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1. Introduction

Computational evolutionary biology combines computer science, mathematics, chemistry, and biology to analyze genetic material in biological systems and map relationships among organisms based on genotype rather than phenotype.10 One of the more fundamental problems in biology is determining how genotype and phenotype function and influence each other.14 The first step to understanding these connections is to understand genomic sequencing of DNA.

2. Background

Genomic sequencing of DNA is the process in which genes are decoded into their most basic building blocks. This process used to take an incredible amount of time and ultimately produced little results. For example, a scientist could spend an entire day decoding a few hundred letters by hand, while the computer would decode one thousand letters per second.8 Keep in mind that this statistic is from 6 years ago so computing power has increased dramatically since then.8 In computing terms, genomic sequencing would be the process of translating a high-level programming language, such as Java into binary code.
3. The Building Blocks of Life (DNA)

DNA resides in the nucleus of a cell, and its full name is deoxyribonucleic acid.10 It is composed of four nucleotide bases: Adenine, Guanine, Cytosine, and Thymine.4 Nucleotide bases are the basic chemical units that DNA is composed of.10 These four bases are very small, but DNA polymers can be enormous molecules containing millions of them.10 A polymer is a large molecule composed of smaller subunits.10 For example, the largest human chromosome is 220 million base pairs long.10 One nucleotide base pair is equal to 2 nm (nanometers), and 1 nm equals 10^-9 meters, which is a thousand-millionth of a meter.10 
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Figure 1: Nucleus contains the DNA 4
3.1 DNA Structure

DNA architecture consists of a double-stranded helix that is uniform in diameter, right-handed (similar to a screw that twists to the right), and anti-parallel (5` and 3` strands that run in opposite directions).10 5’ and 3’ are pronounced ‘five prime’ and ‘three prime’, respectively, and they are used to differentiate the strands in the process of DNA replication.10 The four nucleotide bases (A, T, G, and C) are similar to binary code (1s and 0s). The 1s and 0s are the instructions that tell a computer how to function, and the nucleotide bases are the instructions that dictate how a living organism is created.
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Figure 2: A visual representation of DNA 4
3.2 Genotype and Phenotype

Genotype refers to the actual genetic material of an organism (DNA).1 Genotype is analogous to binary code, and the following example compares the two.
     Genotype:

GTTTACCTGTAGTGCATGCTGATCGTAGTAGCTAGCTAGCTATATTGCGATGCTGACTGATCGATCATCTACGATCGTACGTACGTGACACATTTCTTCTTCTCGGGGGGTATTATATATATTATAAAAAAACCGAGTGCTAGCTAGCATGCCAAAAAGATACTGATCGTAG
     Binary Code:

100000000000010101010100111111110100010001011111010101010100000000111111111100000111111111000000000010101010100101001001011110000000111110110100100101010101010101101000010010010010100100100100000010111111110100000000000000000111110101

     Genotype and binary code are similar in that it is almost impossible to retrieve any useful information by just looking at the sequences of letters and numbers.

     Phenotype, on the other hand, refers to the physical appearance of an organism, and it is the physical expression of specific genes.1 For example, sickled and normal red blood cells represent a difference in phenotype. Phenotype can be compared to an IDE, such as Visual Studio 2005, and the following example shows how helpful the phenotype (IDE) is compared to the genotype (binary code).
     Phenotype:
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Figure 3: Two different phenotypes 10
     IDE:
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Figure 4: Screenshot of Visual Studio 2005 (Source: my computer)
     By looking at the red blood cells, a biologist would understand that the moon-shaped sickle cell looks different because a mutation occurred when an amino acid sequence was copied incorrectly.10 In computing terms, this mutation would be like swapping a 1 and a 0 in the binary code. The IDE is just as informative, and a computer scientist would know which classes and methods were being used, how the database was integrated, names and file locations, etc.
4. Genetics

