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COMPUTATIONAL METHODS FOR ESTIMATING GENETIC RELATIONSHIPS

Abstract

by Yunyun Zhou, Ph.D.
Washington State University

August 2012

Chair: Shira Broschat

The advent of molecular methods has altered our approach to the study of the

genetic relationships of microbes. In particular, we now have the unprecedented

ability to estimate genetic relationships from whole genome sequences whose numbers

are increasing exponentially. In this dissertation we examine several computational

methods for using genome sequences to infer the genetic relationships of both plasmids

and bacteria.

First we describe a method for relating 527 Gram-negative bacterial plasmids

based on their genetic sequences. Initial classification of their genetic relationships was

accomplished using a computational approach analogous to hybridization of ”mixed-

genome microarrays.” Relationships were refined for several clusters by identifying

conserved proteins within a cluster. The replication of consistent results produced in a

separate study for a small group of IncA/C plasmids and clusters of Borrelia plasmids

provides evidence that the approach used can correctly predict genetic relationships.
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Second, we use the pClust program to estimate the genetic relationships of the

same 527 plasmid genomes. Protein clusters generated by pClust are used to create

profiles for each plasmid in the tree, which are then used as correlation filters for

classification of a new bacterial plasmid. The major contribution of this work is the

development of a method that can be used to construct a tree and, more importantly,

to insert a new taxon a posteriori. While this method was developed specifically for

plasmids, it can be used with genomes of any kind.

The third project is a study of the genetic relationships of bacteria, more specifi-

cally species of the alphaproteobacteria class. Typically phylogeny studies of bacteria

are based on the 16S rRNA gene. In this work, however, we again use the software

program pClust with twelve genomes to generate homologous protein clusters which

are then used to construct a tree. The results are compared with a tree constructed

using 16S rRNA; while certain features in both trees are similar, the differences indi-

cate that the use of whole-genome sequences may provide a better estimate of genetic

relationships.

vi



Contents

Table of Contents vii

List of Figures ix

List of Tables xi

1 Introduction 1

1.1 Biological background and motivation . . . . . . . . . . . . . . . . . . 1

1.2 Molecular phylogenetic studies . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Homologous sequence detection . . . . . . . . . . . . . . . . . 3

1.2.2 Computational algorithms for tree reconstruction . . . . . . . 4

1.2.3 Tree reliability assessment . . . . . . . . . . . . . . . . . . . . 6

1.3 Overview of computational tools . . . . . . . . . . . . . . . . . . . . . 7

1.3.1 Software packages . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3.2 Programming script languages . . . . . . . . . . . . . . . . . . 8

1.4 Overview of this dissertation . . . . . . . . . . . . . . . . . . . . . . . 9

2 Genetic study for 527 GN bacterial plasmids 12

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 Data preparation . . . . . . . . . . . . . . . . . . . . . . . . . 14

vii



2.2.2 Selection of number of arrays . . . . . . . . . . . . . . . . . . 15

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.1 Initial tree construction . . . . . . . . . . . . . . . . . . . . . 16

2.3.2 Cluster refinement . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4.1 Distribution of Four Antibiotic-Resistance Genes . . . . . . . 20

2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Using correlation filters from protein clusters for classification 28

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.1 Data preparation . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.2 Clustering algorithm . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3.1 527-Plasmid Tree . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3.2 Algorithm Testing and Insertion of New Plasmids . . . . . . . 35

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4 Phylogenetic classification of bacteria using whole-genome sequences 42

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2.1 Data preparation . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2.2 Phylogenetic tree construction using the 16S rRNA gene . . . 45

4.2.3 Phylogenetic tree construction using the whole genome . . . . 45

4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

viii



5 Conclusions 50

5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Bibliography 54

Index 63

A 65

B 72

C 76

D 82

E 84

F 86

G 89

H 94

ix



List of Figures

2.1 Absolute distance difference (ADD) . . . . . . . . . . . . . . . . . . . 17

2.2 Majority voting consensus tree . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Averaged distance consensus tree. . . . . . . . . . . . . . . . . . . . . 24

2.4 Borrelia cluster from initial tree . . . . . . . . . . . . . . . . . . . . . 25

2.5 Borrelia cluster after refinement . . . . . . . . . . . . . . . . . . . . . 25

2.6 Mixed bacterial plasmids cluster from initial tree including 8 IncAC

plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.7 Mixed bacterial plasmids cluster after refinement. . . . . . . . . . . . 26

