gapExtend = -2. Store the alignments in two Align objects and print them together with the scores.

Hints The Gotoh algorithm uses the Affine Gap function. In SeqAn you can switch between Linear, Affine and
Dynamic gap functions by customizing your scoring scheme with one of the three tags LinearGaps (),
AffineGaps () or DynamicGaps () and relative penalty values gapOpen and gapExtend. When a
single gap value is provided the Linear Gap model is selected as default while the Affine Gap model is chosen
as standard when two different gap costs are set. If the Dynamic Gap model [UPA+14] is required the relative
tag must be supplied. Have a look on the Scoring Schemes section if you are not sure about the correct ordering.

Solution First we have to define the body of our program. This includes the definition of the library headers that
we want to use. In this case it is the iostream from the STL and the <seqan/align.h> header file defining all
algorithms and data structures we want to use. After we added the namespace and opened the main body we
define our types we want to use in this function. We use an String with the Dna alphabet, since we know that
we work with DNA sequences. The second type is our Align object storing the alignment later on.

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{
typedef String<Dna> TSequence; // sequence type
typedef Align<TSequence, ArrayGaps> TAlign; // align type

In the next step we initialize our objects. This includes the both input sequences seqgl and seg2 and align.
We resize the underlying set of align that manages the separate Gaps data structures. Finally, we assign the
input sequences as sources to the corresponding row of align.

TSequence segl = "AAATGACGGATTG";
TSequence seg2 = "AGTCGGATCTACTG";

TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seql);
assignSource (row(align, 1), seqg2);
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Now we compute the alignment using a scoring scheme with affine gap costs. The first parameter corresponds
to the mat ch value, the second to the mi smat ch value, the third to the gap extend value and the last one to
the gap open value. We store the computed score of the best alignment in the equally named variable score.
In the end we print the score and the alignment using print methods provided by the i ost ream module of the

STL.

int score = globalAlignment (align, Score<int, Simple> (4, -2, -2, -4),.
—~AffineGaps());

std::cout << "Score: " << score << std::endl;

std::cout << align << std::endl;

return 0O;

Congratulation! You have computed an alignment using affine gap costs. Here the result of the program:

Score: 16
0 . : .
AAATGACGGAT-——-TG

\ ENREN I
A---GTCGGATCTACTIG

Overlap Alignments

AlignConfig<TTop,TLeft,TRight,TDown>

Horizontal Sequence

Vertical Sequence

In contrast to the global alignment, an overlap alignment does not penalize gaps at the beginning and at the end of the
sequences. This is referred to as free end-gaps. It basically means that overlap alignments can be shifted such that the
end of the one sequence matches the beginning of the other sequence, while the respective other ends are gapped.

We use the AlignConfig object to tell the algorithm which gaps are free. The AlignConfig object takes four explicitly
defined bool arguments. The first argument stands for initial gaps in the vertical sequence of the alignment
matrix (first row) and the second argument stands for initial gaps in the horizontal sequence (first column). The
third parameter stands for end gaps in the horizontal sequence (last column) and the fourth parameter stands for end
gaps in the vertical sequence (last row). Per default the arguments of AlignConfig are set to false indicating a
standard global alignment as you have seen above. In an overlap alignment all arguments are set to t rue. This means
the first row and first column are initialized with zeros and the maximal score is searched in the last column and in the
last row.

Just let us compute an overlap alignment to see how it works. We will also make use of the Alignment Graph to store
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the alignment this time. We start again with including the necessary headers and defining all types that we need. We
define the TSt ringSet type to store our input sequences in a StringSet and we define the TDepStringSet which
is an DependentStringSet used internally by the AlignmentGraph.

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{

typedef String<char> TSequence; // sequence type

typedef StringSet<TSequence> TStringSet; // container for,
—strings

typedef StringSet<TSequence, Dependent<> > TDepStringSet; // dependent string,
—set

typedef Graph<Alignment<TDepStringSet> > TAlignGraph; // alignment graph

Before we can initialize the AlignmentGraph we append the input sequences to the StringSet strings. Then we
simply pass st rings as an argument to the constructor of the AlignmentGraph alignG.

TSequence seqgl = "blablubalu";
TSequence segz2 = "abba";

TStringSet sequences;
appendValue (sequences, seql);

appendValue (sequences, seq2);

TAlignGraph alignG (sequences) ;

Now we are ready to compute the alignment. This time we change two things when calling the globalAlignment
function. First, we use an AlignmentGraph to store the computed alignment and second we use the AlignConfig object
to compute the overlap alignment. The gap model tag can be provided as last argument.

int score

= globalAlignment (alignG, Score<int, Simple> (1, -1, -1), AlignConfig
—<true, true, true, true>(), LinearGaps());
std::cout << "Score: " << score << std::endl;

std::cout << alignG << std::endl;

return O;

The output is as follows.

Score: 2
Alignment matrix:
0 . :
blablubalu
[0
—-—ab--ba--

Assignment 2

Type Review

Objective Compute a semi-global alignment between the sequences AAATGACGGATTG and TGGGA using the costs
1, -1, -1 for match, mismatch and gap, respectively. Use an AlignmentGraph to store the alignment. Print the
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score and the resulting alignment to the standard output.

Hint A semi-global alignment is a special form of an overlap alignment often used when aligning short sequences
against a long sequence. Here we only allow free end-gaps at the beginning and the end of the shorter sequence.

Solution First we have to define the body of our program. This includes the definition of the library headers that
we want to use. In this case we include the iostream header from the STL and the <segan/align.h>
header, which defines all algorithms and data structures we want to use. After we added the namespace and
opened the main function body we define our types we want to use in this function. We use an String with
the Dna alphabet, since we know that we work with DNA sequences. We use an additional StringSet to store
the input sequences. In this scenario we use an AlignmentGraph to store the alignment. Remember, that the
AlignmentGraph uses an DependentStringSet to map the vertices to the correct input sequences.

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()
{
typedef String<Dna> TSequence; // sequence type
typedef StringSet<TSequence> TStringSet; // container for_
—strings
typedef StringSet<TSequence, Dependent<> > TDepStringSet; // dependent,,
—string set
typedef Graph<Alignment<TDepStringSet> > TAlignGraph; // alignment graph

In the next step we initialize our input StringSet strings and pass it as argument to the constructor of the
AlignmentGraph alignG.

TSequence segl = "AAATGACGGATTG";
TSequence seq?2 "TGGGA";

TStringSet sequences;
appendValue (sequences, seql);
appendValue (sequences, seq2);

TAlignGraph alignG (sequences) ;

Now we compute the alignment using the Levenshtein distance and a AlignConfig object to set the correct free
end-gaps. In this example we put the shorter sequence on the vertical axis of our alignment matrix. Hence, we
have to use free end-gaps in the first and last row, which corresponds to the first and the last parameter in the
AlignConfig object. If you add the shorter sequence at first to st rings, then you simply have to flip the bool
values of the AlignConfig object.

int score = globalAlignment (alignG, Score<int, Simple> (1, -1, -1), AlignConfig
—~<true, false, false, true>());

std::cout << "Score: " << score << std::endl;

std::cout << alignG << std::endl;

return O;

Here the result of the program.

Score: 3
Alignment matrix:
0
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AAATGACGGATTG

e
-——TG--GGA——-

Specialized Alignments

SeqAn offers specialized algorithms that can be selected using a tag. Note that often these specializations are restricted
in some manner. The following list shows different alignment tags for specialized alignment algorithms and the
restrictions of the algorithms.

Hirschberg The Hirschberg algorithm computes an alignment between two sequences in linear space. The algorithm
can only be used with an Align object (or Gaps). It uses only linear gap costs and does no overlap alignments.

MyersBitVector The MyersBitVector is a fast alignment specialization using bit parallelism. It only works with the
Levenshtein distance and outputs no alignments.

MyersHirschberg The MyersHirschberg is an combination of the rapid MyersBitVector and the space efficient
Hirschberg algorithm, which additionally enables the computation of an alignment. It only works with the
Levenshtein distance and for Align objects.

Tip: In SeqAn you can omit the computation of the traceback to get only the score by using the function globalAlign-
mentScore. This way you can use the alignment algorithms for verification purposes, etc.

In the following example, we want to compute a global alignment of two sequences using the Hirschberg algorithm.
We are setting the match score to 1, and mismatch as well as gap penalty to —1. We print the alignment and the
score.

First the necessary includes and typedefs:

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{

typedef String<char> TSequence; // sequence type
typedef Align<TSequence, ArrayGaps> TAlign; // align type
TSequence seqgl = "GARFIELDTHECAT";

TSequence seg2 = "GARFIELDTHEBIGCAT";

TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seqgl);
assignSource (row(align, 1), seqg2);

In addition to the previous examined examples we tell the globalAlignment function to use the desired Hirschberg
algorithm by explicitly passing the tag Hirschberg as last parameter. The resulting alignment and score are then
printed.

int score = globalAlignment (align, Score<int, Simple> (1, -1, -1), Hirschberg());
std::cout << "Score: " << score << std::endl;
std::cout << align << std::endl;
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return 0O;

The output is as follows.

Score: 11

0 . : .
GARFIELDTHE-—--CAT
R EEEEE 1]
GARFIELDTHEBIGCAT

Assignment 3

Type Application

Objective Write a program that computes a global alignment between the Rna sequences AAGUGACUUAUUG and
AGUCGGAUCUACUG using the Myers-Hirschberg variant. You should use the Align data structure to store the
alignment. Print the score and the alignment. Additionally, output for each row of the Align object the view
positions of the gaps.

Hint You can use an iterator to iterate over a row. Use the metafunction Row to get the type of the row used by the
Align object. Use the function isGap to check whether the current value of the iterator is a gap or not. The gaps
are already in the view space.

Solution As usual, first the necessary includes and typedefs. Our sequence type is String<Rna>. TAlign and
TRow are defined as in the previous example program. The type Iterator<TRow>: : Type will be used to
iterate over the rows of the alignment.

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()
{
typedef String<Rna> TSequence;
typedef Align<TSequence, ArrayGaps> TAlign;
typedef Row<TAlign>::Type TRow;
typedef Iterator<TRow>::Type TRowlIterator;

In the next step we initialize our Align object align with the corresponding source files.

TSequence segl = "AAGUGACUUAUUG";
TSequence seg2 = "AGUCGGAUCUACUG";

TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seql);
assignSource (row(align, 1), seqg2);

Now we compute the alignment using Myers-Hirschberg algorithm by specifying the correct tag at the end of
the function.

int score = globalAlignment (align, MyersHirschberg());
std::cout << "Score: " << score << std::endl;
std::cout << align << std::endl;

4.3. Algorithms 193


http://docs.seqan.de/seqan/2.2.0/?p=Rna
http://docs.seqan.de/seqan/2.2.0/?p=Align#Row
http://docs.seqan.de/seqan/2.2.0/?p=Gaps#isGap

SegAn Manual, Release 2.2.0

Finally, we iterate over both gap structures and print the view positions of the gaps within the sequences.

unsigned alilength = _max(length(row(align, 0)), length(row(align, 1)));
for (unsigned i = 0; 1 < length(rows(align)); ++1i)
{
TRowIterator it = iter(row(align, i), 0);
TRowIterator itEnd = iter(row(align, i), alilength);
unsigned pos = 0;
std::cout << "Row " << i1 << " contains gaps at positions: ";
std::cout << std::endl;
while (it != itEnd)

{
if (isGap(it))
std::cout << pos << std::endl;
++1it;
++pos;

return 0;

The output of the program is as follows.

Score: -6
0 . : .
AAGU--GA-CUUAUUG
I
A-GUCGGAUCU-ACUG

Row 0 contains gaps at positions:
4
5
8
Row 1 contains gaps at positions:
1
11

Local Alignments

Now let’s look at local pairwise alignments.

SeqAn offers the classical Smith-Waterman algorithm that computes the best local alignment with respect to a given
scoring scheme, and the Waterman-Eggert algorithm, which computes not only the best but also suboptimal local

alignments.

We are going to demonstrate the usage of both in the following example where first the best local alignment of two
character strings and then all local alignments of two DNA sequences with a score greater than or equal to 4 are

computed.

#include <iostream>
#include <segan/align.h>

using namespace sedgan;
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int main ()

Let’s start with initializing the Align object to contain the two sequences.

Align<String<char> > ali;

resize (rows (ali), 2);

assignSource (row(ali, 0), "aphilologicaltheorem");
assignSource (row(ali, 1), "bizarreamphibology");

Now the best alignment given the scoring parameters is computed using the Dynamic Gap model by the function
localAlignment. The returned score value is printed directly, and the alignment itself in the next line. The functions
clippedBeginPosition and clippedEndPosition can be used to retrieve the begin and end position of the matching
subsequences within the original sequences.

std::cout << "Score = " << localAlignment (ali, Score<int> (3, -3, -2, -2),.
—DynamicGaps ()) << std::endl;

std::cout << ali;

std::cout << "Aligns Seql[" << clippedBeginPosition(row(ali, 0)) << ":" <<
— (clippedEndPosition (row(ali, 0)) - 1) << "]";

std::cout << " and Seg2[" << clippedBeginPosition (row(ali, 1)) << ":" << |
— (clippedEndPosition (row(ali, 1)) - 1) << "]" << std::endl << std::endl;

Next, several local alignments of the two given DNA sequences are going to be computed. First, the Align object is
created.

Align<String<Dna> > aliZ2;

resize (rows (aliz), 2);

assignSource (row(ali2, 0), "ataagcgtctcg");
assignSource (row(ali2, 1), "tcatagagttgc");

A LocalAlignmentEnumerator object needs to be initialized on the Align object. In addition to the Align object and
the scoring scheme, we now also pass the finder and a minimal score value, 4 in this case, to the localAlignment
function. The WatermanEggert tag specifies the desired Waterman-Eggert algorithm. While the score of the local
alignment satisfies the minimal score cutoff, the alignments are printed with their scores and the subsequence begin
and end positions.

Score<int> scoring (2, -1, -2, 0);
LocalAlignmentEnumerator<Score<int>, Unbanded> enumerator (scoring, 5);
while (nextLocalAlignment (ali2, enumerator))

{

std::cout << "Score = " << getScore (enumerator) << std::endl;

std::cout << ali2;

std::cout << "Aligns Seqgl[" << clippedBeginPosition (row(ali2, 0)) << ":" <<
— (clippedEndPosition (row(ali2, 0)) - 1) << "]";

std::cout << " and Seg2[" << clippedBeginPosition (row(aliz, 1)) << ":" <<
— (clippedEndPosition(row(ali2, 1)) — 1) << "]" << std::endl << std::endl;

}

return 0O;

Here is the output of our example program. The first part outputs one alignment. The second part outputs two
alignments:

Score = 19
0 . :
a-philolog
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NN

amphibolog
Aligns Seqgl[0:9] and Seqg2[7:16]
Score = 9

ATAAGCGT

[ I

ATA-GAGT
Aligns Seqgl[0:7] and Seqg2[2:9]
Score = 5

TC-TCG

NN
TCATAG

Aligns Seqgl[7:12] and Seq2[0:5]

Assignment 4

Type Review

Objective Write a program which computes the 3 best local alignments of the two AminoAcid sequences
“PNCFDAKQRTASRPL” and “CFDKQKNNRTATRDTA” using the following scoring parameters: match = 3,
mismatch = -2,gap open = -5,gap extension = -1.

Hint Use an extra variable to enumerate the k best alignments.

Solution The usual includes.

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{

The initialization of the Align object.

Align<String<AminoAcid> > ali;

resize (rows (ali), 2);

assignSource (row(ali, 0), "PNCFDAKQRTASRPL");
assignSource (row(ali, 1), "CEDKQKNNRTATRDTA");

Computing the three best alignments with the desired scoring parameters:

Score<int> sc (3, -2, -1, -5);

unsigned count = 0;

LocalAlignmentEnumerator<Score<int>, Unbanded> enumerator (sc);
while (nextLocalAlignment (ali, enumerator) && count < 3)
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std::cout << "Score = " << getScore(enumerator) << std::endl;
std::cout << ali;
++count;

}

return 0;

The resulting output is as follows.

Score = 21

CFDAKQ—-——-RTASR

NN L
CFD-KQKNNRTATR

Score 8

AKQR-TA

| [1

AT-RDTA
Score = 5

D-A

DTA

Banded Alignments

Horizontal Sequence

Diagon

© b U hh oAb N A O RN WS

Vertical Sequence

Often it is quite useful to reduce the search space in which the optimal alignment can be found, e.g., if the sequences
are very similar, or if only a certain number of errors is allowed. To do so you can define a band, whose intersection
with the alignment matrix defines the search space. To define a band we have to pass two additional parameters to
the alignment function. The first one specifies the position where the lower diagonal of the band crosses the vertical
axis. The second one specifies the position where the upper diagonal of the band crosses the horizontal axis. You can
imagine the matrix as the fourth quadrant of the Cartesian coordinate system. Then the main diagonal of an alignment
matrix is described by the function f (x) = -x, all diagonals that crosses the vertical axis below this point are
specified with negative values while all diagonals that crosses the horizontal axis are specified with positive values
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(see image). A given band is valid as long as the relation lower diagonal <= upper diagonal holds. In
case of equality, the alignment is equivalent to the hamming distance problem, where only substitutions are considered.