Genetics is the branch of biology that deals with heredity with a focus on hereditary transmission and variation of traits among similar or related organisms.15 Genetics dates back to 5,000 years ago, and records show deliberate cross-breeding of date palm trees and horses.10 Many early studies of biological inheritance were done with plants and animals of economic importance, and plant breeding in particular became widespread in the early 1800s.10 In 1866, a botanist named Gregor Mendel began conducting inheritance experiments in plant hybridization, and he discovered a 3:1 ratio between dominant and recessive characteristics.16
     Genes that determine the phenotype of an organism have alternate forms called alleles that are found at specific locations on the chromosome.10 Some alleles are dominant and some are recessive. The dominant allele will be expressed in the phenotype if the organism possesses both dominant alleles, but it will also be expressed when the organism is carrying a recessive allele.10 A recessive allele will only be expressed if the organism has both recessive alleles.10
     Mendel’s law of segregation demonstrates that when an organism produces gametes (eggs or sperm), the alleles separate so that each gamete contains only one allele that the parent had.10 This process occurs in meiosis, which is explained later on.
     An example of the law of segregation can be shown using two phenotypes of a pea (spherical or wrinkled). The spherical phenotype (S) is dominant, and the wrinkled phenotype (s) is recessive. The different combinations of phenotypes (SS, Ss, ss) represent genotype.10
     When one parent who is homozygous for the spherical allele (SS) is combined with a parent who is homozygous for the wrinkled allele (ss), the resulting offspring has 1 spherical allele and 1 wrinkled allele (Ss) with the dominant spherical phenotype visible.10 The offspring is heterozygous, and when it is self-fertilized, the 3:1 ratio of the allele combinations that its resulting offspring may inherit is produced.10 Homozygous means an organism has two copies of the same allele (2 spherical [SS] or 2 wrinkled [ss]).10 A heterozygous organism has two different alleles (1 spherical and 1 wrinkled [Ss]) with the dominant spherical phenotype visible.10 
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Figure 5: The 3:1 ratio between dominant and recessive characteristics 10
     Mendel was ahead of his time and is commonly referred to as the Father of Genetics.12 The technological advances present in today’s society were not available in the 1800s so this kind of complex process was much more difficult to discover and conceptualize. Mendel’s work has been an intricate part of the advancement of genetics. The concept that genotype cannot be derived solely from phenotype is true because dominant alleles mask the underlying genotype of an organism.10 For example, spherical peas can have two different genotypes (SS or Ss). This simple example’s complexity increases dramatically when an entire genome containing thousands of alleles is studied, and that is why computers are needed to find, map, and catalog the sequences of DNA.
4.1 Mitosis

Mitosis is the process in which a single nucleus gives rise to two nuclei (plural of nucleus) that are genetically identical to each other and to the parent nucleus.10 In other words, mitosis is like photocopying. The entire process is more complicated than that, but the idea is the same.
     Mitosis occurs when diploid cells are duplicated. Diploid refers to a cell that has all 46 chromosomes (a complete set of genetic material) and usually results from the fusion of two haploid cells.10 Haploid cells can also be referred to as gametes (eggs and sperm) and contain only half of the genetic information needed to create an organism; one copy of each chromosome.10 The stages of mitosis include interphase, prophase, prometaphase, metaphase, anaphase, and telophase.10
     Chromosome structure is important, and an understanding of its architecture helps with understanding mitosis. A chromosome is made of two chromatids that are connected by a centromere.4 The centromeres’ location is different depending on the chromosome so it is possible to distinguish chromosomes based on their shape.4 The kinetochore is located on the centromere and is a disk composed of proteins that binds with microtubules created during prophase.
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Figure 6: Chromosome structure during metaphase 4
     Mitosis begins with interphase where DNA is replicated and genes are transcribed.4 Transcription is the process of creating mRNA (messenger ribonucleic acid) from DNA.4 DNA is where genetic information is stored, but it does not participate directly in the synthesis of proteins.4 Proteins are used for various cellular functions that allow an organism to survive, and they are created by mRNA.10 In computing terms, DNA is like a database, and mRNA is like a computer program that uses the database. A database (DNA) by itself isn’t very useful so computer scientists write programs (mRNA) that uses the database to retrieve data that give meaningful results. The cell is not actively dividing in interphase so this stage is sometimes excluded from the process.10 

     Prophase begins when the nuclear envelope starts to disintegrate.4 The nuclear envelope is the two-layered membrane that encloses the nucleus (see Figure 1).4 Centrosomes replicate and start to move to opposite sides of the cell.4 Centrosomes are where microtubules are organized. Microtubules start to form between the two centrosomes and form the spindle, which is needed in the later stages of mitosis.4 The spindle is named for its shape.10
     Prometaphase is the next stage of mitosis, and the chromatin of the cell condenses to form visible chromosomes.4 Chromatin is the protein material that forms the chromosomes and houses the DNA.4 When no cell division is occurring, the chromatin is loosely organized, and it is not possible to see each individual chromosome.4
     Metaphase begins when the chromosomes move toward the middle of the nuclear region and are aligned to form a metaphase plate.4 The chromosomes are pulled by kinetochore fibers that are attached to the kinetochores of the chromosomes.4 
     During anaphase, the centromere that holds the two chromatids together split and form two centromeres; one for each chromosome.4  The chromosomes are then pulled toward opposite poles with the kinetochore fibers.4 The chromosomes travel toward the polar centrosomes, and the spindle lengthens to increase the distance between the two centrosomes.4
     The last stage of mitosis is telophase. When the daughter chromosomes reach the centrosome poles, the spindle disintegrates because it is no longer needed.4 The chromosomes return to the loose state they were in during interphase and are no longer distinguishable from one another.4 Finally, nuclear membranes form around the daughter nuclei, and cell division is complete.4
[image: image7.jpg]Microtubules Aster