2.8 Distribution of antibiotic resistance genes . . . . . . . . . . . . . . . . 27

3.1 Plasmid tree construction frame . . . . . . . . . . . . . . . . . . . . . 31

3.2 Insertion of a new plasmid into existing tree frame . . . . . . . . . . . 32

3.3 Neighbor joining phylogenetic tree of 50 plasmids based on Jaccard

distance matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4 Neighbor joining phylogenetic tree of 50 plasmids based on Euclidean

distance matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.5 12 plasmids from pAKD family . . . . . . . . . . . . . . . . . . . . . 41

4.1 Unweighted, neighbor-joining bootstrapped tree using 16S rRNA gene. 47

x



4.2 Weighbor-weighted neighbor-joining bootstrapped tree using 16S r-

RNA gene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3 Euclidean distance tree using whole genomes. . . . . . . . . . . . . . 48

4.4 Jaccard distance tree using whole genomes. . . . . . . . . . . . . . . . 48

xi



List of Tables

4.1 Table 1. Whole-genome sequences used in this study . . . . . . . . . 44

xii



Chapter 1

Introduction

Understanding the distribution of microbes and their relationships to other organisms

is very important for understanding their evolution (Eisen, 2000). In this chapter,

we discuss the motivation for our research and explain some popular algorithms and

procedures for identifying and classifiying relationships based on genetic traits.

1.1 Biological background and motivation

Plasmids are typically circular DNA molecules that are hosted by organisms in the

three major domains: Archaea, Bacteria, and Eukarya. Their genomes vary in size

from a few to several hundred kilobase pairs. Plasmids are mosaic in composition

with a maintenance “backbone” as well as “accessory” genes obtained via horizontal

gene transfer (HGT) (Christopher, 2000). A single plasmid or many plasmids may

be carried in the same host cell. Plasmids hosted by bacteria often serve as vectors

for the dissemination of drug resistance or virulence in the environment. Thus, it is

important to understand their genetic relationships as well as that of their bacterial

hosts.
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Bacteria form a large domain of prokaryotic organisms. Bacterial genomes consist

of conservative regions and dynamic regions. The conservative region usually contains

housekeeping genes and has relatively low mutation rates and more stable G-C nu-

cleotide content; the dynamic region accepts DNA from foreign sources or from their

environment (Wolska, 2003). Bacteria evolve because of random gene recombination

and mutation together with adaptation to environmental changes by means of the

mechanism of horizontal gene transfer.

The study of bacterial evolution is challenging because of variance within and

between species. This is in large part due to HGT that can change both the mor-

phologies and metabolisms of closely related bacteria (Boucher et al., 2003). The

study of plasmid evolution is equally—or even more—challenging because of HGT.

However, the recent availability of whole-genome sequences for both many species of

bacteria and for many different plasmids has opened up entirely new possibilities for

studying the genetic relationships of these microbes in a manner that has been impos-

sible until now. Developing methods to study these relationships poses new challenges

requiring collaboration between microbiologists and computational specialists.

The research described in this dissertation is a result of collaboration between

microbiologists and computational specialists to utilize whole-genome sequences of

both plasmids and bacteria. Our goal was to develop computational methods for

estimating the genetic relationships of both plasmids and bacteria.

1.2 Molecular phylogenetic studies

Studying genetic relationships is very important in understanding microbial evolu-

tion. Over the past several decades, as technological innovations have been intro-

duced, molecular phylogenetic methods have become more popular than traditional
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methods based on phenotypic properties or morphological or physiological informa-

tion (Wiens, 2001). In particular, the advent of polymerase chain reaction (PCR),

DNA microarrays, gel electrophoresis, and most recently, relatively inexpensive DNA

sequencing techniques has caused successive changes in our molecular phylogenetic

approaches. PCR has allowed us to amplify small amounts of DNA. These were

used with DNA microarrays to provide quantitative measures of similarities between

genomes of two different species. More recently amplified DNA has been used for

sequencing of entire genomes, and methods of homologous sequence detection have

been employed for many uses, including phylogeny studies (Broschat et al., 2010;

Davis et al., 2003).