Important: The alignment algorithms return MinValue<ScoreValue>: : VALUE if a correct alignment cannot
be computed due to invalid compositions of the band and the specified alignment preferences. Assume, you compute a
global alignment and the given band does not cover the last cell of the alignment matrix. In this case it is not possible
to compute a correct alignment, hence MinvValue<ScoreValue>: : VALUE is returned, while no further alignment
information are computed.

Let’s compute a banded alignment. The first step is to write the main function body including the type definitions and
the initializations.

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{

typedef String<char> TSequence; // sequence type
typedef Align<TSequence, ArrayGaps> TAlign; // align type
TSequence seqgl = "CDEGHC";

TSequence seg2 = "CDEFGAHC";

TAlign align;

resize (rows (align), 2);
assignSource (row(align, 0), seql);
assignSource (row(align, 1), seg2);

After we initialized everything, we will compute the banded alignment. We pass the values —2 for the lower diagonal
and 2 for the upper diagonal.

int score = globalAlignment (align, Score<int, Simple> (0, -1, -1), -2, 2);
std::cout << "Score: " << score << std::endl;
std::cout << align << std::endl;

return O;

And here is the output:

Score: -2
0 .
CD-FG-HC
1
CDEFGAHC

Assignment 5

Type Transfer

Objective Write an approximate pattern matching algorithm using alignment algorithms. Report the positions of all
hits where the pattern matches the text with at most 2 errors. Output the number of total edits used to match the
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pattern and print the corresponding cigar string of the alignment without leading and trailing gaps in the pattern.
Text: “MISSISSIPPIANDMISSOURI” Pattern: “SISSI®

Hint
 The first step would be to verify at which positions in the text the pattern matches with at most 2 errors.
» Use the infix function to return a subsequence of a string.

* A CIGAR string is a different representation of an alignment. It consists of a number followed by an
operation. The number indicates how many operations are executed. Operations can be M for match or
mismatch, I for insertion and D for deletion. Here is an example:

ref: AC--GICATTT
r0l: ACGTICTICA-—-—
Cigar of r0l: 2M2I4M3D

Solution (Step 1)

#include <iostream>
#include <segan/align.h>

using namespace sedgan;

int main ()

{
typedef String<char> TSequence;

TSequence text = "MISSISSIPPIANDMISSOURI";
TSequence pattern = "SISSI";

String<int> locations;
for (unsigned i = 0; 1 < length(text) - length(pattern); ++1)
{
// Compute the MyersBitVector in current window of text.
TSequence tmp = infix(text, i, i1 + length(pattern));

// Report hits with at most 2 errors.
if (globalAlignmentScore (tmp, pattern, MyersBitVector()) >= -2)
{

appendValue (locations, 1i);

}

return 0;

Solution (Step 2)

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{
typedef String<char> TSequence;
typedef Gaps<TSequence, ArrayGaps> TGaps;
typedef Iterator<String<int> >::Type TIterator;

TSequence text = "MISSISSIPPIANDMISSOURI";
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TSequence pattern = "SISSI";

String<int> locations;
for (unsigned i = 0; 1 < length(text) - length(pattern); ++1)
{
// Compute the MyersBitVector in current window of text.
TSequence tmp = infix(text, i, i1 + length(pattern));

// Report hits with at most 2 errors.
if (globalAlignmentScore (tmp, pattern, MyersBitVector()) >= -2)
{

appendValue (locations, 1i);

TGaps gapsText;
TGaps gapsPattern;
assignSource (gapsPattern, pattern);
std::cout << "Text: " << text << "\tPattern: " << pattern << std::endl;
for (TIterator it = begin(locations); it != end(locations); ++it)
{
// Clear previously computed gaps.
clearGaps (gapsText) ;
clearGaps (gapsPattern);

// Only recompute the area within the current window over the text.
TSequence textInfix = infix(text, =it, *it + length(pattern));
assignSource (gapsText, textInfix);

// Use semi-global alignment since we do not want to track leading/
—trailing gaps in the pattern.

// Restirct search space using a band allowing at most 2 errors 1in,,
—vertical/horizontal direction.

int score = globalAlignment (gapsText, gapsPattern, Score<int> (0, -1, -
—~1), AlignConfig<true, false, false, true>(), -2, 2);
std::cout << "Hit at position " << xit << "\ttotal edits: " <<,

—abs (score) << std::endl;

}

return 0O;

Solution (Step 3)

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{
typedef String<char> TSequence;
typedef Gaps<TSequence, ArrayGaps> TGaps;
typedef Iterator<TGaps>::Type TGapsIterator;
typedef Iterator<String<int> >::Type TIterator;

TSequence text = "MISSISSIPPIANDMISSOURI";
TSequence pattern = "SISSI";
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String<int> locations;
for (unsigned i = 0; 1 < length(text) - length(pattern); ++1i)
{
// Compute the MyersBitVector in current window of text.
TSequence tmp = infix(text, i, i1 + length(pattern));

// Report hits with at most 2 errors.
if (globalAlignmentScore (tmp, pattern, MyersBitVector()) >= -2)
{

appendValue (locations, 1i);

TGaps gapsText;
TGaps gapsPattern;
assignSource (gapsPattern, pattern);
std::cout << "Text: " << text << "\tPattern: " << pattern << std::endl;
for (TIterator it = begin(locations); it != end(locations); ++it)
{
// Clear previously computed gaps.
clearGaps (gapsText) ;
clearGaps (gapsPattern);

// Only recompute the area within the current window over the text.
TSequence textInfix = infix(text, =*it, =it + length(pattern));
assignSource (gapsText, textInfix);

// Use semi-global alignment since we do not want to track leading/
—~trailing gaps in the pattern.

// Restirct search space using a band allowing at most 2 errors 1in,,
—vertical/horizontal direction.

int score = globalAlignment (gapsText, gapsPattern, Score<int> (0, -1, -
—~1), AlignConfig<true, false, false, true>(), -2, 2);

TGapsIterator itGapsPattern = begin (gapsPattern);
TGapsIterator itGapsEnd = end(gapsPattern);

// Remove trailing gaps 1in pattern.
int count = 0;
while (isGap (——-itGapsEnd))
++count;
setClippedEndPosition (gapsPattern, length (gapsPattern) - count);

// Remove leading gaps 1in pattern.

if (isGap(itGapsPattern))

{
setClippedBeginPosition (gapsPattern, countGaps (itGapsPattern));
setClippedBeginPosition (gapsText, countGaps (itGapsPattern));

}

std::cout << "Hit at position " << xit << "\ttotal edits: " <<,

—abs (score) << std::endl;
}

return 0O;

Solution (Step 4)
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#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{

typedef String<char> TSequence;

typedef Gaps<TSequence, ArrayGaps> TGaps;
typedef Iterator<TGaps>::Type TGapslterator;
typedef Iterator<String<int> >::Type TIterator;

TSequence text = "MISSISSIPPIANDMISSOURI";
TSequence pattern = "SISSI";

String<int> locations;
for (unsigned i = 0; 1 < length(text) - length(pattern); ++1i)
{
// Compute the MyersBitVector in current window of text.
TSequence tmp = infix(text, i, i + length(pattern));

// Report hits with at most 2 errors.
if (globalAlignmentScore (tmp, pattern, MyersBitVector()) >= -2)
{

appendValue (locations, 1i);

TGaps gapsText;
TGaps gapsPattern;
assignSource (gapsPattern, pattern);
std::cout << "Text: " << text << "\tPattern: " << pattern << std::endl;
for (TIterator it = begin(locations); it != end(locations); ++it)
{
// Clear previously computed gaps.
clearGaps (gapsText) ;
clearGaps (gapsPattern);

// Only recompute the area within the current window over the text.
TSequence textInfix = infix(text, =it, *it + length(pattern));
assignSource (gapsText, textInfix);

// Use semi-global alignment since we do not want to track leading/
—trailing gaps in the pattern.

// Restirct search space using a band allowing at most 2 errors in_,
—vertical/horizontal direction.

int score = globalAlignment (gapsText, gapsPattern, Score<int> (0, -1, -
—1), AlignConfig<true, false, false, true>(), -2, 2);

TGapsIterator itGapsPattern = begin (gapsPattern);
TGapsIterator itGapsEnd = end(gapsPattern);

// Remove trailing gaps in pattern.
int count = 0;
while (isGap (-—-itGapsEnd))
++count;
setClippedEndPosition (gapsPattern, length (gapsPattern) - count);
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// Remove leading gaps in pattern.
if (isGap(itGapsPattern))
{
setClippedBeginPosition (gapsPattern,
setClippedBeginPosition (gapsText,

// Reinitilaize the iterators.
TGapsIterator itGapsText =
itGapsPattern = begin (gapsPattern);
itGapsEnd = end(gapsPattern);

std: :stringstream cigar;
while (itGapsPattern != itGapsEnd)
{

// Count insertions.

}
std::cout << "Hit at position "
—abs (score) << std::endl;
}

return 0;

<< *it <<

countGaps (itGapsPattern));

countGaps (itGapsPattern)) ;

begin (gapsText) ;

// Use a stringstream to construct the cigar string.

if (isGap (itGapsText))
{
int numGaps = countGaps (itGapsText) ;
cigar << numGaps << "I";
itGapsText += numGaps;
itGapsPattern += numGaps;
continue;
}
++itGapsText;
++itGapsPattern;

"\ttotal edits: " <<

[

Solution (Step 5)

#include <iostream>
#include <segan/align.h>

using namespace segan;

int main ()

{
typedef String<char> TSequence;
typedef Gaps<TSequence, ArrayGaps> TGaps;
typedef Iterator<TGaps>::Type TGapsIterator;

TSequence text =
TSequence pattern = "SISSI";
String<int> locations;
for (unsigned i = 0; 1 < length(text)
{

TSequence tmp = infix(text, i,

// Report hits with at most 2 errors.

"MISSISSIPPIANDMISSOURI";

— length (pattern);

typedef Iterator<String<int> >::Type TIterator;

++1)

// Compute the MyersBitVector in current window of text.
i + length(pattern));
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if (globalAlignmentScore (tmp, pattern, MyersBitVector()) >= -2)
{

appendValue (locations, 1i);

TGaps gapsText;
TGaps gapsPattern;
assignSource (gapsPattern, pattern);
std::cout << "Text: " << text << "\tPattern: " << pattern << std::endl;
for (TIterator it = begin(locations); it != end(locations); ++it)
{
// Clear previously computed gaps.
clearGaps (gapsText) ;
clearGaps (gapsPattern);

// Only recompute the area within the current window over the text.
TSequence textInfix = infix(text, =*it, =it + length(pattern));
assignSource (gapsText, textInfix);

// Use semi-global alignment since we do not want to track leading/
—trailing gaps in the pattern.

// Restirct search space using a band allowing at most 2 errors 1in,,
—vertical/horizontal direction.

int score = globalAlignment (gapsText, gapsPattern, Score<int> (0, -1, -
1), AlignConfig<true, false, false, true>(), -2, 2);

TGapsIterator itGapsPattern = begin (gapsPattern);
TGapsIterator itGapsEnd = end(gapsPattern);

// Remove trailing gaps in pattern.
int count = 0;
while (isGap (——itGapsEnd))
++count;
setClippedEndPosition (gapsPattern, length(gapsPattern) - count);

// Remove leading gaps 1in pattern.

if (isGap(itGapsPattern))

{
setClippedBeginPosition (gapsPattern, countGaps (itGapsPattern));
setClippedBeginPosition (gapsText, countGaps (itGapsPattern));

// Reinitilaize the iterators.
TGapsIterator itGapsText = begin (gapsText);
itGapsPattern = begin (gapsPattern);
itGapsEnd = end(gapsPattern);

// Use a stringstream to construct the cigar string.
std: :stringstream cigar;
while (itGapsPattern != itGapsEnd)
{
// Count insertions.
if (isGap(itGapsText))
{
int numGaps = countGaps (itGapsText) ;
cigar << numGaps << "I";
itGapsText += numGaps;
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itGapsPattern += numGaps;
continue;

}

// Count deletions.

if (isGap (itGapsPattern))

{

int numGaps
cigar << numGaps << "D";
itGapsText += numGaps;
itGapsPattern += numGaps;
continue;
}
++itGapsText;
++itGapsPattern;
}
// Output the hit position in the text,
—the corresponding cigar string.

countGaps (itGapsPattern) ;

the total number of edits and_

std::cout << "Hit at position " << *it << "\ttotal edits: " <<
—abs (score) << std::endl;
}
return 0O;
}
Solution (Step 6)
#include <iostream>
#include <segan/align.h>
using namespace segan;
int main ()
{
typedef String<char> TSequence;
typedef Gaps<TSequence, ArrayGaps> TGaps;
typedef Iterator<TGaps>::Type TGapsIterator;
typedef Iterator<String<int> >::Type TIterator;
TSequence text = "MISSISSIPPIANDMISSOURI";
TSequence pattern = "SISSI";
String<int> locations;
for (unsigned i = 0; i < length(text) - length(pattern); ++1i)
{
// Compute the MyersBitVector in current window of text.
TSequence tmp = infix(text, i, i1 + length(pattern));
// Report hits with at most 2 errors.
if (globalAlignmentScore (tmp, pattern, MyersBitVector()) >= -2)

{

appendValue (locations, 1i);

TGaps gapsText;

TGaps gapsPattern;
assignSource (gapsPattern,
std::cout << "Text: " << text <<

pattern);
"\tPattern:

" << pattern << std::endl;
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for (TIterator it = begin(locations); it != end(locations); ++it)
{

// Clear previously computed gaps.

clearGaps (gapsText) ;

clearGaps (gapsPattern);

// Only recompute the area within the current window over the text.
TSequence textInfix = infix(text, =»it, =it + length(pattern));
assignSource (gapsText, textInfix);

// Use semi-global alignment since we do not want to track leading/
—~trailing gaps in the pattern.

// Restirct search space using a band allowing at most 2 errors in_,
—vertical/horizontal direction.

int score = globalAlignment (gapsText, gapsPattern, Score<int>(0, -1, -
—~1), AlignConfig<true, false, false, true>(), -2, 2);

TGapsIterator itGapsPattern = begin (gapsPattern);
TGapsIterator itGapsEnd = end(gapsPattern);

// Remove trailing gaps in pattern.
int count = 0;
while (isGap (-—-itGapsEnd))
++count;
setClippedEndPosition (gapsPattern, length (gapsPattern) - count);

// Remove leading gaps in pattern.

if (isGap(itGapsPattern))

{
setClippedBeginPosition (gapsPattern, countGaps (itGapsPattern));
setClippedBeginPosition (gapsText, countGaps (itGapsPattern));

// Reinitilaize the iterators.
TGapsIterator itGapsText = begin (gapsText);
itGapsPattern = begin (gapsPattern);
itGapsEnd = end(gapsPattern);

// Use a stringstream to construct the cigar string.
std::stringstream cigar;
int numMatchAndMismatches = 0;
while (itGapsPattern != itGapsEnd)
{
// Count insertions.
if (isGap(itGapsText))
{
int numGaps = countGaps (itGapsText) ;
cigar << numGaps << "I";
itGapsText += numGaps;
itGapsPattern += numGaps;
continue;
}
// Count deletions.
if (isGap(itGapsPattern))
{
int numGaps = countGaps (itGapsPattern);
cigar << numGaps << "D";
itGapsText += numGaps;
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itGapsPattern += numGaps;
continue;

// Count matches and mismatches.

while (itGapsPattern != itGapsEnd)
{
if (isGap (itGapsPattern) || isGap (itGapsText))
break;

++numMatchAndMismatches;

++itGapsText;

++itGapsPattern;
}
if (numMatchAndMismatches != 0)

cigar << numMatchAndMismatches << "M";
numMatchAndMismatches = 0;

}

// Output the hit position in the text, the total number of edits and_
—the corresponding cigar string.

std::cout << "Hit at position " << *it << "\ttotal edits: " <<
—abs (score) << "\tcigar: " << cigar.str() << std::endl;

}

return 0O;

Complete Solution (and more explanations) Write the main body of the program with type definition and
initalization of the used data structures.