Centrosome
with pair

Nucleus L
of centrioles

Chromosomes

Prophase

Interphase Prometaphase

Daughter
nuclei

Astral fiber

Polar fiber

plate™/,
R Kinetochore
= fiber
/ Spindle

Metaphase

Anaphase




Figure 7: Stages of mitosis 4
4.2 Meiosis

Meiosis is the process in which two successive nuclear divisions of a diploid nucleus produce four haploid daughter cells.10 In other words, meiosis is the process of producing eggs and sperm. There are two phases of meiosis, which correspond to the two successive nuclear divisions called Meiosis I and Meiosis II.10 Meiosis I stages include prophase I, late prophase I, metaphase I, and anaphase I.4 Meiosis II stages include prophase II, metaphase II, anaphase II, and telophase II.4
     The entire process of meiosis is complex, but the overall idea is similar to mitosis except there is another round of division that occurs to create four haploid cells instead of two diploid cells.
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Figure 8: Stages of mitosis 4
4.2.1 Crossing-Over

Crossing-over occurs during meiosis and is the process in which non-sister chromatids exchange sections of each other so that none of the resulting gametes are genetically identical to the other three.4 Remember, meiosis results in four haploid daughter cells, and Figure 9 shows that all four are different.
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Figure 9: Crossing-Over 4
4.3 Genetic Diversity

Genetic diversity can be achieved in a number of ways. The number of chromosomes can change when a whole set of chromosomes is added or deleted (euploidy) or when a single chromosome is added or deleted (aneuploidy).4 Aneuploidy is the outcome of chromosomes that do not separate during meiosis, and this produces one gamete that lacks a chromosome and one gamete that has an extra chromosome.4 Usually the gamete that lacks a chromosome will not survive because the balance of DNA has been altered, but survival is more common with the presence of an extra chromosome or chromosomes.4 The result of having extra genetic material is expressed with different conditions, such as Down syndrome.4 Down syndrome occurs when there are three copies of chromosome number 21 instead of the usual two.4
     The results of genetic diversity are clearly visible through phenotype, and it is easy to see how a single gene can influence the trait that is expressed. However, there are many variations that result from differences in two or more genes, and it is possible for multiple genotypes to have the same affect on a single phenotype.4 This is called polygenic inheritance, and what may appear obvious at first has complex code behind it.4 The following example demonstrates this concept.
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Figure 10: Phenotype of a website (Source: www.google.com)
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Figure 11: Genotype of the website (Source: www.google.com)
     Analogies between biology and computer science does not always translate completely as demonstrated in this example. The main point here is not that there is complex code behind a website, but that the appearance of a website can be identical while at the same time written in two or more different programming languages.

     Other forms of inheritance include sex-linked inheritance and quantitative inheritance. Sex-linked inheritance affects characteristics of an organism that depend on the sex of its parent, such as color-blindness in humans or eye color in fruit flies.10 Quantitative inheritance, also called blending, is when a phenotype shows variation between two extremes rather than having two distinct alternatives.4 An example of quantitative inheritance is skin pigmentation in humans.4
4.3.1 Mutations