1.2.1 Homologous sequence detection

The Basic Local Alignment Search Tool (BLAST) is probably the most popular pro-

gram for homologous sequence detection. It is used for large databases and is very

fast at performing local pairwise searches (Altschul et al., 1997). It can search both

for DNA sequences or amino acid sequences or a combination of both. ClustalW is a

general purpose, multiple alignment algorithm for sequences. Its main advantage is

its comparatively low memory usage so it is an optimal choice only in limited cases

when memory size is an issue (Chenna et al., 2003). pClust is a parallel sequence

comparison algorithm that uses the Smith-Waterman algorithm to perform pairwise

sequence alignment and the shingling algorithm to form clusters of homologous pro-

teins. It has been shown to be more efficient and accurate than BLAST (Wu et al.,

2012).

For homolog detection, there are trade-offs between local and global alignment,

speed and accuracy, and pairwise and multiple alignment. Thus, there is no abso-

lutely perfect algorithm for all problems, and which algorithm to use depends on the
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specific requirements. For our work, we actually use a combination of these algo-

rithms. For example, in chapter 2, we construct the initial tree using BLAST for

pairwise sequence comparison but then refine clusters using ClustalW for multiple

alignment of conserved sequences. The reason for this is because the initial tree was

constructed using the neighbor-joining distance algorithm that requires a pairwise

distance matrix as input. For the subtree refinement, we construct the tree based

on multiple alignment of conserved genes which are more stable, closely related and,

most importantly, much smaller in number. In chapter 3, we use pClust to output

homologous protein clusters for construction of the 527-plasmid tree and classify new

plasmids using a BLAST comparison with the clusters. Although for the new plas-

mid classification, we could run pClust again, computational speed is the key point

of consideration.

1.2.2 Computational algorithms for tree reconstruction

The common clustering algorithms for tree constructions are distance-based, maxi-

mum parsimony, and maximum likelihood.

Distance-based analysis

Distance-based methods compute the pairwise distance between microorganisms and

estimate their genetic relationships based on cluster techniques. The major advantage

is that they are computationally fast and therefore good for large data sets. The

disadvantage is that the phylogenetic signal within the sequence is lost when all the

sequence variation is reduced to a single value and, thus, it performs poorly for very

divergent sequences. Distance methods are also sensitive to gaps in the sequence

alignment. UPGMA (Unweighted Pair Group Method with Arithmetic mean) and

the neighbor-joining method are the most popular ways of reconstructing phylogenetic
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trees.

UPGMA assumes a constant rate of evolution and uses unweighted distance to

cluster the two nearest sequences together. A new node is added at the midpoint of

the two, and the distance from the new node to other nodes is the average distance

of the two original taxa. The process is repeated and leads to a rooted tree (Sokal

and Michener, 1958). The neighbor-joining method starts with an unsolved star tree

structure and successively chooses the nearest pair of taxa to join together based on

their distances (Saitou and Nei, 1987).

Maximum parsimony analysis

Maximum parsimony assumes minimum evolution and chooses the tree that requires

the smallest number of changes in the sequences from a common ancestral sequence.

A maximum parsimony tree is obtained from the output of a multiple sequence align-

ment. Analysis is performed at every position in the sequence alignment (Sober,

1983), and the trees that produce the smallest number of changes for all sequence

positions are identified. Maximum parsimony is well-suited for sequences that are

very similar and is limited to small numbers of sequences (Galtier and Guoy, 1998).

Maximum likelihood analysis

Maximum likelihood analysis is a model-based algorithm for fitting the best parame-

ters for modeling sequence evolution. The goal is to find the tree that has the highest

probability under this model. Maximum likelihood can also be used to successively

refine a model (Sullivan and Joyce, 2005) and is good for its accuracy in fitting a

realistic model for sequence evolution, but poor in computational efficiency.
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1.2.3 Tree reliability assessment

Bootstrapping is used to assess the reliability of the topology of a constructed phylo-

genetic tree. In some cases, a single tree may not represent reliable relationships, and

it is necessary to use a number of trees to obtain more reliable relationships. The use

of consensus trees and supertrees is one approach for doing so.