#include <iostream>
#include <segan/align.h>

using namespace sedgan;

int main ()

{
typedef String<char> TSequence;
typedef Gaps<TSequence, ArrayGaps> TGaps;
typedef Iterator<TGaps>::Type TGapsIterator;
typedef Iterator<String<int> >::Type TIterator;

TSequence text = "MISSISSIPPIANDMISSOURI";
TSequence pattern = "SISSI";

In the first part of the algorithm we implement an alignment based verification process to identify positions
in the subject sequence at which we can find our pattern with at most 2 errors. We slide the 5*5 alignment
matrix position by position over the subject sequence and use the MeyersBitVector to verify the hits. If
the score is greater or equal than -2, then we have found a hit. We store the begin position of the hit in
locations.

String<int> locations;
for (unsigned i = 0; i1 < length(text) - length(pattern); ++1i)
{
// Compute the MyersBitVector in current window of text.
TSequence tmp = infix(text, i, i1 + length(pattern));
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// Report hits with at most 2 errors.
if (globalAlignmentScore (tmp, pattern, MyersBitVector()) >= -2)
{

appendValue (locations, 1i);

In the second part of the algorithm we iterate over all reported locations. This time we compute a semi-
global alignment since we won’t penalize gaps at the beginning and at the end of our pattern. We also
compute a band allowing at most 2 errors in either direction. Don’t forget to clear the gaps in each
iteration, otherwise we might encounter wrong alignments.

TGaps gapsText;
TGaps gapsPattern;
assignSource (gapsPattern, pattern);
std::cout << "Text: " << text << "\tPattern: " << pattern << std::endl;
for (TIterator it = begin(locations); it != end(locations); ++it)
{
// Clear previously computed gaps.
clearGaps (gapsText) ;
clearGaps (gapsPattern);
// Only recompute the area within the current window over the text.
TSequence textInfix = infix(text, =xit, =it + length(pattern));
assignSource (gapsText, textInfix);

// Use semi-global alignment since we do not want to track leading/
—~trailing gaps in the pattern.

// Restirct search space using a band allowing at most 2 errors 1in,,
—vertical/horizontal direction.

int score = globalAlignment (gapsText, gapsPattern, Score<int> (0, -1, -
—1), AlignConfig<true, false, false, true>(), -2, 2);

In the next part we determine the cigar string for the matched pattern. We have to remove leading and
trailing gaps in the gapsPattern object using the functions setClippedBeginPosition and setClippedEndPo-
sition. We also need to set the clipped begin position for the gapsText object such that both Gaps begin at
the same position.

TGapsIterator itGapsPattern = begin (gapsPattern);
TGapsIterator itGapsEnd = end(gapsPattern);

// Remove trailing gaps in pattern.
int count = 0;
while (isGap (-—-itGapsEnd))
++count;
setClippedEndPosition (gapsPattern, length(gapsPattern) - count);

// Remove leading gaps in pattern.

if (isGap (itGapsPattern))

{
setClippedBeginPosition (gapsPattern, countGaps (itGapsPattern));
setClippedBeginPosition (gapsText, countGaps (itGapsPattern));

// Reinitilaize the iterators.
TGapsIterator itGapsText = begin (gapsText);
itGapsPattern = begin (gapsPattern);
itGapsEnd = end(gapsPattern);
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// Use a stringstream to construct the cigar string.
std::stringstream cigar;

int numMatchAndMismatches = 0;

while (itGapsPattern != itGapsEnd)

{

First, we identify insertions using the functions isGap and countGaps.

// Count insertions.
if (isGap(itGapsText))
{
int numGaps = countGaps (itGapsText) ;
cigar << numGaps << "I";
itGapsText += numGaps;
itGapsPattern += numGaps;
continue;

We do the same to identify deletions.

// Count deletions.
if (isGap (itGapsPattern))
{
int numGaps = countGaps (itGapsPattern);
cigar << numGaps << "D";
itGapsText += numGaps;
itGapsPattern += numGaps;
continue;

If there is neither an insertion nor a deletion, then there must be a match or a mismatch. As long as we
encounter matches and mismatches we move forward in the Gaps structures. Finally we print out the
position of the hit, its total number of edits and the corresponding cigar string.

// Count matches and mismatches.

while (itGapsPattern != itGapsEnd)
{
if (isGap (itGapsPattern) || isGap (itGapsText))
break;

++numMatchAndMismatches;

++itGapsText;

++itGapsPattern;
}
if (numMatchAndMismatches != 0)

cigar << numMatchAndMismatches << "M";
numMatchAndMismatches = 0;

}

// Output the hit position in the text, the total number of edits and,
—~the corresponding cigar string.

std::cout << "Hit at position " << *it << "\ttotal edits: " <<
—abs (score) << "\tcigar: " << cigar.str() << std::endl;

}

return 0;
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Here is the output of this program.

Text: MISSISSIPPIANDMISSOURI Pattern: SISSI

Hit at position O total edits: 1 cigar: 5M
Hit at position 1 total edits: 1 cigar: 1I4M
Hit at position 2 total edits: 1 cigar: 4M1I
Hit at position 3 total edits: 0 cigar: 5M
Hit at position 4 total edits: 1 cigar: 1I4M
Hit at position 6 total edits: 2 cigar: 5M
Hit at position 14 total edits: 2 cigar: 4M1I

ToC

Contents

* Multiple Sequence Alignment
— Computing MSAs with SeqAn
* Assignment [
— Computing Consensus Sequences

Multiple Sequence Alignment

Learning Objective You will learn how to compute a multiple sequence alignment (MSA) using SeqAn’s alignment
data structures and algorithms.

Difficulty Basic
Duration 30 min
Prerequisites Sequences, Alignment

Alignments are at the core of biological sequence analysis and part of the “bread and butter” tasks in this area. As you
have learned in the pairwise alignment tutorial, SeqAn offers powerful and flexible functionality for coputing such
pairwise alignments. This tutorial shows how to compute multiple sequence alignments (MSAs) using SeqAn. First,
some background on MSA will be given and the tutorial will then explain how to create multiple sequence alignments.

Note that this tutorial focuses on the <segan/graph_msa . h> module whose purpose is the computation of global
MSAs, i.e. similar to SeqAn::T-Coffe [REW+08] or ClustalW [THG94]. If you are interested in computing consensus
sequences of multiple overlapping sequences (e.g. NGS reads), similar to assembly after the layouting step, then have
a look at the Consensus Alignment tutorial.

While the pairwise alignment of sequences can be computed exactly in quadratic time usind dynamic programming,
the computation of exact MSAs is harder. Given n sequences of length ¢, the exact computation of an MSA is only
feasible in time O(¢™). Thus, global MSAs are usually computed using a heuristic called progressive alignment. For
an introduction to MSAs, see the Wikipedia Article on Multiple Sequence Aligment.

Computing MSAs with SeqAn

The SeqAn library gives you access to the engine of SeqAn::T-Coffee [REW+08], a powerful and efficient MSA
algorithm based on the progressive alignment strategy. The easiest way to compute multiple sequence alignments is
using the function globalMsaAlignment. The following example shows how to compute a global multiple sequence
alignment of proteins using the Blosum62 scoring matrix with gap extension penalty —11 and gap open penalty —1.

First, we include the necessary headers and begin the main function by declaring our strings as a char array.
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#include <iostream>
#include <segan/align.h>
#include <segan/graph _msa.h>

using namespace segan;

int main ()
{
char const * strings[4] =
{
"DPKKPRGKMSSYAFFVQTSREEHKKKHPDASVNE SEFSKKCSERWKTMSAKEKGKFEDMA"
"KADKARYEREMKTYIPPKGE",
"RVKRPMNAFIVWSRDQRRKMALENPRMRNSEISKQLGYQWKMLTEAEKWPFEFQEAQKLQA"
"MHREKYPNYKYRPRRKAKMLPK",
"FPKKPLTPYFRFFMEKRAKYAKLHPEMSNLDLTKILSKKYKELPEKKKMKYIQDFQREKQ"
"EFERNLARFREDHPDLIQNAKK",
"HIKKPLNAFMLYMKEMRANVVAESTLKESAAINQILGRRWHALSREEQAKYYELARKERQ"
"LHMQLYPGWSARDNYGKKKKRKREK"

}i

Next, we build a Align object with underling SeqAn Strings over the AminoAcid alphabet. We create four rows and
assign the previously defined amino acid strings into the rows.

Align<String<AminoAcid> > align;
resize (rows (align), 4);
for (int i = 0; i < 4; ++1)

assignSource (row(align, i), strings[il]);

Finally, we call globalMsaAlignment and print a1l ign to the standard output. We use the Blosum62 score matrix with
the penalties from above.

globalMsaAlignment (align, Blosum62 (-1, -11));
std::cout << align << "\n";

return 0;

The output of the program look as follows.

0 . : . : . : . : . :
DPKKPRGKMSSYAFFVQTSREEHKKKHPDASVNF SEFSKKCSERWKTMSA
I | \ | L [
RVKRP—-——-MNAFIVWSRDQRRKMALENPRMR-NS—-EISKQLGYQWKMLTE
[ [ o [ [
FPKKP——-LTPYFRFFMEKRAKYAKLHPEMS—-NL-DLTKILSKKYKELPE
1] | [ [ |
HIKKP-—-LNAFMLYMKEMRANVVAESTLKE-SA-AINQILGRRWHALSR
50 .

KEKGKFEDMAKADKARYEREMKTY-————————— IPPKGE
[ | \ |
AEKWPFFQEAQKLOQAMHREKYPNY--KYRP-RRKAKMLPK
\ [ |
KKKMKYIQDFQREKQEFERNLARF-—REDH-PDLIQNAKK

Il Il \ |
EEQAKYYELARKERQLHMQLYPGWSARDNYGKKKKRKREK

Note that we stored the MSA in an Align object which allows easy access to the individual rows of the MSA as Gaps
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objects. globalMsaAlignment also allows storing the alignment as an AlignmentGraph. While this data structure
makes other operations easier, it is less intuitive than the tabular represention of the Align class.

Assignment 1

Type Review

Objective Compute a multiple sequence alignments between the four protein sequences from above using a Align
object and the Blosum80 score matrix.

Solution The solution looks as follows.

// ! [main]

#include <iostream>

#include <segan/align.h>
#include <segan/graph_msa.h>

using namespace segan;

int main ()
{
char const * strings[4] =
{
"DPKKPRGKMSSYAFFVQTSREEHKKKHPDASVNFSEF SKKCSERWKTMSAKEKGKFEDMA"
"KADKARYEREMKTYIPPKGE",
"RVKRPMNAF IVWSRDQRRKMALENPRMRNSEISKQLGYQWKMLTEAEKWPFEFQEAQKLQA"
"MHREKYPNYKYRPRRKAKMLPK",
"FPKKPLTPYFRFFMEKRAKYAKLHPEMSNLDLTKILSKKYKELPEKKKMKYIQDFQREKQ"
"EFERNLARFREDHPDLIQNAKK",
"HIKKPLNAFMLYMKEMRANVVAESTLKESAAINQILGRRWHALSREEQAKYYELARKERQ"
"LHMQLYPGWSARDNYGKKKKRKREK"

}i

Align<String<AminoAcid> > align;
resize (rows (align), 4);
for (int 1 = 0; i < 4; ++1i)

assignSource (row(align, 1), stringsf[i]);

globalMsaAlignment (align, Blosum80 (-1, -11));
std::cout << align << "\n";

return 0;

}
//!'[main]

And here is the program’s output.

0 . : . : . : . : . :
DPKKPRGKMSSYAFFVQTSREEHKKKHPDASVNEFSEFSKKCSERWKTMSA
[ \ | \ \ [1 [
RVKRP—-——-MNAF IVWSRDQRRKMALENPRMR-NS-EISKQLGYQWKMLTE
. [ [ \ . [
FPKKP-—-LTPYFRFFMEKRAKYAKLHPEMS—-NL-DLTKILSKKYKELPE
1] \ [ 1 [ |
HIKKP——-LNAFMLYMKEMRANVVAESTLKE-SA-AINQILGRRWHALSR
50 . : . :

KEKGKFEDMAKADKARYEREMKTY-—————————————— IP--PKG-—-E
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. | | L [
AEKWPFFQEAQKLOAMH-RE-K————— YP—————— NYKYRPRRKAKMLPK
| (. | [ Il |
KKKMKYIQDFQREKQEFERNLARFREDHP ————~~ DL--IQ--NAK---K
Il (I [ |
EEQAKYYELARKERQLH-MQ-L————~ YPGWSARDNYGKKKKRKRE-—-K

Computing Consensus Sequences

One common task following the computation of a global MSA for DNA sequences is the computation of a consensus
sequence. The type ProfileChar can be used for storing counts for a profile’s individual characters. It is used by
creating a String over ProfileChar as the alphabet.

The following program first computes a global MSA of four variants of exon1 of the gene SHH. First, we compute the
alignment as in the example above.

#include <iostream>
#include <segan/align.h>
#include <segan/graph_msa.h>

using namespace sedgan;

int main ()

{

// some variangs of sonic hedgehog exon 1

char const * strings[4] =

{
// gi]2440284|dbj|AB007129.1| Oryzias latipes
"GCGGGTCACTGAGGGCTGGGATGAGGACGGCCACCACTTCGAGGAGTCCCTTCACTACGAGGGCAGGGCC"
"GTGGACATCACCACGTCAGACAGGGACAAGAGCAAGTACGGCACCCTGTCCAGACTGGCGGTGGAAGCTG"
"GGTTCGACTGGGTCTACTATGAGTCCAAAGCGCACATCCACTGCTCTGTGAAAGCAGAAAGCTCAGTCGC"
"TGCAAAGTCGGGCGGTTGCTTCCCAGGATCCTCCACGGTCACCCTGGAAAATGGCACCCAGAGGCCCGTC"
"AAAGATCTCCAACCCGGGGACAGAGTACTGGCCGCGGATTACGACGGAAACCCGGTTTATACCGACTTCA"
"TCATGTTCAA",
// gi|1731488|gb|U51350.1|DDU51350 Devario devario
"CTACGGCAGAAGAAGACATCCGAAAAAGCTGACACCTCTCGCCTACAAGCAGTTCATACCTAATGTCGCG"
"GAGAAGACCTTAGGGGCCAGCGGCAGATACGAGGGCAAGATAACGCGCAATTCGGAGAGATTTAAAGAAC"
"TTACTCCAAATTACAATCCCGACATTATCTTTAAGGATGAGGAGAACACG",
// gi|1731504|gb|U51352.1|PTU51352 Puntius tetrazona
"CTACGGCAGAAGAAGACATCCCAAGAAGCTGACACCTCTCGCCTACAAGCAGTTTATACCTAATGTCGCG"
"GAGAAGACCTTAGGGGCCAGCGGCAGATACGAGGGCAAGATCACGCGCAATTCGGAGAGATTTAAAGAAC"
"TTACTCCAAATTACAATCCCGACATTATCTTTAAGGATGAGGAGAACACT",
// gi|54399708|gb|AY642858.1| Bos taurus
"TGCTGCTGCTGGCGAGATGTCTGCTGGTGCTGCTTGTCTCCTCGCTGTTGATGTGCTCGGGGCTGGCGTG"
"CGGACCCGGCAGGGGATTTGGCAAGAGGCGGAACCCCAAAAAGCTGACCCCTTTAGCCTACAAGCAGTTT"
"ATCCCCAACGTGGCGGAGAAGACCCTAGGGGCCAGTGGAAGATATGAGGGGAAGATCACCAGAAACTCAG"
"AGCGATTTAAGGAACTCACCCCCAATTACAACCC"

}i

Align<DnaString> align;
resize (rows (align), 4);
for (int 1 = 0; 1 < 4; ++1i)
assignSource (row(align, i), strings([i]);

globalMsaAlignment (align, SimpleScore(5, -3, -1, -3));
std::cout << align << "\n";
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Then, we create the profile string with the length of the MSA. We then count the number of characters (and gap
pseudo-characters which have an ordvalue of 4 for Gaps over Dna) at each position.

// create the profile string
String<ProfileChar<Dna> > profile;

resize (profile, length(row(align, 0)));
for (unsigned rowNo = 0; rowNo < 4u; ++rowNo)
for (unsigned i = 0; 1 < length(row(align, rowNo)); ++1i)
profile[i].count[ordValue (getValue (row(align, rowNo), 1i))] += 1;

Finally, we compute the consensus and print it to the standard output. At each position, the consensus is called as the
character with the highest count. Note that getMaxIndex breaks ties by the ordinal value of the caracters, i.e. A
would be preferred over C, C over G and so on.

// call consensus from this string
DnaString consensus;
for (unsigned i = 0; 1 < length(profile); ++1i)
{
int idx = getMaxIndex (profile[i]);
if (idx < 4) // is not gap
appendValue (consensus, Dna(getMaxIndex (profile[i])));

std::cout << "consensus sequence is\n"
<< consensus << "\n";

return 0O;

The output of the program is as follows.