Mutations are changes in genetic information that are heritable and results in the creation of new genetic material.10 Pay close attention to this definition because it can be easy to confuse ‘heritable’ with ‘inherited’. Heritable means the mutation can be passed on to future offspring, not that the mutation was inherited to begin with. Mutations can result from an outside force that permanently changes an organism’s DNA.10 This is called induced mutation and can be caused by chemicals or radiation.10 Mutations can also occur spontaneously, which means an organism’s DNA is permanently changed without the influence of any outside force.10
     Mutations are not always bad as the term may imply, and mutations can actually be necessary to keep a population of species from becoming extinct. For example, the northern elephant seal was hunted to the point where only 20 animals were left in the population.10 This population size had very poor genetic diversity especially because each generation of seals were fathered by only a few males as is typical behavior for this particular species.10 The lack of genetic variation meant that the northern elephant seal was at high risk of being wiped out by disease or sudden environmental change due to natural selection.10
     Natural selection is the process in which organisms with traits that give selective advantages (acquisition of resources and the ability to reproduce successfully) are more likely to survive and pass on those desired traits to their offspring.10 Lack of genetic variation means the northern elephant seal population would not have enough individuals that possess the advantageous traits to allow the species to survive a disease or sudden environmental change.10 This is a case where mutations are desired and would help the long-term survival of the species.
     Other types of mutation include somatic mutations, germ-line mutations, point mutations, chromosomal mutations, deletions, and insertions.10 
     Somatic mutations refer to mutations that occur in diploid cells and are passed on to offspring after meiotic cell division.10 For example, a mutation of a single skin cell could result in the offspring having a patch of skin cells with the same mutation.10 Germ-line mutations are similar to somatic mutations except that they affect haploid rather than diploid cells.10 The haploid cell has already gone through meiosis so it is ready to pass on the mutation during fertilization.10 
     Point mutations affect single genes and are typically less severe than chromosomal mutations that can alter the position or direction of DNA sequences or even fail to copy a segment in the first place.10 Certain point mutations are more severe than others, and some result in no phenotypical effect at all.10
     Deletions are when sections of DNA are removed while insertions occur when sections of DNA are added.10 
4.3.2 Recombination

Recombination is when existing genetic material is used to form new combinations.10 Crossing-over during meiosis is an example of how recombination can affect genetic diversity within a species. However, there are other ways for recombination to take place, and scientists have learned that natural chemical processes can be replicated in the laboratory to be used in the advancement of technology.10
     For example, spider silk (a protein) has properties, such as strength and elasticity that other types of protein do not have.10 Its potential benefits to humans have prompted scientists to study its structure and how it is produced. Some suggested uses for spider silk include, catching landing planes on military aircraft carriers, using silk for surgical sutures, and replacing Kevlar in bulletproof vests.10 Unfortunately, the ability to harvest silk in the quantity that it would be needed for these ideas to become a reality is too difficult. In an attempt to solve the silk shortage, scientists used recombination to synthesize the silk by inserting the silk genes into bacteria and yeast.10 However, the silk produced was insoluble and remained stuck inside the yeast and bacteria cells.10 The scientists finally figured out how to produce the desired quantity of silk by creating a goat that produced soluble silk in its milk.10 The last problem that is still in the process of being solved is how to spin the silk protein into fiber so it is in a usable state.10 
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Figure12: Spider gland that spins silk to fiber 10
5. Genomic Sequencing of DNA

There are two primary ways in which DNA can be sequenced (hierarchical sequencing, and shotgun sequencing).10 Both methods ultimately produce the same results, but the main difference between them is the time it takes to gather the same amount data.10 Before explaining each process, it is important to understand the problem these two approaches solve.
     Every chromosome consists of a very long double-stranded DNA molecule (about 50 million base pairs long), and each chromosome differs in size so it can be distinguished from the other chromosomes.10 The logical approach to sequencing would be to start at the beginning of the DNA strand and sequence consecutively to the end. However, the size of each DNA molecule prevents this because sequencing only works with a strand of about 700 base pairs.10 50 million is way off the mark so it becomes necessary to cut each chromosome’s DNA into tiny segments ideally 500 base pairs long.10 If the entire human genome is sequenced, the final fragment count comes out in the millions, and the question is how do we put all those fragments back together? The answer is to cut the DNA into fragments that overlap then align the overlapping pieces to connect them to each other.10 The following two approaches to sequencing DNA have been successfully used.
     Hierarchical sequencing involves a top-down approach that begins with getting both physical and genetic map markers.10 Physical map markers are analogous to a road map that shows the mileage (number of base pairs) between each city (DNA marker).10 Genetic map marker locations are determined genetically, and they are made by short sequences of repeating DNA.10 The entire process is complex, but the overall idea is this: 10
1) From the chromosome, locate and isolate the section of DNA to be sequenced.

2) Locate all physical and genetic map markers.

3) Cut the DNA into fragments ranging in size from 55,000 to 2 million base pairs.
4) Place those large fragments into vectors that copy the DNA into a DNA library. The vectors are called bacterial artificial chromosome (BAC) vectors.
5) Arrange the fragments of the newly created DNA library in order by using sequence-tagged sites. Sequence-tagged sites are unique sequences of known DNA and are between 60 and 100 base pairs long.
6) Cut the BAC fragments from the DNA library into 500 base pair segments that are linked together using the sequence-tagged sites.
     Hierarchical sequencing is a time-consuming and involved process, but it is effective. Figure 13 gives a visual representation of the entire process.
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Figure 13: Hierarchical sequencing of DNA 10
     The second approach to DNA sequencing is called shotgun sequencing, and it is much simpler and faster than hierarchical sequencing. Here is the overall concept: 10
1) Cut the DNA into random 500-800 base pair fragments.