Bootstrapping

Tree building algorithms produce phylogenetic trees but with no measure of how

reliable they are. Bootstrapping is a method for assessing the significance of a given

topology for a tree. Suppose we have an alignment of M sequences and we randomly

pick N sequences from the original M with replacement to construct a tree. We

do this repeatedly, each time constructing a tree, and we track the number of times

the same topology occurs at each node. The frequency at which the same topology

occurs gives us a confidence measure at each node, and this measure is known as the

bootstrapping value (Efron et al., 1996).

Consensus tree methods

As consensus tree methods result in one ’representative’ tree from many phyloge-

netic trees, we can describe them as determining pairwise compatible subsets from

the union of many hierarchies. There are three types of consensus methods: strict

consensus, majority-rule consensus, and greedy consensus. Strict consensus collect-

s the subsets from the input set that are common to all input phylogenetic trees.

Majority-rule consensus picks the subsets with more than half that occur in the in-

put phylogenetic trees. Greedy consensus is more computationally expensive; it sorts

subsets in descending order according to their frequencies and iteratively adds the

subset with the highest frequency to the consensus set if it matches all previously
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added subsets (Margush and Mcmorris, 1981). In chapter 2, we use majority-rule

consensus to determine our consensus tree.

Supertree methods

Supertree methods combine multiple phylogenetic trees to produce the overall best

’supertree’ (Bansal et al., 2010). They can be used to combine phylogenetic informa-

tion from datasets only partially overlapping and from different types of sources, e.g.,

both molecular and morphological data, and they can be used to reduce problems so

that they are more computationally tractable. If given a set of completely overlap-

ping source trees, a supertree method should work exactly like a consensus method

in combining phylogenetic information (Gordon, 1986).

1.3 Overview of computational tools

1.3.1 Software packages

There are several software packages, including PAUP, PAML, PHYLIP, and MEGA,

that provide popular methods for phylogenetic analysis. PAUP (Phylogenetic Anal-

ysis Using Parsimony) was originally used for maximum parsimony analysis, but the

latest version 4.0 also includes some simple distance-based and maximum likelihood

methods (Swofford, 2002). PAUP supports different working environments including

Windows and Unix.

PAML (Phylogenetic Analysis by Maximum Likelihood) is a powerful software

package for maximum likelihood analysis of sequences using different models and es-

timating sophisticated model parameters (Yang, 2007). When we understand the

possible evolutionary models for our sequences, this software is the best choice. How-

ever, this package cannot do multiple alignment. Therefore, it must be combined
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with a multiple alignment software package such as ClustalW for complete analysis.

PHYLIP (PHYLogeny Inference Package) supports distance-based, maximum par-

simony, and maximum likelihood for bootstrapping or consensus tree analysis (Felsen-

stein, 1993). PHYLIP is the most complete package for phylogeny studies, covering

a broad selection of programs for phylogenetic analysis. However, each program re-

quires users to set options based on complex menus which makes it somewhat difficult

to use.

MEGA (Molecular Evolutionary Genetics Analysis) is a visual interface software

program for sequence alignment and phylogenetic tree construction, fitting evolutional

models and rates, mining online databases, inferring ancestral sequences, and testing

evolutionary hypotheses (Margush and Mcmorris, 2005). When no prior information

is available for sequence properties, MEGA 5 is helpful for getting a general idea of

genetic relationships (Tamura et al., 2011). The models and parameters provided are

not very complicated which makes them easy and practical to use. The ability to

color highlight interesting taxa is one of the most attractive features of MEGA for

phylogenetic tree analysis. In chapter 2, we made use of this feature to assist in the

analysis of the distribution of four antibiotic resistance genes.

1.3.2 Programming script languages

The libraries or toolboxes available for phylogenetic analysis are well established and

use popular scripting languages such as biopython http://www.biopython.org and

bioperl http://www.bioperl.org. These and the bioinformatics toolbox in MATLAB

greatly save on coding time. Python and perl are not as powerful as Matlab, but they

are open-source and, thus, free. Python is more readable and manageable than perl

and thus easier for beginners. However, the bioperl library is more complete than

that of biopython because of its long history in bioinformatics. This is especially the
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case for the application of parsing BLAST/FASTA or for online sequence database

searches for which bioperl is much better than biopython. The Matlab Bioinformatics

Toolbox http://www.mathworks.com/products/bioinfo/ provides broad usage in al-

gorithm optimization and visualization analysis for Next Generation Sequencing, mi-

croarray analysis, mass spectrometry, and gene ontology detection. For our research

we actually used a combination of scripts as well as the bioinformatics toolbox. Biop-

erl and biopython scripts were used to download genomes from the NCBI database

in batches and to parse the genomes into protein coding sequences. The Matlab

Bioinformatics Toolbox was used to develop optimized algorithms for reconstructing

phylogenetic trees. MEGA5 was used for post-stage processing of the phylogenetic

trees.