0 . : . : . : . : . :

~GCGGGTCACTGAG-GGCTGGGATGA - ——————=——=————————————
\ (N 1] (N

-—C——-T-AC-—-—-— GGC————A-GA————————————
\ (N 1] [1

——C——-T-AC-———-— GGC————A-GA——————————

\ [ 1] N
TGC-~--T-GCT-GCTGGC~--GA-GATGTCTGCTGGTGCTGCTTGTCTCC

50

I
TCGCTGTTGATGTGCTCGGGGCTGGCGTGCGGACCCGGCAGGGGATTTGG

100 . : . : . : . : . :
—ACGGCCAC——-C——-ACTTCGAGGAGTCCCTTCACTACGAGGGCAGGGCC

(. \ | | [ \ \ | | I
-AAG---A-——C——-A-————————— TCC-—--GA--A-AA-—-—-A-—-GC-

] \ | | [ 1] \ \ \ | [
~AAG-—-A-—-C-——A-————————— TCC—-—-CA--A-GA-—--A--GC-

] \ | | I I \ | | I
CAAG--—A-GGCGGAA—————————~ CCC—--CA--A-AA—-—-A--GC-
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150
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250
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350
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GTGGACATCACCACGTCAGACAGGGACAAGAGCAAG--TACGGCACCCTG
N R N R [ N
~T-GA---CACCTC-TC-GCC~~~TACA-~AGC-AGTTCA-~-~-TA-CCT~
[l LI Tr PEEE T et N
~T-GA---CACCTC-TC-GCC---TACA--AGC-AGTTTA---TA-CCT-

[0 N FEEr ot rrrrrl L1
~T-GA---CCCCTT-TA-GCC~--TACA--AGC-AGTTTA---TC-CCC-

TCCAGACTG--GCGGTGGAAGCTGGGTTCGACTGGGTCTACTATGAGTCC
Lt e 1 1] et

—-——A-A-TGTCGCGG-AGAA————————— GAC————-— CT--TA-GGGGCC
e e [ 1] R
———A-A-TGTCGCGG-AGAA-————————— GAC————-— CT--TA-GGGGCC
[ N RN [ 1] | RN
———A-A-CGTGGCGG-AGAA-————————— GAC————-— CC——-TA-GGGGCC

AAAGC—-GCACATCCACTGCTCTGTGAAAGCAGAAAGCTCAGTCGCT-GCA
PEE el [ [l (O e e N N A N
——AGCGGCAGAT--AC-G———-AG-G—-—--GC-——-AAGATAA--CGC--GC-
N I B N (N [l (I I e e O O N
——AGCGGCAGAT--AC-G-—--AG-G——-GC-——-AAGATCA--CGC--GC-

e e 0l [ | Freeeer e
~—-AGTGGAAGAT--AT-G---AG-G-~-GG~~~AAGATCA--C-C-AGA-

AAGTCGGGCGGTTGCTTCCCAG-GATCCTCCACGGTCACCCTGGAAAATG
RN Errr | [

AATTCGG-—-—————————- AGAGAT--T-——-—- T———————- AAA-——-
LR [ . | 1]
AATTCGG-—-—————————- AGAGAT--T-——-—- T———————- AAA-——-
o [ N N | Il
AACTCAG-————————————— AGCGAT--T-————- T AAG-——-

GCACCCAGAGGCCCGTCAAAGATCTCCAA-CCCGGGGACAGAGTACTGGC
o [ N N N

GAACTTA---—-CTC-—-CAA--AT-TACAATCCC——-GAC——ATTA-T---
LRI R R A NN
GAACTTA--—-CTC-—CAA--AT-TACAATCCC——-GAC——ATTA-T--—
LT [ R R
GAACTCA--——CCC-—CCA--AT-TACAA-CCC—————————————————

CGCGGA-TTACGACGGA—--AACCCGGTTTATACCGACTTCATCATGTTCA

\ FEr e I \ Il [
-——TTTA--A-GGATGA----GG---A----GA----A-CACG———-
\
A

FEEE T I I RN
-——TTTA--A-GGATGA--—-GG——-A——-— GA----A-CACT-—--

Q — Q
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consensus sequence is
GCTACTGGCGAGAAGAAGACATCCCAAAAAGCTGACACCTCTCGCCTACAAGCAGTTTATACCTAATGTCGCGGAGAAGACCTTAGG

FGCCAGCGGCAGA'

In bioinformatics, we often search for similarities between sequences. You might know the problem already from
the pattern matching section. However, when we want to put a sequence in its evolutionary context, a simple pattern
matching algorithm will not suffice, as it rather looks for small identical parts with some errors. But, if we have two
sequences at hand, we don’t actually know which patterns we are looking for.

O 30 O W e N O N -3 O, i, e e e

|GCTATG-GCATTGTGGCCCATTTAT|

To solve this problem, one computes a global pairwise sequence alignment to obtain an optimal transcript, that de-
scribes how these two sequences are related to each other. The transcript describes the edit operations (match, sub-
stitution, insertion and deletion) necessary to translate the one sequence into the other, as can be seen in the picture
above.

The alignment problem is solved with a dynamic programming (DP) algorithm which runs in O(n?) time and space.
Besides the global alignment approach many, many more variations of this DP based algorithm have been developed
over time. SeqAn unified all of these approaches into a single DP core implementation which can be extended pretty
easily and thus with all possible configurations is a very versatile and powerful tool to compute many desired alignment
variants.

In the pairwise sequence alignment tutorial you will learn more about the different alignment algorithms that are
implemented and how to compute them.

A more complex problem then the pairwise sequence alignment is the multiple sequence alignment, where the optimal
alignment between many sequences is sought. Solving the problem exactly would be infeasible, since the combinations
would explode. In fact the runtime is O(n*), where k is the number of sequences. Instead, one rather builds up
a multiple sequence alignment by progressively computing pairwise alignments. The multiple sequence alignment
tutorial teaches you how to compute a multiple sequence alignment in SeqAn.

ToC

Contents

* Consensus Alignment

— Consensus with Approximate Positions

— Consensus without Approximate Positions

Consensus Alignment

Learning Objective You will learn how to perform a consensus alignment of sequences (e.g. NGS reads) stored in a
FragmentStore. After completing this tutorial, you will be able to perform a consensus alignment of reads with
and without using alignment information. This is useful for the consensus step in sequence assembly.
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Difficulty Advanced
Duration 1 h
Prerequisites Fragment Store

The SeqAn module <segan/consensus . h> allows the computation of consensus alignments based on the method
by Rausch et al. [RKD+09]. It can be used for the consensus step in Overlap-Layout-Consensus assemblers.

Consensus with Approximate Positions

The consensus module has two modes. The first one is applicable when approximate positions of the reads are known.
The following program demonstrates this functionality.

First, we include the necessary headers.

#include <iostream>

#include <segan/store.h>
#include <segan/consensus.h>

using namespace segan;

int main ()

{

Next, the fragment store is filled with reads and approximate positions. The true alignment is shown in the comments.

FragmentStore<> store;

// Resize contigStore and contigNameStore (required for printing the first,
—layout) .

resize (store.contigStore, 1);

appendValue (store.contigNameStore, "ref");

// Actual read layout.

//

// AATGGATGGCAAAATAGTTGTTCCATGAATACATCTCTAAAGAGCTTT

// AAAATAGTTGTTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTT

// o
—AGTTGTTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTTAGTCAAATTTTCAATACTGTA

// ACATCTCTAAAGAGCTTTGATGCTAATTTAGTCAAATT

//

—AGAGCTTTGATGCTAATTTAGTCAAATTTTCAATACTGTACAATCTTCTCTAG

// Append reads (includes small errors).

appendRead (store, "AATGGATGGCAAAATAGTTGTTCCATGAATACATCTCTAAAGAGCTTT");

appendRead (store, "AAAGTAGTTGTTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTT");

appendRead (store, "AGTTGTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTTAGTCAATTTTCAATACTGTA
—");

appendRead (store, "ACATCTCTTAAAGAGCTTTGATGCTAATTTAGTCAAATT");

appendRead (store, "AGAGCTTTGATGCTAATTTAGTCAAATTTTCAATACTGTACAATCTTCTCTAG") ;

// The position used in the following are only approximate and would
// not lead to the read layout above.
appendAlignedRead (store, 0, 0, 0, (int)length(store.readSeqgStorel[0]));

)
appendAlignedRead (store, 1, 0, 12, 12 + (int)length(store.readSeqgStore[l]));
appendAlignedRead (store, 2, 0, 14, 14 + (int)length(store.readSegStore[2]));
appendAlignedRead (store, 3, 0, 18, 18 + (int)length(store.readSeqgStore[3]));
appendAlignedRead (store, 4, 0, 25, 25 + (int)length(store.readSeqgStore[4]));
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// Print the (wrong) alignment.

std::cout << "Initial alignment\n\n";

AlignedReadLayout layout;

layoutAlignment (layout, store);

printAlignment (std::cout, layout, store, /+contigID=x/ 0, /+beginPos=x/ 0, /
—*+endPos=%/ 80, 0, 30);

This is followed by computing the consensus alignment using the function consensusAlignment.

ConsensusAlignmentOptions options;
options.useContigID = true;
consensusAlignment (store, options);

Finally, the alignment is printed using an AlignedReadLayout object.

std::cout << "Final alignment\n\n";

layoutAlignment (layout, store);

printAlignment (std::cout, layout, store, /xcontiglID=x/ 0, /#beginPos=x*/ 0, /
— *+endPos=%/ 80, 0, 30);

return 0;

Here is the program’s output:

Initial alignment

AATGGATGGCAAAATAGTTGTTCCATGAATACATCTCTAAAGAGCTTT
AAAGTAGTTGTTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTT
AGTTGTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTTAGTCAATTTTCAATACTGTA
ACATCTCTTAAAGAGCTTTGATGCTAATTTAGTCAAATT
AGAGCTTTGATGCTAATTTAGTCAAATTTTCAATACTGTACAATCTTCTCTAG
Final alignment

AATGGATGGCAAAATAGTTGTTCCATGAATACATCTC-TAAAGAGCTTITGATGCTAATTTAGTCAAATTTTCAATACTGT

Consensus without Approximate Positions

When setting the useContigID member of the ConsensusAlignmentOptions object to false then we can also
omit adding approximate positions for the reads. In this case, the consensus step performs an all-to-all alignment of
all reads and then computes a consensus multi-read alignment for all of them. This is demonstrated by the following
program.

#include <iostream>

#include <segan/store.h>
#include <segan/consensus.h>

using namespace sedgan;
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int main ()

{

FragmentStore<> store;

// Actual read layout.

//

// AATGGATGGCAAAATAGTTGTTCCATGAATACATCTCTAAAGAGCTTT

// AAAATAGTTGTTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTT

// o
—AGTTGTTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTTAGTCAAATTTTCAATACTGTA

// ACATCTCTAAAGAGCTTTGATGCTAATTTAGTCAAATT

//

—AGAGCTTTGATGCTAATTTAGTCAAATTTTCAATACTGTACAATCTTCTCTAG

// Append reads (includes small errors).

appendRead (store, "AATGGATGGCAAAATAGTTGTTCCATGAATACATCTCTAAAGAGCTTT");

appendRead (store, "AAAGTAGTTGTTCCATGAATACATCTCTAAAGAGCTTTGATGCTAATTT");

appendRead (store, "AGTTGTCCATGAATACATCTCTAAAGAGCTTITGATGCTAATTTAGTCAATTTTCAATACTGTA
")

appendRead (store, "ACATCTCTTAAAGAGCTTTGATGCTAATTTAGTCAAATT");

appendRead (store, "AGAGCTTTGATGCTAATTTAGTCAAATTTTCAATACTGTACAATCTTCTCTAG");

ConsensusAlignmentOptions options;
options.useContigID = false;
consensusAlignment (store, options);

std::cout << "Final alignment\n\n";

AlignedReadLayout layout;

layoutAlignment (layout, store);

printAlignment (std::cout, layout, store, /#contiglID=x/ 0, /+beginPos=x/ 0, /
—*endPos=x/ 80, 0, 30);

return 0O;

Here is this modified programs’ output:

Final alignment

AATGGATGGCAAAATAGTTGTTCCATGAATACATCTC-TAAAGAGCTTITGATGCTAATTTAGTCAAATTTTCAATACTGT

ToC

Contents

* Realignment

— Getting Started
— Performing the Realignment
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Realignment

Learning Objective In this tutorial, you will learn how to refine multi-sequence alignments in a fragment store. This
can be useful for refining multi-read alignments around indels prior to small variant calling. After completing
the tutorial, you will be able to load reads into a fragment store and compute a realignment.

Difficulty Advanced
Duration 30 min
Prerequisites Fragment Store

A common task in NGS data analysis is small variant calling (SNVs or indels with a length of up to 10 bp) after the
read mapping step. Usually, one considers the “pileup” of the reads and looks for variant signatures (e.g. a certain
number of non-reference characters in the aligned reads). Usually, read mappers compute pairwise alignments of each
read and the reference and store them in a SAM or BAM file. In the absence of indels, such pairwise alignments can
be converted to a multi-read alignment without problems. However, there can be an undesired multi-read alignment
around indels (Figure 1).

The task of improving such an alignment is called realignment and there is a small number of algorithms and tools
available for realignment. This tutorial describes the <segan/realign.h> module which implements a variant of
the ReAligner algorithm by Anson and Myers [AM97].

Getting Started

Consider the following program. It creates a fragment store and then reads a small reference (with a length of 2kb)
from a FASTA file and also a SAM file with reads spanning a complex indel region at 1060 ~ 1140. Finally, it prints
the multi-read alignment around this position using AlignedReadLayout.

#include <segan/store.h>
#include <segan/realign.h>

using namespace segan;

int main ()

{
// Build paths to reference and to alignment.
std::string refPath = getAbsolutePath ("demos/tutorial/realignment/ref.fa");
std::string samPath = getAbsolutePath ("demos/tutorial/realignment/reads.sam");

// Declare fragment store.
FragmentStore<> store;

// Load contigs and read alignment.
loadContigs (store, refPath.c_str());
BamFileIn bamFilelIn (samPath.c_str());
readRecords (store, bamFileln);

// Layout alignment and print.

AlignedReadLayout layout;

layoutAlignment (layout, store);

printAlignment (std::cout, layout, store, /#xcontigID=x/ 0, /#*posBegin=x/ 1060,
/*posEnd=+/ 1140, /*1lineBegin=x*/ 0, /#*1lineEnd=+/ 100);

return O;

The output of the program is as follows:
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Figure 1: An example of a multi-read alignment from pairwise alignments

Performing the Realignment

We can now use the function reAlignment for performing a realignment of the reads in the fragment store.
contigID The numeric ID of the contig to realign.

realignmentMethod Whether to use linear (0) or affine gap costs (1). It is recommended to use affine gap costs.
bandwidth The bandwidth to use in the realignment step.

includeReference Whether or not to include the reference as a pseudo read.

The algorithm works as follows: A profile is computed, with a count of each base and the gap character at each position
in the multi-read alignment. Each read is taken and aligned against this profile. This is repeated until convergence.
Finally, the consensus of the multi-read alignment is written into store.contigStore[contigID] . seq.

The parameter bandwidth controls the bandwidth of the banded alignment used in the alignment of reads against
the profile. If includeReference is true then the reference is added as a pseudo-read (a new read at the end of
the read store). This can be used for computing alignments of the reads agains the original reference.

#include <segan/store.h>
#include <segan/realign.h>
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using namespace segan;

int main ()

{
// Build paths to reference and to alignment.
std::string refPath = getAbsolutePath ("demos/tutorial/realignment/ref.fa");
std::string samPath = getAbsolutePath ("demos/tutorial/realignment/reads.sam");

// Declare fragment store.
FragmentStore<> store;

// Load contigs and read alignment.
loadContigs (store, refPath.c_str());
BamFileIn bamFileIn (samPath.c_str());
readRecords (store, bamFileln);

// Perform the realignment.
reAlignment (store, /xcontigID=%/ 0, /#method=x/ 1, /*bandwidth=x/ 20,
/*includeReference=+/ true);

// Layout alignment and print.

AlignedReadLayout layout;

layoutAlignment (layout, store);

printAlignment (std::cout, layout, store, /xcontigID=x/ 0, /#posBegin=+/ 1060,
/+posEnd=+/ 1140, /xlineBegin=x/ 0, /xlineEnd=+/ 100);

return 0O;

Here is the program’s output. The reference pseudo-read is here shown as the first read (second row) below the
reference (first row).