2) Sequence each fragment.
3) Have a computer find the overlapping sequences and align the fragments.

     Shotgun sequencing eliminates the need for physical and genetic maps, which is a big time saver. Figure 14 gives a quick visual overview.
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Figure 14: Shotgun sequencing of DNA 10
     Genomic sequencing of DNA has revealed that there are three types of repetitive sequencing that occur in eukaryotes.10 Eukaryotes are all organisms whose genetic material is contained within a cell nucleus.10 These highly repetitive sequences can be repeated 50 to 1 million times, but their role is not yet understood.10
     Genomic sequencing has also produced results that were unexpected. For example, it seems logical that a simple organism, such as a lily, would have a smaller genome than that of a human. However, a lily has 106 billion base-pairs per cell while a human only has 6 billion base-pairs per cell.10 That’s almost 18 times as much DNA!
6. Computer Programs

Genomic sequencing of DNA is a good start in the process of understanding computational evolutionary biology. Phylogenetic trees can be made, connections can be bridged, and some pretty interesting facts can emerge. However, the process of how the organisms got to their current stage in the first place requires the interpretation of the data into meaningful results. This is where computer programs that interpret the sequences of DNA come into play and help give meaning to an otherwise meaningless string of nucleotide bases.
     So what does all this biology have to do with computers? To understand the role computers play in the field of computational evolutionary biology, it is imperative that the fundamentals of genetics and basic biological concepts are understood. The reason is because computer programs carry out biological processes extremely quickly so it is not always clear what is actually happening or how the results are supposed to be interpreted. The emphasis on genetics is intentional because there are so many factors that can influence the results of a computer program’s output.
     To get the most out of computer programs, such as Avida, it is important to understand genetics and biology. Knowing which environmental variables to use and how they impact the life of the digital organisms that are being created requires a full understanding of the real biological system the program is trying to model. For example, all female honey bees originate from fertilized eggs (males originate from unfertilized eggs).10 Female bees come in two types; worker or queen.10 The type of each female is determined by the diet of the bee during its larval stage.10 Modeling a virtual world that lacks this kind of knowledge could give erroneous results, such as creating too many queen bees. The social structure of honey bees revolves around a single queen so the presence of multiple queens would create fictional circumstances thereby giving fictional results.
     The following is an example screenshot taken from Avida and shows the user needs to be knowledgeable in biology and genetics to use the program to its fullest potential.
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Figure 15: Avida screenshot that displays settings for point, copy, insert, and delete mutations 17
6.1 Avida

Avida is a piece of software that experiments with self-replicating computer programs that evolve over time.9 It contains detailed settings and protocols, measurement tools, and is good at analyzing the data produced.9 For example, there are tools that can trace an organism’s line of descent all the way back to its ancestor, and genomes between different organisms can be compared with each other.9 Figure 16 shows how many generations an organism’s genotype differs from its parent (phylogenetic depth) with the blue line showing descent.6
[image: image16.emf]
Figure 16: Phylogenetic depth and line of descent 6
     Avida’s focus is on digital organisms, and it has become more complex with each new release.9 Virtual worlds can be created that include depletable resources that the digital organisms must compete for.9 These resources can also be converted into different resources, and this change facilitates natural selection as the digital organisms adapt to successfully acquire these new resource types.9 Avida is even able to perform knock-out studies with specific organisms.9 A knock-out study replaces a normal gene with an inactivated copy thereby ‘knocking out’ the active gene.10 The reason knock-out studies are so valuable is because observing what happens to the organism with the inactive gene gives helpful information about the role that gene plays and how important it is to the success of the organism’s survival.10
6.1.1 Avida’s Virtual Hardware