1.4 Overview of this dissertation

As mentioned previously, the availability of whole-genome sequences has given us

new ways to study genetic relationships. The task requires cooperation between

microbiologists and computational scientists, and it is very challenging work to obtain

biologically interesting information. To do so, requires the development of suitable

classification methods which is the focus of this dissertation.

In chapter 2, we describe a method for relating a large number of Gram-negative

(GN) bacterial plasmids based on their genetic sequences. Complete coding gene se-

quences of 527 GN bacterial plasmids were obtained from NCBI. Initial classification

of their genetic relationships was accomplished using a computational approach anal-

ogous to hybridization of “mixed-genome microarrays” (Wan et al., 2007). Because

of this similarity, the phrase “virtual hybridization” is used to describe this approach.

Protein sequences generated from the gene sequences were randomly chosen to serve
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as “probes” for the virtual arrays, and virtual hybridization for each GN plasmid was

achieved using BLASTp. Each resulting intensity matrix was used to generate a dis-

tance matrix from which an initial tree was constructed. Relationships were refined for

several clusters by identifying conserved proteins within a cluster. Multiple-sequence

alignment was applied to the concatenated conserved proteins, and maximum likeli-

hood was used to generate relationships from the results of the alignment. While it

is not possible to prove that the genetic relationships among the 527 GN bacterial

plasmids obtained in this study are correct, replication of identical results produced

in a separate study for a small group of IncA/C plasmids provides evidence that the

approach used can correctly predict genetic relationships. In addition, results ob-

tained for clusters of Borrelia plasmids are consistent with the expected exclusivity

for plasmids from this genus. Finally, the 527-plasmid tree was used to study the

distribution of four common antibiotic resistance genes.

In chapter 3, a software program called pClust was used with plasmid genomes to

establish the genetic relationships among the 527 Gram-negative bacterial plasmids.

In order to classify a new plasmid within the tree structure, an algorithm is developed

that is based on a technique used to identify aircraft from radar range profiles is

developed. The protein clusters generated by pClust are used to create profiles for

each plasmid in the tree that are then used as correlation filters for classification of

a new Gram-negative bacterial plasmid. A profile for the new plasmid is created

using BLASTp. The method is tested using several of the 527 plasmids, and new

plasmids are added to the original tree. While the method described in this chapter

was developed specifically for plasmids, it can be used with genomes of any kind.

In chapter 4, we studied the genetic relationships of twelve alphaproteobacteria

species. Alphaproteobacteria are Gram-negative bacteria that belong to the pro-

teobacteria class. Studying the phylogenetic relationships of species of alphapro-
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teobacteria is very important because they include some major human and animal

pathogens (Gupta, 2005). Usually, phylogeny studies for bacteria are based on the

16S rRNA gene. In this work, we use whole-genome sequences to obtain phylogenetic

relationships among the twelve alphaproteobacteria. The software program pClust

was used to generate homologous protein clusters which were used to create profiles

for each bacterial genome. The resulting trees (both Jaccard and Euclidean distance

metrics were used) were compared with trees obtained using the 16S rRNA gene.

While the trees share some similarity, one interesting difference indicates that the

analysis using whole-genome sequences may provide some insight into the interrela-

tionships of different families within the alphaprotobacteria class.

