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​​Preface
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This book is intended to be the first volume in a series of books, Lessons in Bioinformatics, on fundamental concepts and methods in bioinformatics. Each book will focus on a single topic, which is explained in a comprehensive and detailed, yet easy-to-read, format. The books are primarily addressed towards beginner bioinformaticians who are building up a broad base of knowledge and skills. Previous knowledge of bioinformatics is not assumed, so everything covered in this text should be easy to understand even if it is the first book you read on bioinformatics.

The current volume covers the topic of dot plots, starting with a basic introduction to what dot plots are and how a simple dot matrix is generated. The text thereafter gradually progresses towards more advanced methods with numerous examples explaining each new concept that is introduced, for example, the use of sliding windows and substitution matrices. It shows how dot plots can be used to identify inserts and deletes, repeat regions, compositional bias, and domain structure in protein sequences. 

When applied to the study of genome sequences, the algorithms used by modern dot plot software are more complex, since analysis of very long sequences – consisting of up to hundreds of millions or even a few billion symbols – is far too slow unless the algorithms are cleverly designed to be very fast. Recently published dot plot software for genome sequence analysis therefore relies on advanced concepts such as position trees, suffix arrays and minimizers. The book attempts to explain these algorithmic ideas in a reasonably easy way, to make them accessible to readers regardless of academic background. 

The final chapters of the book present application examples from research articles and show step-by-step how the dot plots shown in the journal articles can be reproduced by the reader. At the very end, the final chapter gives an overview of the history of research on dot plot algorithms, from the 1970s to the present day. This gives a historical perspective of how algorithms have advanced from the time when short sequences of a few hundred symbols were painstakingly analyzed by the slow computers of that time, or even by hand with pen and paper, to the powerful dot plot tools used today, that can compare medium-sized genomes in a matter of seconds or two eukaryote genomes containing over a billion symbols in a few minutes.

If you find this book useful, then look out for upcoming titles in the same series, Lessons in Bioinformatics, which are intended to cover the fundamental topics that every bioinformatician should master. 

If you find any errors, omissions, or other shortcomings in this book, then please consider sending feedback to the author at bjorn.bioinformatics@gmail.com so that corrections and improvements can be made for future editions.​
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​What is a dot plot and how is it calculated?
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One of the basic, and most often performed tasks in bioinformatics, is to compare two biological sequences to each other. The sequences can be of different kinds, and there can be many different purposes for making the comparison. The two sequences we compare to each other may be the coding sequences from two genes, the mRNA sequences from two transcripts, the amino acid sequences of two proteins, the nucleotide sequences of two chromosomes, or even two full-length multi-chromosome genome sequences from two eukaryote organisms. A conceptually and computationally simple method for such pairwise comparisons is a so-called dot plot. The dot plot approach is easy to understand, comparatively easy to implement, and fast to execute. Yet, despite its simplicity, the dot plot approach is quite powerful in terms of the amount of insight it can produce, and it is very versatile in terms of its range of applications. Also, as we will see in later chapters, when sequences are very long, the algorithms needed to produce a dot plot in reasonable time can be quite complex.

A dot plot is a two-dimensional visualization of the relatedness, or shared content, of two biological sequences. To explain how dot plots are generated, we will first go through a very simple example. After that, we will move on to gradually more complex variations of the basic method. Briefly summarized, a dot plot is created by first making a two-dimensional matrix where the columns represent one sequence, and the rows represent another sequence. The matrix cells representing positions where the two sequences contain identical symbols are then filled with “dots”. This can be easily done by going through the matrix row by row and placing a “dot” in every cell where the symbol (nucleotide or amino acid) in the corresponding column is the same as the one that the row represents. Figure 1 shows a simple example of this process.
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FIGURE 1. Dot matrix comparison of two nucleotide sequences. One sequence is laid out horizontally and the other vertically. In the matrix, we mark every cell that represents identical nucleotides in the two sequences with a “dot” (in this illustration the letter X).

For the example dot matrix in Figure 1, we have placed one sequence horizontally, so that its nucleotides are represented by columns 1, 2, etc., until column 15. The other sequence was placed vertically, so that its nucleotides are represented by rows 1 to 15. When filling in the matrix we can of course use any symbol to represent the “dots” for the dot plot, and in this example, we have used the letter X. The algorithm consists of an iteration (repetition) going over the rows 1 to 15, and for each row going through all columns from 1 to 15. Starting with row 1, we will then see that the nucleotide A, i.e. adenine, written at the beginning of that row, also occurs in columns 1, 4, 6, 8 and 14, representing all adenines in the horizontal sequence. Then going through row 2, we check for rows representing thymine (T) in the horizontal sequence, and thereby fill in the cells in columns 2, 11 and 12 with X symbols. 

For a basic dot plot tool, this simple procedure is all that is needed to generate the data for the plot, so that the tool can proceed to create a figure that will be the actual plot shown to the user. Note that to avoid confusion, we should distinguish between the dot matrix, as the one shown in Figure 1, and a dot plot, which is the graphical visualization shown to the user as output from the tool. The data from a given dot matrix can be visualized in different ways in the dot plot, as we will see later when discussing examples of dot plot programs.

To formalize the procedure described in the previous paragraphs, we define a function F(i,j) to calculate the score for any cell (i,j) in the matrix and a function s(xi,yj) to compare the nucleotides at positions i and j in the two sequences x and y. For any cell in the matrix, we can then set a score of either 1 or 0, depending on whether the two sequences have identical or non-identical nucleotides in the corresponding position, as follows:
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where
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In accordance with Eq 1 and Eq 2, we have written an X in every cell in the matrix in Figure 1 where s = 1 and left the cell blank where s = 0. For example, the cell (1,1) is marked with X since both sequences begin with A, i.e. x1 = A and y1 = A. Similarly, cell (2,1) was left blank since x2 = T and y1 = A. Since each cell is independent of all other cells, it does not matter in which order we set the scores for cells. We can apply Eq 1 to all cells row by row, column by column, or even in random order, provided that all cells are included in the procedure.

When looking at the resulting matrix in Figure 1, we can make some observations about the sequences that are being compared. The first observation is illustrated in Figure 2. As the highlighting of matrix cells in this figure shows, there is an almost complete diagonal of “dots” between the northwest (upper left) corner and the southeast corner. Along this diagonal, only one X is missing for the diagonal to be complete. This shows that the two sequences are almost identical. Obviously, if the sequences were completely identical, we would see a contiguous diagonal all the way from one corner to the other. 
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FIGURE 2. Dot matrix comparison with the main diagonal highlighted with grey background colour, showing that the two sequences are almost identical, with the exception being an A/G substitution at (9,9).

In the case shown in Figure 2, we may conclude that the two sequences are highly likely to have a common biological origin, and that one of the sequences has undergone a point mutation, where either G was substituted with A in one sequence, or A was substituted with G in the other sequence. What this example illustrates is also that a dot plot can be used as a quick, but not very precise, way of estimating approximately how closely (or distantly) related two sequences are. The rule of thumb would be that for pairs of closely related sequences, the dot plot will show a clearly discernible diagonal along a significant part of the lengths of the two sequences. For a more precise estimate of the evolutionary distance between the sequences, we would need a numerical measure of similarity, as will be discussed later.
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