     Avida has virtual hardware that includes a CPU, three registers, two stacks, circular memory, four heads, an input buffer, and an output buffer.9 Figure 17 shows the hardware architecture.
[image: image17.emf]
Figure 17: Virtual hardware of Avida 9
     The CPU processes instructions in the genome while at the same time modifying components and storing data in the two stacks.9 The three registers can store 32-bit numbers of data and can also perform comparisons with mathematical functions to manipulate the data.9 The two stacks are used primarily for storing data, and even though only one stack is active at one time, both alternate between active and inactive states.9
     The circular memory begins with the first instruction and continues executing instructions in consecutive order unless it comes across an instruction that tells it to do otherwise (like a jump statement).9 Circular memory may seem risky since infinite loops could possibly break the program, but there is a clearly defined starting point that prevents this from happening.9
     The four heads point to specific locations in memory, and they eliminate the need for absolute memory addressing.9 This is important because absolute memory addressing can restrict size variability in the evolving digital organisms preventing correct data from being gathered.9 The instruction head is found in existing standard computer architectures, and it tells the CPU which instruction is currently being executed.9 The other three heads, however, are unique to Avida and are used by the digital organisms to self-replicate.9 The digital organism uses the read head to generate a copy of its genome while using the write head to place that information in a separate location.9 When a jump or loop command is executed, the flow control head is moved to a specific memory address, and the other three heads can use commands that position them at that same memory location.9
6.1.2 Avida’s Digital Organisms

Avida’s digital organisms are self-replicating evolving computer programs.9 They can be very complex and interact with each other and the environment.9 The Avida program creates digital organisms that have a circular genome with a virtual CPU.6 The CPU contains two stacks and three registers that hold 32-bit strings.6 Each organism is capable of receiving input and producing output.
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Figure 18: Digital organism from Avida 6
     Digital organisms compete for energy units called SIPs (single-instruction processing), and these units allow the organism to execute instructions.6 The number of SIPs an organism receives is initially based on the size of the organism’s genome, and there are two ways in which an organism can acquire more SIPs.6 First, the organism can execute instructions that express specific phenotypes that give it more energy to copy its genome.6 Second, the organism is rewarded with computational merit points when it successfully performs one-input and two-input logic functions.6 Computational merit increases an organism’s rate of energy acquisition by a factor based on the complexity of the correct answer of each input function.6
     This is how organisms evolve, and the EQU (‘Equals’) function gives the largest reward since it is more complex than any of the other functions.6 The EQU function is: (A and B) or (~A and ~B) with ‘~’ representing a negation.6 Figure 19 shows some of the functions the digital organisms can complete.
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Figure 19: Table of merit reward points 6
7. Data Control and Manipulation

With advances in technology contributing to better hardware and faster CPUs, the ability to sequence large quantities of data is becoming quick and easy. But how is all this data going to be stored, and more importantly, how is it going to be retrieved? Storing the data is not as difficult as retrieving it. The answer to the retrieval problem is to develop algorithms to obtain the largest multi-gene datasets as possible from large sequence databases.11
7.1 Large Sequence Databases

Large sequence databases can contain complete datasets for species where every gene has been sequenced.11 It is a fairly simple task to determine if those complete datasets are indeed in the database, but concatenation of sequences work best for orthologous sequences, and automated identification of these are very challenging.11 Orthologous refers to similar genes that are shared between different species (not dependent on function) and originate from a common ancestor.4 It is challenging because phylogenetic inference can place a strong bias on homology results due to DNA constraints.13 Homology refers to shared traits between species.10
     Data is stored in clusters, which are essentially genes or proteins.11 An algorithm is applied to the data to form a bipartite graph, which contains a vertex set partitioned by subsets Species and Clusters such that each edge connects a Species vertex with a Clusters vertex.11 and 18 From this graph, a matrix can be completed that links species with their appropriate cluster.11 Figure 20 shows an example of a bipartite graph with a completed matrix. Note that cluster 4 has been excluded from the complete matrix because it has not been sequenced for species A or B.11
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Figure 20: Bipartite graph and corresponding matrix 11
     Figure 21 shows a better example of what the actual data from the matrix in Figure 20 looks like. It contains eight vertebrates who are ordered based on traits they share with one another. [A, B, C] from Figure 20 correspond to the ‘Taxon’ column in Figure 21, and [1, 2, 3] from Figure 20 correspond to the ‘Derived Traits’ in Figure 21.
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Figure 21: Practical example of a matrix that can be derived from a large sequence database 10
     Graphs and matrices are helpful tools in understanding the link between clusters of genetic material and individual species. However, trees can be the most informational and easiest to understand.
8. Gene and Species Trees

Gene trees describe the evolution of sets of genes while species trees describe the evolution of species.3 Gene trees and species trees are similar in that they both represent evolution correctly, but they describe different facets of evolution so it is possible for them to differ from each other.3 Before bioinformatics was even a field, gene and species trees were the best way to categorize and connect various organisms together. The technology to sequence DNA opened up new ways to link organisms based on a common ancestor using a combination of gene and species trees; the phylogenetic tree.