TTGACTGTGGGAGGATACATCTCTCCATCAATTATCTAAAA——————— TAAATAAATAAACATCAGTTAAAAAGTTAAGG
......................................... N
......................................... *xkxokxT e e e e e e e e e e e e e e
................................. Couvvvvsakkkxkkh ko s e e e e e e e

*xxxkxAL o Coon e e e
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Seed Extension

Learning Objective You will learn how to do seed-and-extend with SeqAn, how to do local and global chaining of
seeds. Finally, you will learn how to create a banded alignment around a seed chain.

Difficulty Average

Duration 2 h

Prerequisites Sequences, Seeds

Overview

Many efficient heuristics to find high scoring, but inexact, local alignments between two sequences start with small
exact (or at least highly similar) segments, so called seeds, and extend or combine them to get larger highly similar
regions. Probably the most prominent tool of this kind is BLAST /AGM+90], but there are many other examples like
FASTA [Pea90] or LAGAN [BDC+03].

SeqAn’s header file for all data structures and functions related to two-dimensional seeds is <segan/seeds.h>.
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Seed Extension

Seeds are often created quickly using a k-mer index: When a k-mer of a given length is found in both sequences, we
can use it as a seed. However, the match can be longer than just k characters. To get longer matches, we use seed
extension.

In the most simple case we simply look for matching characters in both sequences to the left and right end of the seed.
This is called match extension and available through the extendSeed function using the Mat chExtend tag. Below
example shows how to extend seeds to the right end.

// The horizontal and vertical sequence (subject and query sequences).
CharString seqH = "The quick BROWN fox Jjumped again!";

CharString seqV "thick BROWNIES for me!";

// Create and print the seed sequence.

Seed<Simple> seed(11, 7, 14, 10);

std::cout << "original\n"

<< "seedH: " << infix(seqH, beginPositionH (seed),
endPositionH (seed)) << "\n"
<< "seedV: " << infix (seqV, beginPositionV (seed),

endPositionV (seed)) << "\n";

// Perform match extension.

extendSeed (seed, seqH, seqV, EXTEND_RIGHT, MatchExtend());
// Print the resulting seed.

std::cout << "result\n"

<< "seedH: " << infix(seqH, beginPositionH (seed),
endPositionH (seed)) << "\n"
<< "seedV: " << infix (seqV, beginPositionV (seed),

endPositionV (seed)) << "\n";

original
seedH: ROW
seedV: ROW
result
seedH: ROWN
seedV: ROWN

Assignment 1

Type Review
Objective Change the example from above to extend the seed to both sides.

Solution

#include <segan/sequence.h>
#include <segan/stream.h>
#include <segan/seeds.h>

using namespace segan;

int main ()
{
// The horizontal and vertical sequence (subject and query sequences).
CharString segH = "The quick BROWN fox Jjumped again!";
CharString seqV "thick BROWNIES for me!";
// Create and print the seed sequence.
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Seed<Simple> seed (11, 7, 14, 10);
std::cout << "original\n"

<< "seedH: " << infix(seqgH, beginPositionH (seed),
endPositionH (seed)) << "\n"
<< "seedV: " << infix(seqV, beginPositionV (seed),

endPositionV (seed)) << "\n";

// Perform match extension.

extendSeed (seed, seqgH, seqV, EXTEND_BOTH, MatchExtend());
// Print the resulting seed.

std::cout << "result\n"

<< "seedH: " << infix(seqgH, beginPositionH (seed),
endPositionH (seed)) << "\n"
<< "seedV: " << infix(seqV, beginPositionV (seed),

endPositionV (seed)) << "\n";

return 0;

A more complex case is the standard bioinformatics approach of x-drop extension.

In the ungapped case, we extend the seed by comparing the i-th character to the left/right of the seed of the hori-
zontal sequence (subject sequence) with the j-th character to the left/right of the seed in the vertical sequence (query
sequence). Matches and mismatches are assigned with scores (usually matches are assigned with positive scores and
mismatches are assigned with negative scores). The scores are summed up. When one or more mismatches occur, the
running total will drop. When the sum drops more than a value x, the extension is stopped.

This approach is also available in the gapped case in the SeqAn library. Here, creating gaps is also possible but also
assigned negative scores.

// The horizontal and vertical sequence (subject and query sequences).

CharString segH = "The quick BROWN fox jumped again!";

CharString seqV

"thick BROWN boxes of brownies!";

// Create and print the seed sequence.

Seed<Simple>
std::cout <<
<<
<<

seed (11, 7, 14, 10);

"original\n"

"seedH: " << infix (seqgH, beginPositionH (seed),
endPositionH (seed)) << "\n"

"seedV: " << infix(seqV, beginPositionV (seed),

endPositionV(seed)) << "\n";

// Perform match extension.

Score<int, Simple> scoringScheme (1, -1, -1);

extendSeed (seed, seqgH, seqV, EXTEND_BOTH, scoringScheme, 3,
UnGappedXDrop () ) ;

// Print the

resulting seed.

std::cout << "result\n"
<< "seedH: " << infix(seqH, beginPositionH (seed),
endPositionH (seed)) << "\n"
<< "seedV: " << infix(seqV, beginPositionV (seed),

endPositionV (seed)) << "\n";

original

seedH: ROW

seedV: ROW

result

seedH: ick BROWN fox
seedV: ick BROWN box
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Assignment 2

Type Review
Objective Change the example from above to use gapped instead of ungapped x-drop extension.

Solution

#include <segan/sequence.h>
#include <segan/stream.h>
#include <segan/score.h>
#include <segan/seeds.h>

using namespace segan;

int main ()
{
// The horizontal and vertical sequence (subject and query sequences).
CharString segH = "The quick BROWN fox jumped again!";
CharString seqV = "thick BROWN boxes of brownies!";
// Create and print the seed sequence.
Seed<Simple> seed(11, 7, 14, 10);
std::cout << "original\n"

<< "seedH: " << infix(seqgH, beginPositionH (seed),
endPositionH (seed)) << "\n"
<< "seedV: " << infix(seqV, beginPositionV (seed),

endPositionV(seed)) << "\n";

// Perform match extension.

Score<int, Simple> scoringScheme(1l, -1, -1);

extendSeed (seed, segH, seqV, EXTEND_BOTH, scoringScheme, 3,
GappedXDrop ()) ;

// Print the resulting seed.

std::cout << "result\n"

<< "seedH: " << infix(seqH, beginPositionH (seed),
endPositionH (seed)) << "\n"
<< "seedV: " << infix(seqV, beginPositionV (seed),

endPositionV (seed)) << "\n";

return O;

After extending a seed, we might wish to actually get the resulting alignment. When using gapped x-drop extension,
we need to perform a banded global alignment of the two sequence infixes that correspond to the seed. This is shown
in the following example:

// The horizontal and vertical sequence (subject and query sequences).
CharString seqH = "The quick BROWN fox Jjumped again!";

CharString seqV = "thick BROWN boxes of brownies!";

// Create the seed sequence.

Seed<Simple> seed(11, 7, 14, 10);

// Perform match extension.

Score<int, Simple> scoringScheme (1, -1, -1);

extendSeed (seed, seqgH, seqV, EXTEND_BOTH, scoringScheme, 3,
GappedXDrop () ) ;

// Perform a banded alignment.
Align<CharString> align;
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resize (rows (align), 2);

assignSource (row(align, 0), infix(seqH, beginPositionH (seed),
endPositionH (seed)));

assignSource (row(align, 1), infix(seqV, beginPositionV (seed),
endPositionV (seed)));

globalAlignment (align, scoringScheme) ;
std::cout << "Resulting alignment\n" << align << "\n";

Resulting alignment
0 . : . :
quick BROWN fox——- ju
FIEEEErrrr 1l |
—thick BROWN boxes of

Assignment 3

Type Review
Objective Change the example from above to a gap open score of —2 and a gap extension score of —2.

Solution Note that we do not have to explicitely call Gotoh’s algorithm in globalAlignment (). The fact that the
gap extension score is different from the gap opening score is enough.

#include <segan/align.h>
#include <segan/stream.h>
#include <segan/score.h>
#include <segan/seeds.h>
#include <segan/sequence.h>

using namespace segan;

int main ()
{
// The horizontal and vertical sequence (subject and query sequences).
CharString segH = "The quick BROWN fox jumped again!";
CharString seqV "thick BROWN boxes of brownies!";
// Create the seed sequence.
Seed<Simple> seed(11, 7, 14, 10);

// Perform match extension.

Score<int, Simple> scoringScheme (1, -1, -2, -2);

extendSeed (seed, segH, seqV, EXTEND_BOTH, scoringScheme, 3,
GappedXDrop () ) ;

// Perform a banded alignment.

Align<CharString> align;

resize (rows (align), 2);

assignSource (row(align, 0), infix(seqH, beginPositionH (seed),

endPositionH (seed)));
assignSource (row(align, 1), infix(seqV, beginPositionV(seed),
endPositionV (seed)));

globalAlignment (align, scoringScheme);
std::cout << "Resulting alignment\n" << align << "\n";
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return O;

Local Chaining using Seed Sets

Usually, we quickly determine a large number of seeds. When a seed is found, we want to find a “close” seed that we
found previously and combine it to form a longer seed. This combination is called local chaining. This approach has
been pioneered in the CHAOS and BLAT programs.

SeqAn provides the SeedSet class as a data structure to efficiently store seeds and combine new seeds with existing
ones. The following example creates a SeedSet object seeds, adds four seeds to it and then prints its contents.

typedef Seed<Simple> TSeed;
typedef SeedSet<TSeed> TSeedSet;

TSeedSet seedSet;

addSeed (seedSet, TSeed(0, 0, 2), Single());
addSeed (seedSet, TSeed(3, 5, 2), Single());
addSeed (seedSet, TSeed(4, 2, 3), Single());
addSeed (seedSet, TSeed(9, 9, 2), Single());

std::cout << "Resulting seeds.\n";
typedef Iterator<TSeedSet>::Type TIter;

for (TIter it = begin(seedSet, Standard()); it != end(seedSet, Standard()); ++it)
std::cout << " (" << beginPositionH (xit) << ", " << endPositionH(xit)
<< ", " << beginPositionV(xit) << ", " << endPositionV(xit)
<< ", " << lowerDiagonal (xit) << ", " << upperDiagonal (xit)
<< ")\n";

The output of the program above can be seen below.

Resulting seeds.

(3, 5, 5, 7, -2, -2)
0o, 2, 0, 2, 0, 0)
9, 11, 9, 11, 0, 0)
4, 7, 2, 5, 2, 2)

Note that we have used the Single () tag for adding the seeds. This forces the seeds to be added independent of the
current seed set contents.

By using different overloads of the addSeed, we can use various local chaining strategies when adding seed A.

Merge If there is a seed B that overlaps with A and the difference in diagonals is smaller than a given threshold then
A can be merged with B.

SimpleChain If there is a seed B whose distance in both sequences is smaller than a given threshold then A can be
chained to B.

Chaos Following the strategy of CHAOS [BCGottgens+03], if A is within a certain distance to B in both sequences
and the distance in diagonals is smaller than a given threshold then A can be chained to B.

The addSeed function returns a boolean value indicating success in finding a suitable partner for chaining. A call using
the Single strategy always yields t rue.

The following example shows how to use the SimpleChain strategy.

typedef Seed<Simple> TSeed;
typedef SeedSet<TSeed> TSeedSet;
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DnabString seqgH;
Dna5String seqV;
Score<int, Simple> scoringScheme (1, -1, -1);

String<TSeed> seeds;

appendValue (seeds, TSeed(0, 0, 2));
appendValue (seeds, TSeed (3, 5, 2));
appendValue (seeds, TSeed (4, 2, 3));
appendValue (seeds, TSeed (9, 9, 2));

TSeedSet seedSet;

for (unsigned i = 0; 1 < length(seeds); ++1)

{
if (!addSeed(seedSet, seeds[i], 2, 2, scoringScheme,
seqH, seqV, SimpleChain()))
addSeed (seedSet, seeds[i], Single());

std::cout << "Resulting seeds.\n";
typedef Iterator<TSeedSet>::Type TIter;
for (TIter it = begin(seedSet, Standard());

it != end(seedSet, Standard()); ++it)

std::cout << " (" << beginPositionH(xit) << ", " << endPositionH(xit)
<< ", " << beginPositionV(xit) << ", " << endPositionV(xit)
<< ", " << lowerDiagonal (xit) << ", " << upperDiagonal (xit)
<< ")\n";

As we can see, the seed TSeed (4, 2, 3) hasbeen chained to TSeed (0, 0, 2).

Resulting seeds.

(3, 5, 5, 7, -2, -2)
(6, 7, 0, 5, 0, 2)
(9, 11, 9, 11, 0, 0)

Assignhment 4

Type Review
Objective Change the example above to use the Chaos strategy instead of the SimpleChain.

Solution

#include <segan/stream.h>
#include <segan/score.h>
#include <segan/seeds.h>
#include <segan/sequence.h>

using namespace segan;

int main ()

{
typedef Seed<Simple> TSeed;
typedef SeedSet<TSeed> TSeedSet;

DnabString seqgH;
DnabString seqV;
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std::cout << "Resulting seeds.\n";
typedef Iterator<TSeedSet>::Type TIter;

Score<int, Simple> scoringScheme (1, -1, -1);
String<TSeed> seeds;
appendValue (seeds, TSeed(0, 0, 2));
appendValue (seeds, TSeed(3, 5, 2));
appendValue (seeds, TSeed (4, 2, 3));
appendValue (seeds, TSeed (9, 9, 2));
TSeedSet seedSet;
for (unsigned i = 0; i1 < length(seeds); ++1)
{
if (!addSeed(seedSet, seeds[i], 2, 2, scoringScheme,
segH, seqV, Chaos()))
addSeed (seedSet, seeds[i], Single());

for (TIter it = begin(seedSet, Standard());
it != end(seedSet, Standard()); ++it)
std::cout << " (" << beginPositionH(xit) << ", " << endPositionH(xit)
<< ", " << beginPositionV(xit) << ", " << endPositionV(xit)
<< ", " << lowerDiagonal (xit) << ", " << upperDiagonal (xit)
<< n)\nn;
return 0;
}
Global Chaining
segH
> N
o \ N \
0 N
N \ N\
AN
AN
N\ \
NN AN
N

N

N
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After one has determined a set of candidate seeds, a lot of these seeds will conflict. The image to the right shows an
example. Some conflicting seeds might be spurious matches or come from duplication events.

Often, we need to find a linear ordering of the seeds such that each seed starts after all of its predecessor end in both
sequences. This can be done efficiently using dynamic sparse programming (in time O(nlogn) where n is the number
of seeds) as described in [Gus97]. The red seeds in the image to the right show such a valid chain.

This functionality is available in SeqAn using the chainSeedsGlobally function. The function gets a sequence container
of Seed objects for the result as its first parameter and a SeedSet as its second parameter. A subset of the seeds from

the SeedSet are then selected and stored in the result sequence.
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The following shows a simple example.

typedef Seed<Simple> TSeed;
typedef SeedSet<TSeed> TSeedSet;

TSeedSet seedSet;

addSeed (seedSet, TSeed(0, 0, 2), Single());

addSeed (seedSet, TSeed(3, 5, 2), Single());

addSeed (seedSet, TSeed(4, 2, 3), Single());

addSeed (seedSet, TSeed(9, 9, 2), Single());
String<TSeed> result;

chainSeedsGlobally (result, seedSet, SparseChaining());

Assignment 5

Type Review

Objective Change the example from above to use a different chain of seeds. The seeds should be TSeed (1, 1,

3),TSeed (6, 9, 2),TSeed (10, 13, 3),and TSeed (20, 22, 5).
Solution
#include <segan/sequence.h>
#include <segan/stream.h>
#include <segan/seeds.h>
using namespace segan;
int main ()
{
typedef Seed<Simple> TSeed;
typedef SeedSet<TSeed> TSeedSet;
TSeedSet seedSet;
addSeed (seedSet, TSeed(l, 1, 3), Single());
addSeed (seedSet, TSeed(6, 9, 2), Single());
addSeed (seedSet, TSeed (10, 13, 3), Single());
addSeed (seedSet, TSeed (20, 22, 5), Single());
String<TSeed> result;
chainSeedsGlobally (result, seedSet, SparseChaining());
return 0;
}

Banded Chain Alignment

After obtaining such a valid seed chain, we would like to obtain an alignment along the chain. For this, we can use
the so-called banded chain alignment algorithm /BDC+03]. Around seeds, we can use banded DP alignment and the
spaces between seeds can be aligned using standard DP programming alignment.

In SeqAn you can compute the banded chain alignment by calling the function bandedChainAlignment. This function
gets the structure in which the alignment should be stored as the first parameter. This corresponds to the interface of the
globalAlignment and allows the same input types. Additionally, this function requires a non-empty, non-decreasing
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monotonic chain of seeds which is used as the rough global map for computing the global alignment. The third
required parameter is the Score.

