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Abstract

In this thesis, we consider Markov models for matched sequences.
Define f;;(t) = P(X(t) = i,Y(t) = j|X(0) = Y(0)), where f;; is the
joint probability that, for a given site, the first and second sequences
have the values 7 and j at a given site, given that they were the same
at time 0. This can generalized to several sequences. The sequences
(taxa) are then arranged in an evolutionary tree (phylogenetic tree)
depicting how taxa diverge from their common ancestors. We develop
tests and estimation methods for the parameters of different models.

Standard phylogenetic methods assume stationarity, homogeneity
and reversibility for the Markov processes, and often impose further
restrictions on the parameters. The parameters in these cases are esti-
mated using many popular packages, including PHYLIP and PAUP*.
We describe a new and more general method for calculating the joint
probability distribution under stationary and homogeneous models for
the more general models with some weakening of the stationarity and
homogeneity assumptions. We describe the method for a two edged
tree and then extend it to the case for a K tipped tree. We discuss the
case of a five edged tree for a set of bacterial sequences for which sta-
tionarity and homogeneity are not present. This data set is very similar
to that of Galtier and Gouy (1995), and the search for methods appro-
priate for its analysis has provided the raison d’etre for this work. The
extension we propose is to allow non-stationarity, so that from the root
of the tree we permit different Markov processes to operate along dif-
ferent descendant lineages; furthermore, we permit non-homogeneous

Markov processes to operate across the tree. We obtain methods that



give the joint distribution of the leaves of a K-edged tree under the
new models.

Next we derive a number of methods for simulating the evolution of
DNA for these general models using a multinomial distribution, direct
simulation via Markov processes and an approximation approach. We
derive a number of tests, which can be used to check the assumptions
of stationarity and homogeneity for the phylogenetic data. We review
the distance methods and develop functions, which use the paralinear
distance method to find the topology of the tree to be used in the
estimation method.

Finally we describe the maximum-likelihood approach and use it to
estimate the parameters of different models. We discuss and apply our
methods of testing and estimation on simulated data models, which
have the same structure as our models, such that the stationarity and
homogeneity are not represented in these cases. Then we apply our

methods of testing and estimation to real data.

vi



CONTENTS

Acknowledgements............ ... iv
Abstract. ... .. ... v
Chapter 1. Introduction.................................... 1

Chapter 2. Markov Process for Substitution Models.... 6

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.

The Markov Process for One Nucleotide Site............. 6
The Markov Process for Paired Nucleotides Sites......... 12
Stationary and Homogeneous Processes.................. 15
The Markov Process for K Matched Sequences .......... 17
Three-tipped Phylogenetic Tree.......................... 21
Programs....... .. .. 26
Evolutionary Models........... ... .. i 31

Chapter 3. Simulation the Evolution of Matched

Nucleotide Sequences on a Phylogeny........ 36
3.1. Introduction........... ... 36
3.2.  Generating Random DNA Samples from a Multinomial
Distribution ......... ..o 37
3.3. Generating Random DNA Samples From The Process At
Each Site..... ... 41
3.4. Generating Random DNA Samples Using An
Approximation Method .......... ... ... ... ... ... ... 44
3.5. Examples based on Five Matched Sequences............. 50
3.6, DISCUSSION . ..ottt 53
Chapter 4. Tests of Homogeneity ......................... 55
4.1. Introduction........... ... 55



4.2. Bowker’s Test for Symmetry ......... ... ... ... o7
4.3. Stuart’s Test for Marginal Symmetry .................... 58
4.4. Test for Internal Symmetry .......... ... ... ... ... 59
4.5. Tests with Several Matched Observations ................ 60
4.6. Analysis of Simulated Nucleotide Sequences.............. 63
4.7. Analysis of Real Nucleotide Sequences ................... 68
4.8, DISCUSSION . ..ottt 71
Chapter 5. Phylogenetic Distance ......................... 74
5.1. Imtroduction.......... ... . 74
5.2. Measuring Distances from Sequence Data................ 76
5.3. Generating Trees from Distances......................... 78
5.4. Analysis Based on the Joint Distribution Function and
Simulated Nucleotide Sequences ......................... 80
5.5. Analysis Based on Real Nucleotide Sequences............ 96
Chapter 6. Estimation of Evolutionary Parameters...... 100
6.1. Introduction......... ... ... 100
6.2. Maximum Likelihood Estimation......................... 101
6.3. Estimating the Evolutionary Parameters for a Two Leaf
Tree . 103
6.4. Optimization using the R Package ....................... 106
6.5. Choosing the Phylogenetic Tree Topology................ 107
6.6. Estimating the General Model Parameters using the gn
Program. ... ... 107
6.7. Estimation Based on Real Nucleotides Sequences. ........ 134
6.8. Bootstrap ...... ... 138
6.9. DISCUSSION . ..o vttt 163
References ....... ... .. 167
Appendix (A) ... 172
The Symmetric Matrix S ... . 172
The Transition Probability Function........................... 174

viii



Joint Distribution for Two Matched Sequences................. 175

Joint Distribution for K Matched Sequences................... 177
Joint Distribution for K Matched Sequences (2) ............... 179
Generating Samples from a Multinomial Distribution .......... 181

Generating Random DNA Samples using an Embedded Markov

Chain . ... 182
Generating Random DNA Samples using the Rambaut and
Grassly Method ........ ... . 184
Generating Random DNA Samples using an Approximation
Method. ... 186
Transforming 4% Array to m x K Matrix...................... 188
Paralinear Distances.......... ... i 189
Test for Symmetry of Matched DNA Sequences................ 190
Overall Test for Marginal Symmetry........... ... ... ... .... 192
Negative Log Likelihood Ratio........... ... ... ... ... .. ... 193
Appendix (B) ... ..o 194
The Symmetric Matrix S - Program ........................... 194
The Transition Probability Function - Program................ 195
Joint Distribution for Matched Sequences - Program........... 196
Joint Distribution for K Matched Sequences - Program ........ 197

Joint Distribution for K Matched Sequences (2) - Program .... 201
Generating Samples from a Multinomial Distribution - Program205
Generating Random DNA Samples Using an Embedded Markov

Chain - Program........ ... .. .. i 206
Generating Random DNA Samples using the Rambaut and

Grassly Method - Program............................... 211
Generating Random DNA Samples using an Approximation

Method - Program......... ... ... o i, 215
Transforming 4% Array to m x K Matrix - Program........... 219
Paralinear Distances - Program............... ... ... ... ... 220

Test for Symmetry of Matched DNA Sequences - Program . .. .. 221
Overall Test for Marginal Symmetry - Program................ 223

ix



Log Likelihood Ratio - Program