8.1 Phylogenetic Trees

Phylogenetic trees show evolutionary relationships between species that are tied to a common ancestor. The table in Figure 21 can also be represented using a phylogenetic tree.

[image: image22]
Figure 22: Eight species linked to a common ancestor 10
     By using computers for genomic sequencing of DNA, we can uncover different relationships between organisms using the phylogenetic trees to show relationships between organisms that are not apparent based solely on appearance.5 For example, a phylogenetic tree would show that a whale is more closely related to a cow than a shark, and a dog is more closely related to a seal than the marsupial wolf.5

[image: image23]
Figure 23: Phylogenetic tree that shows looks can be deceiving 5
8.2 Super Trees

The underlying principal in evolution is that all species of living organisms are related to each other and linked together by a common ancestor. Phylogeny is used to represent these relationships in a tree-like structure of ancestry and descent.2 With this in mind, it is easy to see that the tree of all life on earth is gigantic. Until recently, trees have averaged 10-100 species, which is relatively small, compared to the total number of species on the earth.2 Super trees are created by taking these smaller sub trees and combining them into one.2 Advances in computer hardware and the ability to compare sequence data have allowed the construction of super trees containing hundreds of species.2
9. Conclusion

Computational evolutionary biology opens up many new doors and gives insight into the past, present, and future of life on Earth. Computing power is increasing daily, and algorithms, computer programs, and processes have become more advanced. The link between phenotype and genotype is now possible with computers aiding in the process of DNA sequencing.

     All this new information can be stored and interpreted using large sequence databases, phylogenetic trees, and super trees. Programs, such as Avida, allow natural biological systems to evolve at lightening speed, and this new process of studying evolution cannot be achieved any other way. The field of computational evolutionary biology is still very young, but advances in technology for the foreseeable future are promising.
10. Glossary

This section includes definitions for all biological terminology. Definitions came from Life: The Science of Biology, Sixth Edition.10
· Allele – The alternate forms of a gene that reside at a specific location on a chromosome
· Amino acid – An organic compound that contains an amine group (-NH2) and an acidic carboxyl group (-COOH)

· Aneuploidy – Occurs when a single chromosome is added or deleted

· BAC vectors – Bacterial artificial chromosome vectors

· Bipartite graph – Contains a vertex set partitioned by subsets V1 and V2 such that each edge connects a V1 vertex with a V2 vertex

· Blending – See quantitative inheritance

· Centromere – Connects two chromatids to form a chromosome

· Centrosome – The location where microtubules are organized

· Chromatid – Each pair of sister chromosomes is called a chromatid

· Chromatin – The protein material that forms the chromosomes and houses the DNA

· Chromosomal mutation – A mutation that can alter the position or direction of DNA sequences or even fail to copy a segment

· Chromosome – A structure that is composed of DNA and proteins
· Computational merit – Increases an organism’s rate of energy acquisition by a factor based on the complexity of the correct answer of each input function

· Crossing-over – The process in which non-sister chromatids exchange sections of each other so that none of the resulting gametes are genetically identical to the other three

· Deletions – Occur when sections of DNA are removed

· Digital organisms – Self-replicating evolving computer programs

· Diploid – Refers to a cell that has a complete set of genetic material

· DNA – Stands for deoxyribonucleic acid and is the basic building block of life

· Dominant – Refers to an allele that is able to determine the phenotype of a heterozygous organism

· Down syndrome – Occurs when there are three copies of chromosome number 21 instead of the usual two

· Eukaryotes – All organisms whose genetic material is contained within a cell nucleus

· Euploidy – Occurs when a whole set of chromosomes is added or deleted 

· Gametes – Eggs and sperm

· Gene tree – Describes the evolution of sets of genes

· Genes – Units that contain genetic functions (information) that can be inherited

· Genetics – The branch of biology that deals with heredity and focuses on hereditary transmission and variation of traits among similar or related organisms