Note, that there are a number of optional parameters that can be specified. These include a second Score which, if
specified, is used to evaluate the regions between two consecutive seeds differently than the regions around the seeds
itself (for which then the first specified score is taken.). As for the global alignment you can use the AlignConfig
to specify the behavior for initial and end gaps. The last optional parameter is the band extension. This parameter
specifies to which size the bands around the anchors should be extended. The default value is 15 and conforms the
default value in the LAGAN-algorithm /BDC+03].

Important: At the moment the specified value for the band extension must be at least one.

typedef Seed<Simple> TSeed;

Dna5String sequenceH = "CGAATCCATCCCACACA";
DnabString sequenceV = "GGCGATNNNCATGGCACA";

String<TSeed> seedChain;

appendValue (seedChain, TSeed (0, 2, 5, 6));
appendValue (seedChain, TSeed(6, 9, 9, 12));
appendValue (seedChain, TSeed (11, 14, 17, 16));

Align<Dnab5String, ArrayGaps> alignment;
resize (rows (alignment), 2);
assignSource (row (alignment, 0), sequenceH);
assignSource (row (alignment, 1), sequenceV);
Score<int, Simple> scoringScheme (2, -1, -2);

int result = bandedChainAlignment (alignment, seedChain, scoringScheme, 2);

std::cout << "Score: " << result << std::endl;
std::cout << alignment << std::endl;

The output of the example above.

Score: 5
0 . : . :
——CGAAT--CCATCCCACACA
[0 1] [11
GGCG-ATNNNCATGG-—-CACA

Assighment 6

Type Review

Objective Change the example form above to use two different scoring schemes. The scoring scheme for the seeds
should use the Levenshtein distance and the score for the gap regions should be an affine score with the following
values: match = 2, mismatch = -1, gap open = -2, gap extend = -1.

Furthermore, we are looking for a semi-global alignment here the initial and end gaps in the query sequence are
free.

Solution
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#include <segan/sequence.h>
#include <segan/align.h>
#include <segan/score.h>
#include <segan/seeds.h>

using namespace sedan;
int main ()

{
typedef Seed<Simple> TSeed;

Dnab5String sequenceH "CGAATCCATCCCACACA";
DnabString sequenceV = "GGCGATNNNCATGGCACA";
Score<int, Simple> scoringSchemeAnchor (0, -1, -1);
Score<int, Simple> scoringSchemeGap (2, -1, -1, -2);

String<TSeed> seedChain;

appendValue (seedChain, TSeed (0, 2, 5, 6));
appendValue (seedChain, TSeed(6, 9, 9, 12));
appendValue (seedChain, TSeed (11, 14, 17, 16));

Align<DnabString, ArrayGaps> alignment;
resize (rows (alignment), 2);
assignSource (row (alignment, 0), sequenceH);
assignSource (row(alignment, 1), sequenceV);
AlignConfig<true, false, false, true> alignConfig;

int result = bandedChainAlignment (alignment, seedChain, scoringSchemeAnchor,
—scoringSchemeGap, alignConfig, 2);

std::cout << "Score: " << result << std::endl;
std::cout << alignment << std::endl;

return 0O;

ToC

Contents

* Graph Algorithms
— Overview

* Assignment [
* Assignment 2

Graph Algorithms

Learning Objective This tutorial shows how to use some graph algorithms in SeqAn. In particular we will use the
dijkstra algorithm to find shortest path and viterbi Algorithm to compute Viterbi path of a sequence.

Difficulty Average

Duration 1 h

Prerequisites Graphs
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Overview

The following graph algorithms are currently available in SeqAn:
Elementary Graph Algorithms

¢ Breadth-First Search (breadthFirstSearch)

* Depth-First Search (depthFirstSearch)

 Topological Sort (topologicalSort)

* Strongly Connected Components (stronglyConnectedComponents)
Minimum Spanning Tree

e Prim’s Algorithm (primsAlgorithm)

» Kruskal’s Algorithm (kruskalsAlgorithm)
Single-Source Shortest Path

* DAG Shortest Path (dagShortestPath)

* Bellman-Ford (bellmanFordAlgorithm)

¢ Dijkstra (dijkstra)
All-Pairs Shortest Path

¢ All-Pairs Shortest Path (allPairsShortestPath)

* Floyd Warshall (floydWarshallAlgorithm)
Maximum Flow

* Ford-Fulkerson (fordFulkersonAlgorithm)
Transitive Closure

¢ Transitive Closure (transitiveClosure)
Bioinformatics Algorithms

* Needleman-Wunsch (globalAlignment)

L]

Gotoh (global Alignment)

* Hirschberg with Gotoh (global Alignment)

¢ Smith-Waterman (local Alignment)

» Multiple Sequence Alignment (globalMsaAlignment)
* UPGMA (upgmaTree)

* Neighbor Joining (njTree)

The biological algorithms use heavily the alignment graph. Most of them are covered in the tutorial Alignment. All
others use the appropriate standard graph. All algorithms require some kind of additional input, e.g., the Dijkstra
algorithm requires a distance property map, alignment algorithms sequences and a score type and the network flow
algorithm capacities on the edges.

Generally, only a single function call is sufficient to carry out all the calculations of a graph algorithm. In most cases
you will have to define containers that store the algorithms results prior to the function call.

In our example, we apply the shortest-path algorithm of Dijkstra. It is implemented in the function dijkstra.
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Let’s have a look at the input parameters. The first parameter is of course the graph, g. Second, you will have to
specify a vertex descriptor. The function will compute the distance from this vertex to all vertices in the graph. The
last input parameter is an edge map containing the distances between the vertices. One may think that the distance
map is already contained in the graph. Indeed this is the case for our graph type but it is not in general. The cargo
of a graph might as well be a string of characters or any other type. So, we first have to find out how to access our
internal edge map. We do not need to copy the information to a new map. Instead we can define an object of the type
InternalPropertyMap of our type TCargo. It will automatically find the edge labels in the graph when the function
property or getProperty is called on it with the corresponding edge descriptor.

The output containers of the shortest-path algorithm are two property maps, predMap and distMap. The predMap
is a vertex map that determines a shortest-paths-tree by mapping the predecessor to each vertex. Even though we are
not interested in this information, we have to define it and pass it to the function. The distMap indicates the length
of the shortest path to each vertex.

typedef Size<TGraph>::Type TSize;
InternalPropertyMap<TCargo> cargoMap;
String<TVertexDescriptor> predMap;
String<TSize> distMap;

Having defined all these property maps, we can then call the function dijkstra:

dijkstra(predMap, distMap, g, vertHannover, cargoMap);

Finally, we have to output the result. Therefore, we define a second vertex iterator 1t V2 and access the distances just
like the city names with the function property on the corresponding property map.

TVertexIterator itV2(g);
while (!atEnd(itVv2))
{
std::cout << "Shortest path from " << property(cityNames, vertHannover) << " |
—to " << property(cityNames, wvalue(itVv2)) << ": ";
std: :cout << property(distMap, value(itV2)) << std::endl;
goNext (itV2);

return 0O;

Assignment 1

Type Application

Objective Write a program which calculates the connected components of the graph defined in Assignment 2 of the
Graphs tutorial and Output the connected component for each vertex.

Solution SeqAn provides the function stronglyConnectedComponents to compute the connected components of a
directed graph. The first parameter of this function is of course the graph. The second parameter is an output
parameter. It is a vertex map that will map a component id to each vertex. Vertices that share the same id are in
the same component.

String<unsigned int> component;
stronglyConnectedComponents (component, g);

Now, the only thing left to do is to walk through our graph and ouput each vertex and the corresponding com-
ponent using the function getProperty. One way of doing so is to define a VertexIterator.
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std::cout << "Strongly Connected Components: " << std::endl;
typedef Iterator<TGraph, VertexIterator>::Type TVertexIterator;
TVertexIterator it (g);
while (!atEnd(it))
{
std::cout << "Vertex " << getProperty (nameMap, getValue(it)) << ": ";
std::cout << "Component = " << getProperty (component, getValue(it)) <<
—std::endl;
goNext (it);

return O;

The output for the graph defined in the Assignment I looks as follows:

Strongly Connected Components:

Vertex a: Component = 3
Vertex b: Component = 3
Vertex c: Component = 2
Vertex d: Component = 2
Vertex e: Component = 3
Vertex f: Component = 1
Vertex g: Component = 1
Vertex h: Component = 0

The graph consists of four components. The first contains vertex a, b, and e, the second contains vertex c and
d, the third contains vertex £ and g and the last contains only vertex h.

Assignment 2

Type Application

Objective Extend the program from the Assignment 3 of the Graphs tutorial. Given the sequence s =
"CTTCATGTGAAAGCAGACGTAAGTCA™".

1. calculate the Viterbi path of s and output the path as well as the probability of the path and
2. calculate the probability that the HMM generated s with the forward and backward algorithm.
Solution In Assignment 3 of the Graphs tutorial we defined an HMM with three states: exon, splice, and intron.

The Viterbi path is the sequence of states that is most likely to produce a given output. In SeqAn, it can be
calculated with the function viterbiAlgorithm. The produced output for this assignment is the DNA sequence s.

The first parameter of the function viterbiAlgorithm is of course the HMM, and the second parameter is the
sequence s. The third parameter is an output parameter that will be filled by the function. Since we want to
compute a sequence of states, this third parameter is a String of VertexDescriptors which assigns a state to each
character of the sequence s.

The return value of the function viterbiAlgorithm is the overall probability of this sequence of states, the Viterbi
path.

The only thing left is to output the path. The path is usually longer than the given sequence. This is because
the HMM may have silent states, e.g. the begin and end state. To check if a state is silent SeqAn provides the
function isSilent.
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String<Dna> sequence = "CTTCATGTGAAAGCAGACGTAAGTCA";
String<TVertexDescriptor> path;

TProbability p = viterbiAlgorithm(path, hmm, sequence);
std::cout << "Viterbi algorithm" << std::endl;

std::cout << "Probability of best path: " << p << std::endl;
std::cout << "Sequence: " << std::endl;
for (TSize i1 = 0; i < length(sequence); ++1)

std::cout << sequence[i] << ', ";
std::cout << std::endl;
std::cout << "State path: " << std::endl;
for (TSize i = 0; i < length(path); ++i)
{
std::cout << path[i];
if (isSilent (hmm, pathfi]))
std::cout << " (Silent)";
if (i < length(path) - 1)
std::cout << ', ";
}

std::cout << std::endl;

The output of the above piece of code is:

Viterbi algorithm

Probability of best path: 1.25465e-18

Sequence:

c,1,7,¢6,A,7,G,T7,G,A,A,A,G,C,A,G,A,C,G,T,A,A,G,T,C,A,

State path:

o (silent),1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,2,3,3,3,3,3,3,3,4 (Silent)

It is even simpler to use the forward algorithm in SeqAn since it needs only the HMM and the sequence as
parameters and returns a single probability. This is the probability of the HMM to generate the given sequence.
The corresponding function is named forwardAlgorithm.

std::cout << "Forward algorithm" << std::endl;

p = forwardAlgorithm (hmm, sequence);

std::cout << "Probability that the HMM generated the sequence: " << p <<,
—std::endl;

Analogously, the function backwardAlgorithm implements the backward algorithm in SeqAn.

std::cout << "Backward algorithm" << std::endl;

p = backwardAlgorithm (hmm, sequence);

std::cout << "Probability that the HMM generated the sequence: " << p <<,
—std::endl;

return 0;

The output of these two code fragments is:

Forward algorithm

Probability that the HMM generated the sequence: 2.71585e-18
Backward algorithm

Probability that the HMM generated the sequence: 2.71585e-18

SeqAn contains many efficient implementations of core bioinformatics algorithms. This starts with the standard dy-
namic programming based alignment algorithms with all its subtypes. Global alignment, local alignment, banded and
unbanded, for proteins or DNA, using seeds or not, needing a traceback or not. Check out nearly 200 combinations of
this module which incidentally will soon be fully multithreaded and SIMD accelerated.
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A depiction of the extension phase of the Stellar algorithm.

A depiction of the error correcting algorithm in the Fiona algorithm.

SeqAn contains algorithms for read mapping based on g-gram or string indices, multiple alignment algorithms, filter
algorithms for string search as well es error correction methods.

The algorithms are usually generic in the sense that they can be configured via template arguments and usually work
for many, if not arbitrary alphabets. SeqAn applications are usually short, very maintainable combinations of those
core algorithmic components. Being well defined, the SeqAn components are quite amenable to optimisation and
acceleration using multicore computing, vectorisation or accelerators.

On the right you will find several tutorials about SeqAn’s algorithms. Under Pattern Matching you will find tutorials
for online or indexed pattern search. Under DP Alignment you will find tutorials for all versions of DP based align-
ments (pairwise and multiple) and as special cases consensus alignment under Consensus Alignment and realignment
algorithms under Realignment.

Under Seed Extension you will find tutorials for SeqAn’s seed module and various extension algorithms. And finally
you can find under Graph Algorithms algorithms that work on SeqAn’s graph type.

Input/Output

ToC
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File 1/0 Overview

Learning Objective This article will give you an overview of the formatted file I/O in SeqAn.
Difficulty Basic
Duration 30 min

Prerequisites Sequences

Overview

Most file formats in bioinformatics are structured as lists of records. Often, they start out with a header that itself
contains different header records. For example, the Binary Sequence Alignment/Map (SAM/BAM) format starts with
an header that lists all contigs of the reference sequence. The BAM header is followed by a list of BAM alignment
records that contain query sequences aligned to some reference contig.

Formatted Files

SeqAn allows to read or write record-structured files through two types of classes: FormattedFileIn and Formatted-
FileOut. Classes of type FormattedFileIn allow to read files, whereas classes of type FormattedFileOut allow to write
files. Note how these types of classes do not allow to read and write the same file at the same time.

These types of classes provide the following I/O operations on formatted files:
1. Open a file given its filename or attach to an existing stream like std::cin or std::cout.
2. Guess the file format from the file content or filename extension.
3. Access compressed or uncompressed files transparently.
SeqAn provides the following file formats:
* SeqFileln, SeqFileOut (see Tutorial Sequence 1/0)
e BamkFileln, BamFileOut (see Tutorial SAM and BAM 1/0)
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¢ BedFileln, BedFileOut (see Tutorial BED I/0)

VcftFileln, VcfFileOut (see Tutorial VCF 1/0)
GffFileln, GffFileOut (see Tutorial GFF and GTF 1/0)
RoiFileln, RoiFileOut

 SimplelntervalsFileIn, SimpleIntervalsFileInOut

¢ UcscFileln, UcscFileOut

Warning: Access to compressed files relies on external libraries. For instance, you need to have zlib installed for
reading . gz files and libbz2 for reading .bz2 files. If you are using Linux or OS X and you followed the Getting
Started tutorial closely, then you should have already installed the necessary libraries. On Windows, you will need
to follow Installing Dependencies to get the necessary libraries.

You can check whether you have installed these libraries by running CMake again. Simply call cmake . in your
build directory. At the end of the output, there will be a section “SeqAn Features”. If you can read ZLIB -
FOUND and BZIP2 - FOUND then you can use zlib and libbz2 in your programs.

Basic 1/0

This tutorial shows the basic functionalities provided by any class of type FormattedFileIn or FormattedFileOut. In
particular, this tutorial adopts the classes BamFileIn and BamFileOut as concrete types. The class BamFileln allows to
read files in SAM or BAM format, whereas the class BamFileOut allows to write them. Nonetheless, these function-
alities are independent from the particular file format and thus valid for all record-based file formats supported by
SeqAn.

The demo application shown here is a simple BAM to SAM converter.

Includes

Support for a specific format comes by including a specific header file. In this case, we include the BAM header file:

#include <segan/bam _1io.h>
using namespace sedgan;

int main ()

{

Opening and Closing Files

Classes of type FormattedFileIn and FormattedFileOut allow to open and close files.

A file can be opened by passing the filename to the constructor:

CharString bamFileInName = getAbsolutePath ("demos/tutorial/file_io_overview/
—example.bam") ;

CharString samFileOutName = getAbsolutePath ("demos/tutorial/file_io_overview/
—example.sam") ;

// Open input BAM file, BamFileIn supports both SAM and BAM files.
BamFileIn bamFileIn (toCString (bamFileInName));
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// Open output SAM file by passing the context of bamFileIn and the filename to_,

—open.
BamFileOut samFileOut (context (bamFileIn), toCString(samFileOutName)) ;

Alternatively, a file can be opened after construction by calling open:

// Alternative way to open a bam or sam file
BamFileIn openBamFileln;
open (openBamFileIn, toCString(bamFileInName));

Note that any file is closed automatically whenever the FormattedFileIn or FormattedFileOut object goes out of scope.
Eventually, a file can be closed manually by calling close.