· Genotype – Refers to the genetic material of an organism (DNA) and is analogous to binary code
· Germ-line mutation – Refers to a mutation that occurs in haploid cells and is passed on at fertilization
· Haploid – Refers to cells that has only half of the genetic material needed to create an organism
· Heterozygous – Refers to an organism that has one dominant and one recessive allele (Ss)
· Hierarchical sequencing – One of two common techniques used in the genomic sequencing of DNA (time consuming)
· Homology – Refers to shared traits between species
· Homozygous – Refers to an organism that has two copies of the same allele (SS or ss)
· IDE – Stands for Integrated Development Environment
· Induced mutation – Result from an outside force, such as chemicals or radiation that permanently changes an organism’s DNA
· Insertions – Occur when sections of DNA are added
· Kinetochore – A disk composed of proteins located on the centromere
· Kinetochore fibers –  Fibers that are attached to the kinetochores of the chromosomes used in metaphase
· Knock-out study – Replaces a normal gene with an inactivated copy thereby ‘knocking out’ the active gene
· Law of segregation – States that when an organism produces gametes (eggs or sperm), the alleles separate so that each gamete contains only one allele that the parent had
· Meiosis – The process of producing eggs and sperm
· Metaphase plate – The middle of the nuclear region where chromosomes are aligned during metaphase
· Microtubules – Intracellular structures that facilitate movement within cells
· Mitosis – The process in which diploid cells are copied (a single nucleus gives rise to two nuclei that are genetically identical to each other and to the parent nucleus)
· mRNA – Stands for messenger ribonucleic acid
· Mutations – Changes in genetic information that are heritable and results in the creation of new genetic material
· Natural selection – The process in which organisms with traits that give selective advantages are more likely to survive and pass those desired traits to their offspring
· Nuclear envelope – The two-layered membrane that encloses the nucleus
· Nuclei – Plural of nucleus
· Nucleus – The information center of a eukaryotic cell; contains the chromosomes enclosed by a double membrane
· Nucleotide bases – The basic chemical units that DNA is composed of

· Orthologous – Refers to similar genes that are shared between different species (not dependent on function) and originate from a common ancestor

· Phenotype – Refers to the physical expression of specific genes an is analogous to an IDE
· Phylogenetic depth – Shows how many generations an organism’s genotype differs from its parent

· Phylogenetic trees – Show evolutionary relationships between species that are tied to a common ancestor

· Point mutation – A mutations that affects a single gene

· Polygenic inheritance – Occurs when multiple genotypes to have the same affect on a single phenotype

· Polymer – A large molecule composed of subunits called monomers
· Quantitative inheritance – Occurs when a phenotype shows variation between two extremes rather than having two distinct alternatives (also called blending)

· Recessive – A characteristic that can be masked by a dominant allele
· Recombination – Occurs when existing genetic material is used to form new combinations
· Repetitive sequencing – Highly repetitive sequences of DNA found in eukaryotes
· Sequenced-tagged sites – Unique sequences of known DNA between 60 and 100 base pairs long
· Sex-linked inheritance – Affects characteristics of an organism that depend on the sex of its parent
· Shotgun sequencing – One of two common techniques used in the genomic sequencing of DNA (quick)
· SIPs – Single-instruction processing units
· Somatic mutation – Refers to a mutation that occurs in diploid cells and is passed on to the offspring after meiotic cell division
· Species tree – Describes the evolution of species
· Spindle – Created during mitosis and is named for its shape
· Super tree – Created by taking smaller sub trees and combining them into one
· Transcription – The process of creating mRNA (messenger ribonucleic acid) from DNA
11. Review Questions

1. What are genotype and phenotype analogous to in computer science?

     Genotype is analogous to binary code, and phenotype is analogous to an IDE.

2. Why is it important to understand the fundamentals of biology before using programs, such as Avida?
     Avida depends on the user providing the environmental variables to create the virtual world. It also depends on the user specifying the characteristics for each digital organism. These settings are based solely on the field of biology and natural biological processes. A solid understanding of these biological systems is needed for the program model to be set up correctly.
3. What is the difference between gene trees, species trees, and phylogenetic trees?
     Gene trees describe the evolution of genetics (DNA). Species trees describe the evolution of the organisms based on phenotype. Phylogenetic trees are a combination between gene and species trees. The connections that compose a phylogenetic tree can reveal connections between species that are not attainable using the other two types of trees by themselves.
4. Describe the two ways in which data is retrieved and displayed from large sequence databases.
     Data can be displayed using bipartite graphs, which contain a vertex set partitioned by subsets Species and Clusters such that each edge connects a Species vertex with a Clusters vertex. Data can also be put into a matrix that shows the association between species and clusters.

5. What are the two methods for genomic sequencing of DNA, which one is faster, and why is it faster?

     The two methods are hierarchical sequencing and shotgun sequencing. Shotgun sequencing is much faster because a computer is used to find the overlapping sequences of DNA and align the fragments.
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23.5 AProbable Phylogeny of Eight Vertebrates
This phylogeny is consistent with the information given
in Table 23.1 using the parsimony principle. Except for
the hagfish, all of the animals display at least one
derived trait.
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