Accessing the Header

To access the header, we need an object representing the format-specific header. In this case, we use an object of type
BamHeader. The content of this object can be ignored for now, it will be covered in the SAM and BAM 1/O tutorial.

// Copy header.

BamHeader header;

readHeader (header, bamFileln);
writeHeader (samFileOut, header);

The function readHeader reads the header from the input BAM file and writeHeader writes it to the SAM output file.

Accessing the Records

Again, to access records, we need an object representing format-specific information. In this case, we use an object
of type BamAlignmentRecord. Each call to readRecord reads one record from the BAM input file and moves the
BamFileln forward. Each call to writeRecord writes the record just read to the SAM output files. We check the end of
the input file by calling atEnd.

// Copy all records.
BamAlignmentRecord record;
while (!atEnd (bamFilelIn))
{
readRecord (record, bamFileln);
writeRecord (samFileOut, record);

return 0;

Our small BAM to SAM conversion demo is ready. The tool still lacks error handling, reading from standard input
and writing to standard output. You are now going to add these features.

Error Handling

We distinguish between two types of errors: low-level file I/O errors and high-level file format errors. Possible file I/O
errors can affect both input and output files. Example of errors are: the file permissions forbid a certain operation, the
file does not exist, there is a disk reading error, a file being read gets deleted while we are reading from it, or there is
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a physical error in the hard disk. Conversely, file format errors can only affect input files: such errors arise whenever
the content of the input file is incorrect or damaged. Error handling in SeqAn is implemented by means of exceptions.

1/0 Errors

All FormattedFileIn and FormattedFileOut constructors and functions throw exceptions of type IOError to signal low-
level file 1/O errors. Therefore, it is sufficient to catch these exceptions to handle I/O errors properly.

There is only one exception to this rule. Function open returns a bool to indicate whether the file was opened

successfully or not.

Assighnment 1

Type Application
Objective Improve the program above to detect file I/O errors.
Hint Use the IOError class.

Solution

#include <segan/bam_io.h>
using namespace segan;

int main(int argc,

{

char const ** argv)

CharString bamFileInName =
—example.bam") ;

CharString samFileOutName =
—example.sam") ;

// Open input BAM file.
BamFileIn bamFilelIn;
BamHeader header;

if (!open(bamFileln,
{

std::cerr << "ERROR:

return 1;

// Open output SAM file.
BamFileOut samFileOut (context (bamFilelIn),

// Copy header.
try
{
readHeader (header, bamFileln);
writeHeader (samFileOut, header);
}
catch
{

(IOError const & e)

std::cerr << "ERROR:

// Copy all records.

could not open input file "

could not copy header.

getAbsolutePath ("demos/tutorial/file_io_overview/

getAbsolutePath ("demos/tutorial/file_io_overview/

toCString (bamFileInName)))

".\n

<< bamFileInName <<

toCString (samFileOutName)) ;

"< e.What() << ll\n";
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BamAlignmentRecord record;
while (!atEnd(bamFilelIn))
{
try
{
readRecord (record, bamFileln);
writeRecord (samFileOut, record);
}
catch (IOError const & e)
{

return O;

std::cerr << "ERROR: could not copy record.

" << e.what () << "\n";

Format Errors

Classes of types FormattedFileln throw exceptions of type ParseError to signal high-level input file format errors.

Assignment 2

Type Application

Objective Improve the program above to detect file format errors.

Solution

#include <segan/bam_io.h>
using namespace segan;

int main(int argc, char const *x argv)

{
—example.bam") ;
—example.sam") ;

// Open input BAM file.
BamFileIn bamFilelIn;

{

return 1;

// Open output SAM file.

// Copy header.
BamHeader header;
try

{

if (!'open(bamFileIn, toCString(bamFileInName)))

std::cerr << "ERROR: could not open input file

BamFileOut samFileOut (context (bamFilelIn),

CharString bamFileInName = getAbsolutePath ("demos/tutorial/file_io_overview/

CharString samFileOutName = getAbsolutePath("demos/tutorial/file_io_overview/

<< bamFileInName << ".\n

toCString (samFileOutName)) ;
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readHeader (header, bamFileln);
writeHeader (samFileOut, header);
}
catch (ParseError const & e)

{
std::cerr << "ERROR: input header is badly formatted. " << e.what() << "\n

catch (IOError const & e)

{
std::cerr << "ERROR: could not copy header. " << e.what() << "\n";

// Copy all records.
BamAlignmentRecord record;
while (!atEnd(bamFilelIn))
{
try
{
readRecord (record, bamFileln);
writeRecord (samFileOut, record);
}
catch (ParseError const & e)

{
std::cerr << "ERROR: input record is badly formatted. " << e.what() <

< n\nn;
}
catch (IOError const & e)

{

std::cerr << "ERROR: could not copy record. " << e.what() << "\n";

return O;

Streams

The FormattedFileIn and FormattedFileOut constructors accept not only filenames, but also standard C++ streams,
or any other class implementing the Stream concept. For instance, you can pass std::cin to any FormattedFileln
constructor and std::cout to any FormattedFileOut constructor.

Note: When writing to std::cout, classes of type FormattedFileOut cannot guess the file format from the filename
extension. Therefore, the file format has to be specified explicitly by providing a tag, e.g. Sam or Bam.

Assignment 3

Type Application
Objective Improve the program above to write to standard output.

Solution
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#include <segan/bam _io.h>
using namespace sedgan;

int main(int argc, char const ** argv)
{

CharString bamFileInName = getAbsolutePath ("demos/tutorial/file_io_overview/
—example.bam") ;

// Open input BAM file.

BamFileIn bamFilelIn;

if (!open(bamFileIn, toCString(bamFileInName)))
{

std::cerr << "ERROR: could not open input file " << bamFileInName << ".\n

return 1;

// Open output SAM which is the standard output.
BamFileOut samFileOut (context (bamFilelIn), std::cout, Sam());

// Copy header.
BamHeader header;
try
{
readHeader (header, bamFileln);
writeHeader (samFileOut, header);
}

catch (ParseError const & e)

{
std::cerr << "ERROR: input header is badly formatted. " << e.what() << "\n

catch (IOError const & e)

{

std::cerr << "ERROR: could not copy header. " << e.what() << "\n";

// Copy all records.
BamAlignmentRecord record;
while (!atEnd(bamFilelIn))
{
try
{
readRecord (record, bamFileln);
writeRecord (samFileOut, record);
}
catch (ParseError const & e)
{
std::cerr << "ERROR: input record is badly formatted. " << e.what() <
—< "\n";
}
catch (IOError const & e)
{

std::cerr << "ERROR: could not copy record. " << e.what() << "\n";
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return O;

}
Running this program results in the following output.
@HD VN:1.3 SO:coordinate
@sQ SN:ref ILN:45
@SQ SN:ref?2 LN:40
r001 163 ref 7 30 8M4T14M1D3M = 37
. XX:B:S,12561,2,20,112
r002 0 ref 9 30 1S2I6M1P1I1P1I4M21T *
r003 0 ref 9 30 SH6M * 0 0
r004 0 ref 16 30 6M14N1I5M * 0
r003 16 ref 29 30 6H5M * 0
r001 83 ref 37 30 oM = 7 -
-39 CAGCGCCAT

Next Steps

If you want, you can now have a look at the API documentation of the FormattedFile class.

You can now read the tutorials for already supported file formats:

* Sequence I/O

* SAM and BAM 1/O
* VCF I/O

* BED I/O

* GFF and GTF I/O

ToC

Contents

e Sequence 1/O
— SeqFile Formats
x Assignment 1

— Handling Errors
x Assignment 2

— FASTA/FASTQ Format

— A First Working Example

— Accessing Records in Batches
* Assignment 3
— Accessing Qualities
x Assignment 4
— Next Steps
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Sequence I/0

Learning Objective You will learn how to read and write sequence files in FASTA, FASTQ, EMBL or GenBank
format.

Difficulty Basic

Duration 20 min

Prerequisites Sequences, File I/O Overview

This tutorial explains how to read and write sequence files using the SeqFileln and SeqFileOut classes. These classes
provide an API for accessing sequence files in different file formats, either compressed or uncompressed.

FASTA/FASTQ Format

FASTA/FASTQ are record-based files. A FASTA record contains the sequence id and the sequence characters. Here
is an example of FASTA file:

>seql
ccececececcececececececece
>seq2

CGATCGATC

>seq3

TTTTTTT

In addition to that, a FASTQ record contains also a quality value for each sequence character. Here is an example of
FASTQ file:

@seql
Cccceecececececececececece
+
ITIITIHITITIIIIII
@seq2

CGATCGATC

+

ITITITITITI

@seqg3

TTTTTTT

+

IIIIHHG

SegFile Formats

We can read sequence files with the SeqFileln class and write them with the SeqFileOut class. These classes support
files in FASTA, FASTQ, EMBL or GenBank format.

Note that SeqFileOut will guess the format from the file name.

File Format | File Extension
FASTA .fa, .fasta
FASTQ .fqg, .fastqg
EMBL .embl
GenBank .gbk
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A First Working Example

Let us start out with a minimal working example. The following program reads a FASTA file called example. fa
and prints out the identifier and the sequence of the first record.

#include <segan/seq_io.h>
using namespace segan;

int main ()

{
CharString segFileName = getAbsolutePath ("demos/tutorial/sequence_io/example.fa");
CharString id;
Dna5String seq;

SegFileIn seqgFileIn(toCString(segFileName));
readRecord (id, seq, seqgFileln);

std::cout << id << '"\t' << seqg << '\n';

return 0;

We call the SegFileln constructor with the path to the file to read. Successively, we call the function readRecord to
read the first record from the file. Note that, differently from all others FormattedFileln classes, readRecord accepts
separate identifier and sequence Strings rather than one single record object.

Assignment 1

Type Reproduction
Objective Copy the above example of a FASTA file in a new file example. fa in a directory of your choice.

Copy the program above into a new application basic_seq_io_example, adjust the path "example.fa"
to the just created FASTA file, compile the program, and run it.

You should see the following output:

seql CCcccceececececececece

Solution

#include <segan/seq_io.h>
using namespace sedan;

int main ()

{

CharString segFileName = getAbsolutePath ("demos/tutorial/sequence_io/example.
—fa");

CharString id;

Dnab5String seq;

SegFileIn segFilelIn(toCString(segFileName)) ;
readRecord (id, seq, segFileln);

std::cout << id << "\t' << seqg << '\n';

return 0O;
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Handling Errors

As explained in the File I/0O Overview tutorial, SeqFileln and SeqFileOut throw exceptions to signal eventual errors.
Invalid characters inside an input file will be signaled by readRecord via parsing exceptions.

Assignment 2

Type Application

Objective Improve the above program to handle errors.

Hint You can use the generic class Exception to catch both low-level and high-level I/O errors.

Solution

#include <segan/seq_io.h>
using namespace segan;

int main ()
{
CharString segFileName =
—fa");
CharString id;
DnabString seq;

SegFileIn segFileln;

if (!open(segFilelIn, toCString(segFileName)))

{
std::cerr << "ERROR: Could not open the file.\n";
return 1;

}

try

{
readRecord(id, seq, seqgFileln);

}

catch (Exception const & e)

{
std::cout << "ERROR: " << e.what () << std::endl;
return 1;

}

std::cout << id << '"\t' << seq << '\n';

return O;

getAbsolutePath ("demos/tutorial/sequence_io/example.

Accessing Records in Batches

There are three use cases for reading or writing record-based files:

1. read or write the file record by record;
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2. read or write a batch of records, e.g. 100k records at a time;
3. read or write all records from or to the file.

The class SeqFileln provides the functions readRecord and readRecords, while the class SeqFileOut provides the
functions writeRecord and writeRecords.

Tip: Reading records in batches is more efficient than reading single records.

Note that the function readRecords uses StringSet instead of String. By default, readRecords reads all remaining
records. Optionally, one can specify a batch of records to be read.

CharString segFileName = getAbsolutePath ("/demos/tutorial/sequence_io/example.fa

(_}u) ;

StringSet<CharString> ids;
StringSet<Dnab5String> seqgs;

SegFilelIn seqgFilelIn(toCString(segFileName));

// Reads up to 10 records.
readRecords (ids, seqgs, seqgFileIn, 10);

// Reads all remaining records.
readRecords (ids, segs, seqgFileln);

Assignment 3

Type Application
Objective Change your program from above to load all sequences and print them in the same fashion.

You should be able to run your program on the example file we created above and see the following output:

seql Cccceceecececececcececece
seqg?2 CGATCGATC
seq3 TTTTTTT

Hint You can use the function readRecords to load all records at once.

Solution

#include <segan/seq_io.h>
using namespace segan;

int main ()
{

CharString segFileName = getAbsolutePath ("demos/tutorial/sequence_io/example.
—fa");

SegFileIn seqgFileln;

if (!open(segFilelIn, toCString(segFileName)))

{
std::cerr << "ERROR: Could not open the file.\n";
return 1;
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StringSet<CharString> ids;
StringSet<Dna5String> segs;

try
{

readRecords (ids, seqgs, segFileln);
}

catch (Exception const & e)

{
std::cout << "ERROR: " << e.what () << std::endl;
return 1;

for (unsigned i = 0; i < length(ids); ++1)
std::cout << ids[i] << '"\t' << seqgs[i] << '\n';

return O;

Accessing Qualities

Functions readRecord, readRecords, writeRecord and writeRecords are available in two variants:
1. the first variant accepts only the sequence identifier and sequence characters, besides the SeqFileln object;
2. the second variant accepts an additional CharString for a PHRED base quality string.

If the first variant is used on an output file containing qualities, e.g. a FASTQ file, then writeRecord writes qualities
as 'I',i.e. PHRED score 40. If the second variant is used on an input file containing no qualities, e.g. a FASTA file,
then readRecord returns empty quality strings.

Here is an example for the second variant of readRecord:

CharString segFgFileName = getAbsolutePath ("/demos/tutorial/sequence_io/example.fqg
")
CharString id;
DnabString seq;
CharString qual;

SegFileIn seqgFgFileIn(toCString(segFgFileName)) ;

readRecord (id, seq, qual, segFgFileln);

Tip: When DnaQ or Dna5Q Strings are used, then you should use the second variant. The qualities are simply stored
directly in the sequence characters.

Assignment 4

Type Application
Objective Copy the above example of FASTQ file in a new file example . £g in a directory of your choice.

Change your result of Assignment 3 to use the variant of readRecord that also reads in the qualities and writes
them next to the sequences.
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When your program is called on this file, the result should look as follows.

seql Cccceeececececececececece
+qual: IITTIIHIITIIIITIIT
seqg?2 CGATCGATC
+qual: ITIIIIIITI
seqg3 TTTTTTT
+qual: IITTHHG

Solution

#include <segan/seq_io.h>
using namespace segan;

int main ()
{

CharString segFileName = getAbsolutePath ("demos/tutorial/sequence_io/example.
—fq");

SegFileIn seqgFileln;

if (!open(segFilelIn, toCString(segFileName)))

{
std::cerr << "ERROR: Could not open the file.\n";
return 1;

StringSet<CharString> ids;
StringSet<Dna5String> segs;
StringSet<CharString> quals;

try
{

readRecords (ids, seqgs, quals, seqgFileln);

}

catch (Exception const & e)

{
std::cout << "ERROR: " << e.what () << std::endl;
return 1;

for (unsigned i = 0; i < length(ids); ++1)
std::cout << ids[i] << '"\t' << seqgs[i] << "\n+qual:\t" << quals[i] << '"\n

return 0O;

Next Steps
* Read the Wikipedia articles about the FASTA file format and the FASTQ file format and quality values to refresh
your knowledge.
* Read the Indexed FASTA 1/0 tutorial to learn how to read FASTA files efficiently in a random-access fashion.

¢ Continue with the Tutorials.
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* Indexed FASTA I/O
— How Does It Work?
Building the Index
x Assignment [
Using the Index
* Assignment 2
Next Steps

Indexed FASTA I/O

Learning Objective :: In this tutorial, you will learn how to use a FASTA Index file (. fai) for indexed random-
access to FASTA files. This is useful for retrieving regions (e.g. chr1:123-10004) or single sequences (e.g.
chrl) from FASTA files quickly.

Difficulty Average
Duration 30 min
Prerequisites Sequences

The idea of FASTA index files (FAI) comes from the samtools program by Heng Li. The program provides a command
samtools faidx for rapidly accessing parts of a large FASTA file (e.g. querying for the first chromosome by the
identifier “chr1” or querying for 900 characters starting from character 100 (1-based) by chr1:100-1, 000). To
do this, the program creates an index file that contains one entry for each sequence. If the FASTA file is named
path/sequence. fasta, the index file is usually named path/sequence. fasta.fai.

Using such index files, it is possible to rapidly read parts of the given sequence file. The module <segan/seq_io.
h> allows to create and read such . fai index files and exposes an API to read parts of FASTA file randomly.

Note: FASTA/FASTQ Meta Data and Sequence Ids

FASTA and FASTQ files have one metadata record for each sequence. This usually contains the sequence name but
sometimes a lot of additional information is stored. There is no consensus for the metadata.

However, it is common to store the sequence identifier (id) at the beginning of the metadata field before the first space.
The id is unique to the whole file and often identifies the associated sequence uniquely in a database (see section
Sequence Identifiers on the Wikipedia FASTA format page).

While not documented anywhere explicitly, only the characters up to the first space are used as identifiers by
widely used tools such as BWA. Only the identifier is carried over into files generated from the input files (BWA uses
the sequence id from the genome FASTA to identify the contig/chromosome and the read id as the read name in the
SAM output).

How Does It Work?

There are two requirements that a FASTA file has to fulfill to work with the FAI scheme: For each sequence in the
FASTA file, the number of characters and the number of bytes per line has to be the same. The first restriction
speaks for itself, the second restriction means that the same line ending character has to be used and no line should
contain any additional spaces.
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The index file then stores records of the sequence identifier, the length, the offset of the first sequence character in the
file, the number of characters per line, and the number of bytes per line. With this information, we can easily compute
the byte offset of the i-th character of a sequence in a file by looking at its index record. We skip to this byte offset in
the file and from there, we can read the necessary sequence characters.

Building the Index

The class Failndex allows for building and loading FAI indices. To build such an index, we use the function build of
the class Failndex. The first parameter is the Failndex object, the second is the path to the FASTA file. The function
returns a bool indicating whether the mapping was successful (t rue on success, false on failure).

#include <segan/seq_io.h>
#include <segan/sequence.h>

using namespace segan;

int main ()
{

CharString pathToFile = getAbsolutePath ("/demos/tutorial/indexed_fasta_io/example.
—~fasta");

FaiIndex failndex;

if (!build(faiIndex, toCString(pathToFile)))
std::cout << "ERROR: Could not build the index!\n";

There is an alternative variant of this function where you can pass the path to the FAI file that is to be built as third
parameter. The FAI file name will be stored in the Failndex.

CharString pathToFaiFile = pathToFile;

append (pathToFaiFile, ".fai");

if (!'build(failndex, toCString(pathToFile), toCString(pathToFaiFile)))
std::cout << "ERROR: Could not build the index!\n";

We can write out the index after building it using the function save:

if (!save(faiIndex, toCString(pathToFaiFile)))
std::cout << "ERROR: Could not save the index to file!\n";

Assignment 1

Building a FAI index
Type Application

Objective Write a small program build_fai that takes one parameter from the command line, the path to a FASTA
file. The program should then build a FAI index and write it out.

Hints Using the two-parameter variant of build is good enough.

Solution

#include <iostream>
#include <segan/sequence.h>
#include <segan/seq_io.h>

using namespace segan;
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int main(int argc, char const **x argv)
{
if (argc !'= 2)
{
std::cerr << "USAGE: build_fai FILE.fa\n";
return 0;

FaiIndex failndex;
if (!'build(failndex, argv[l]))
{
std::cerr << "ERROR: Could not build FAI index for file " << argv[l] << ".
t~>\n",'
return 0O;

CharString faiFilename = argv[l];
append (faiFilename, ".fai");

if (!save(failndex, toCString(faiFilename)))

{
std::cerr << "ERROR: Could not write the index to file!\n";

return 0;

std::cout << "Index file " << faiFilename << " was successfully created.\n";
return 0O;

Using the Index

To load a FAI file, we use the function open: We pass the Failndex object as the first and the path to the FASTA file as
the second parameter. The function returns a bool indicating whether the mapping was successful (t rue on success,
false on failure).

#include <segan/seq_io.h>
#include <segan/sequence.h>

using namespace segan;

int main ()

{
CharString pathToFile = getAbsolutePath ("/demos/tutorial/indexed_fasta_io/example.

—~fasta");
FaiIndex failndex;

if (!open(failIndex, toCString(pathToFile)))
std::cout << "ERROR: Could not load FAT index " << pathToFile << ".fai\n";

In the example above, the FAI file "/demos/tutorial/indexed_fasta_io/example.fasta.fai"
would be loaded. Optionally, we can specify an extra path to the FAI file:

if ('open(failndex, toCString(pathToFile), toCString(pathToFaiFile)))
std::cout << "ERROR: Could not load FAI index " << pathToFaiFile << "\n";
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After loading the index, we can then use the index to map a sequence id to its (zero-based) position (a position i
meaning that it is the i-th sequence) in the FASTA file using getldByName. The function gets the Failndex to use, the
id of the sequence, and an unsigned position as parameters. It returns a bool indicating whether the mapping was
successful (t rue on success, false on failure).

unsigned idx = 0;
if (!getIdByName (idx, failIndex, "chrl"))
std::cout << "ERROR: FAI index has no entry for chrl.\n";

Once we have the index for the sequence in the FASTA file, we can then query the Failndex for the length of the
sequence using sequencelength, get the whole sequence using readSequence, or get just a part of the sequence using
readRegion.

unsigned seqglength = sequencelength(failndex, idx);

// Load first 10 characters of chrl.
CharString seqChrlPrefix;
readRegion (seqChrlPrefix, failndex, idx, 0, 10);

// Load all of chrl.

CharString seqChrl;

readSequence (seqChrl, failndex, idx);
return 0;

The sequence length can be determined by only looking at the index. When loading the sequence or a sequence infix,
only the relevant part of the file will be touched. Thus, only the minimal amount of memory, time, and disk I/O is
used.

Assignment 2

Using the FAI index
Type Application

Objective Write a small program query_ fai that takes four parameters from the command line: A path to a FASTA
file, the id of the sequence, a begin and an end position. The program should then read the given infix of the
given sequence from the file and print it to stdout.

Hint Use the function lexicalCast to convert strings of numbers into integers.

Solution The program appears to be very long, but most is error handling, as usual with robust I/O code.

#include <iostream>
#include <segan/sequence.h>
#include <segan/seq_io.h>
#include <segan/stream.h>

using namespace segan;

int main(int argc, char const ** argv)
{
if (argc != 5)
{
std::cerr << "USAGE: query_fai FILE.fa SEQ BEGIN END\n";
return 0;
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// Try to load index and create on the fly if necessary.
FaiIndex faiIndex;
if (!'open(failndex, argv[l]))
{
if (!build(failndex, argv[1l]))
{
std::cerr << "ERROR: Index could not be loaded or built.\n";
return 0;
}
if (!save(failIndex)) // Name 1is stored from when reading.
{
std::cerr << "ERROR: Index could not be written do disk.\n";
return 0O;
}
}
// Translate sequence name to index.
unsigned idx = 0;
if (!getIdByName (idx, failndex, argv([2]))
{
std::cerr << "ERROR: Index does not know about sequence " << argv[2] <<
. " \1’1" ;
return 0;
}
// Convert positions into integers.
unsigned beginPos = 0, endPos = 0;
if (!lexicalCast (beginPos, argv[3]))
{
std::cerr << "ERROR: Cannot cast " << argv[3] << " into an unsigned.\n";
return 0;
}
if (!lexicalCast (endPos, argv[4]))
{
std::cerr << "ERROR: Cannot cast " << argv[4] << " into an unsigned.\n";
return 0;
}
// Make sure begin and end pos are on the sequence and begin <= end.
if (beginPos > sequencelength(failndex, idx))
beginPos = sequencelength (failndex, idx);
if (endPos > sequencelength(failndex, idx))
endPos = sequencelength (failndex, idx);
if (beginPos > endPos)
endPos = beginPos;
// Finally, get infix of sequence.
Dna5String sequenceInfix;
readRegion (sequenceInfix, failIndex, idx, beginPos, endPos);
std::cout << sequencelInfix << "\n";
return 0;
}
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Next Steps
* Read the Wikipedia articles about the FASTA file format and the FASTQ file format and quality values to refresh
your knowledge.

* Read the API documentation of the GenomicRegion class for storing regions (sequence identifier, start and
end position). There also is functionality for parsing strings like chr1:2, 032-3, 212 into GenomicRegion
objects.

¢ Continue with the Tutorials.
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Blast I/0

Learning Objective In this tutorial, you will learn about different the Blast file formats and how to interact with them
in SeqAn.

Difficulty Average

Duration 1h30min - 2h30min

Prerequisite Tutorials Sequences, File I/O Overview, Alignment, Pairwise Sequence Alignment

Other recommended reading Basics of Blast Statistics

Technical requirements Full C++11 support required in compiler (GCC > 4.9, Clang > 3.4 or MSVC > 2015)

The Basic local alignment search tool (BLAST) by the NCBI is one of the most widely used tools in Bioinformatics. It
supports a variety of formats which, although widely used, are not standardized and partly even declared as “subject to
unannounced and undocumented change”. This makes implementing them very hard and is one of the reasons dealing
with Blast IO is more difficult than with other file formats.

Furthermore it is important to distinguish between the Blast version written in C (known by its blastall executable) and
the C++ version (individual blastn, blastp... executables), also known as BLAST+. The formats and their identifiers
changed between versions. The following table gives an overview:
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Description blastall | blast*
pairwise -m 0 -outfmt 0
query-anchored showing identities -m 1 -outfmt 1
query-anchored no identities -m 2 -outfmt 2
flat query-anchored, show identities -m 3 -outfmt 3
flat query-anchored, no identities -m 4 -outfmt 4
query-anchored no identities and blunt ends -m 5

flat query-anchored, no identities and blunt ends | -m 6

XML Blast output -m 7 -outfmt 5
tabular -m 8 -outfmt 6
tabular with comment lines -m 9 -outfmt 7
Text ASN.1 -m 10 -outfmt 8
Binary ASN.1 -m 11 -outfmt 9
Comma-separated values -outfmt 10
BLAST archive format (ASN.1) -outfmt 11

The files written by blastall are considered the “legacy”-format in SeqAn. SeqAn has support for the following

formats:
Format read support | write support | based on version
pairwise v Blast-2.2.26+
tabular v v Blast-2.2.26+
tabular (legacy) v v Blast-2.2.26
tabular w comments v v Blast-2.2.26+
tabular w comments (legacy) | v’ v Blast-2.2.26

Caution:

releases for both generations.

Please note that Blast-2.2.26+ is not the same as Blast-2.2.26!
application suite (BLAST+) and the other is version 2.2.26 of the legacy application suite. There still are software

One is version 2.2.26 of the C++

There are different program modes in Blast which also influence the file format. In the legacy application suite these
where specified with the —p parameter, in the BLAST+ suite they each have their own executable.

Program mode | query alphabet | subject alphabet
BlastN nucleotide nucleotide

BlastP protein protein

BlastX translated nucl. protein

TBlastN protein translated nucl.
TBlastX translated nucl. translated nucl.

Tabular formats

The tabular formats are tab-seperated-value formats (TSV), with twelve columns by default. Each line represents one
match (or high scoring pair in Blast terminology). The twelve default columns are:

1. Query sequence ID (truncated at first whitespace)

. Subject sequence ID (truncated at first whitespace)

. Percentage of identical positions

2
3
4. Alignment length
5. Number of mismatches
6

. Number of gap openings
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7. Start position of alignment on query sequence

8. End position of alignment on query sequence

9. Start position of alignment on subject sequence
10. End position of alignment on subject sequence
11. Expect value (length normalized bit score)

12. Bit score (statistical significance indicator)

Note: Alignment positions in Blast

1. Interval notation: Blast uses 1-based closed intervals for positions, i.e. a match from the 100th position to
the 200th position of a sequence will be shown as 100 200 in the file. SeqAn internally uses 0-based half
open intervals, i.e. it starts counting at position O and stores the first position behind the sequence as “end”, e.g.
position 99 and 200 for our example.

2. Reverse strands: For matches found on the reverse complement strand the positions are counted backwards
from the end of the sequence, e.g. a match from the 100th position to the 200th position on a reverse complement
strand of a sequence of length 500 will be shown as 400 300 in the file.

3. Translation frames: Positions given in the file are always on the original untranslated sequence!

The writeRecord () function automatically does all of these conversions!

A tabular file could look like this (matches per query are sorted by e-value):

SHAAQOQ4TF sp|POAS16|OMPW_SHIFL 50.
—43 115 49 2 389 733 1 107 le-
=26 108
SHAAQOQ4TF sp|POAS15|OMPW_ECOLI 50.
—43 115 49 2 389 733 1 107 le-
=26 108
SHAAQOQ4TF sp|P17266|OMPW_VIBCH 52.
—21 113 45 2 410 733 4 112 S5e-
26 106
SHAAQO4TF sp|Q8ZP50 | OMPW_SALTY 50.
—43 115 49 2 389 733 1 107 3e-
—24 101
SHAAQOQ4TF sp|Q8Z7E2 |OMPW_SALTI 50.
—43 115 49 2 389 733 1 107 3e-
—24 101
SHAAQOQ4TF sp|P19766| INSB_SHISO 100.
—00 18 0 0 803 750 114 131 de—
—04 43.1
SHAAQOQ4TF sp|P19765|INSB_SHIFL 100.
—00 18 0 0 803 750 114 131 de—
—04 43.1
SHAAOO04TF sp|P03831|INBD_SHIDY 100.
—00 18 0 0 803 750 114 131 de—
—04 43.1
SHAAOO04TF sp|P59843 | INSB_HAEDU 100.
—00 18 0 0 803 750 150 167 6e-—
—04 43.1
SHAAOO04TF sp|POCF31 | INSB_ECOLX 100.
—00 18 0 0 803 750 150 167 be-—
—04 43.1
SHAAOO04TF sp|POCF30 | INSBS_ECOLI 100.

fa¥al 1 o) o) [-¥al 50 159 16
04 43.1
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SHAAOOQ4TF sp|POCF29|INSB6_ECOLI 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|POCF28|INSB5_ECOLI 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|P57998 | INSB4_ECOLI 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|POCF25|INSB1_ECOLI 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|POCF27|INSB3_ECOLI 94.

—44 18 1 0 803 750 150 167 0.
—004 40.8

SHAAOO04TF sp|POCF26 | INSB2_ECOLI 94.

—44 18 1 0 803 750 150 167 0.
—004 40.8

SHAAO04TR sp | QOHTAS |[META_SHESR 100.

00 77 0 0 232 2 1 77 3e-

—42 152

SHAAO04TR sp | QOHGZ8 |[META_SHESM 100.

00 77 0 0 232 2 1 77 3e-

42 152

The tabular with comment lines format additionally prefixes every block belonging to one query sequence with
comment lines that include the program version, the database name and column labels. The above example would
look like this:

BLASTX 2.2.26+

Query: SHAAQO3TR Sample 1 Mate SHAAQO3TF trimmed_to 17 935

Database: /tmp/uniprot_sprot.fasta

0 hits found

BLASTX 2.2.26+

Query: SHAAQ04TF Sample 1 Mate SHAAQ004TR trimmed_to 25 828

Database: /tmp/uniprot_sprot.fasta

Fields: query 1id, subject 1id, % identity, alignment length, mismatches, gap opens,,
—q. start, g. end, s. start, s. end, evalue, bit score

# 17 hits found

S o O R W R R W

SHAAQQ4TF sp|POA916|OMPW_SHIFL 50.

—43 115 49 2 389 733 1 107 le-
26 108

SHAAQOQ4TF sp|POA915|OMPW_ECOLI 50.

—43 115 49 2 389 733 1 107 le-
26 108

SHAAQOQ4TF sp|P17266|OMPW_VIBCH 52.

21 113 45 2 410 733 4 112 S5e-
26 106

SHAAQOQ4TF sp|Q8ZP50 | OMPW_SALTY 50.

—43 115 49 2 389 733 1 107 3e-
24 101

SHAAQOQATF sp|Q8Z7E2 |OMPW_SALTI 50.

—43 115 49 2 389 733 1 107 3e-
24 101

SHAAQOQATF sp|P19766|INSB_SHISO 100.

—00 18 0 0 803 750 114 131 Je—
—04 43.1

SHAAQOQATF sp|P19765|INSB_SHIFL 100.

=00 I3 Y Y 80 50 112 31 Ie—
—04 43.1
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SHAAOOQ4TF sp|P03831|INBD_SHIDY 100.

00 18 0 0 803 750 114 131 de-
—04 43.1

SHAAOO04TF sp|P59843 | INSB_HAEDU 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|POCF31|INSB_ECOLX 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|POCF30|INSB8_ECOLI 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|POCF29|INSB6_ECOLI 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|POCF28|INSB5_ECOLI 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|P57998 | INSB4_ECOLI 100.

00 18 0 0 803 750 150 167 6e—
—04 43.1

SHAAOO04TF sp|POCF25|INSB1_ECOLI 100.

00 18 0 0 803 750 