A summary of the research reported in this dissertaton and possible directions for

future work are presented in chapter 5.
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Chapter 2

Genetic study for 527 GN bacterial

plasmids

2.1 Introduction

Plasmids are extrachromosomal DNA molecules that are found in many species of

bacteria and within taxa from archaea, eukaryota, and bacteria (Bapteste et al.,

2007). Sequenced plasmids vary in size from less than 1 kbp to more than 2500

kbp, and plasmids vary in their compatibility with different hosts and with other

plasmids within the same host cell (Couturier et al., 1988). Plasmids are considered

“mosaic” in composition containing both backbone genes for maintenance and mobile

and transmissible genes that encode “accessory” traits (Christopher, 2000). Plasmid

genes can be obtained from multiple sources (Boyd et al., 1996) and disseminated by

horizontal gene transfer (HGT). HGT is responsible for the dissemination of many

of the undesirable traits associated with bacteria, including antibiotic resistance and

virulence. In addition, broad-host-range plasmids play an important role in bacterial

adaptation to new environments. This provides much of the motivation for under-
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standing the relationships among plasmids. Knowledge of these relationships will help

us to better understand how genes are shared horizontally across species boundaries

as well as to understand microbial evolution. Unfortunately, HGT itself can obstruct

phylogenetic signal, making the study of plasmid evolution challenging.

There are several ways to identify genes that have arisen from divergent sources,

including comparison of GC frequency, codon usage, and genomic signatures (Camp-

bell et al., 1999; Karlin, 2001; Karlin and Burge, 1995; Mark et al., 2006; Suzuki et al.,

2008). However, there is some debate over whether plasmid mosaicism can be under-

stood from such features (Campbell et al., 1999; Mark et al., 2006). In addition, while

molecular methods are frequently used to characterize plasmids (Smalla et al., 2000),

there is no sequence analogous to the 16S rRNA sequence in bacteria with which

to examine their phylogenetic relationships. Several network-based representations

have been used to explore genetic relationships among plasmids (Halary and Leigh,

2009; Popa et al., 2011; Brilli et al., 2008). In particular, Brilli et al. (2008) studied

the evolutionary relationships of several Gram-negative bacterial plasmids, includ-

ing those hosted by Escherichia, Salmonella, and Shigella, using the Blast2Network

method. Our work is the first to simultaneously classify a broad and diverse group

of Gram-negative bacterial plasmids.

In this chapter we introduce a method for investigating the genetic relationships

of 527 Gram negative (GN) bacterial plasmids using their complete gene sequences.

We start with a modified virtual mixed-genome microarray method to create an ini-

tial tree that describes overall genetic similarity for these plasmids (Wan et al., 2007)

using proteins rather than DNA for both “probes” and “targets.” Because virtu-

al hybridization of mixed-genome microarrays is an entirely computational method,

protein sequences can be used as readily as DNA sequences. We choose to use protein

“probes” and “targets” because doing so is more efficient computationally (amino acid

13



sequences are one-third as long as their nucleotide counterparts) and because differ-

ences in silent nucleotide mutations are absent in amino acid sequences. To overcome

representational bias due to gene repetition, we use BLASTp on the concatenated

amino acid sequences of a plasmid with itself and remove duplicate proteins for each

plasmid. After removal of the duplicate proteins, protein sequences are randomly

chosen to serve as “probes” for the virtual arrays, and virtual hybridization for each

GN plasmid is achieved using BLASTp. Each resulting intensity matrix is used to

generate a distance matrix from which the initial tree is constructed. After comple-

tion of the initial tree, conserved proteins within a cluster are identified and used to

refine the relation ships within the cluster by means of multiple sequence alignment

of the conserved proteins.

2.2 Materials and Methods

2.2.1 Data preparation

. In July 2010 the complete gene sequences for 2,171 bacterial plasmids were avail-

able in the NCBI genome database (http://www.ncbi.nlm.nih.gov/). Of these, 527

sequences were for Gram-negative (GN) bacterial plasmids with more than 50 pu-

tative coding genes (CDS) (supplemental file 1). These were downloaded in FASTA

format and translated into amino acid sequences based on putative open reading

frames. BLASTp with default parameters was used to remove duplicate proteins

within plasmid sequences by blasting the sequence with itself. Duplicate protein-

s were not removed across plasmids because of the need to reflect a representative

distribution within the entire protein population. A protein was considered to be a

duplicate for the similarity value as (length of matching sequence)*(BLAST similarity

score)/(length of reference protein) ≥ 0.45 (Call et al., 2010). The resulting set of
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proteins for all 527 GN plasmids after removal of duplications-more than 97,000 in

total-was used to obtain “probes” that were randomly selected to create the virtual

arrays. Each array consisted of 20,000 proteins, roughly 20% of the total protein

population. The probe selection procedure utilized independent sampling with-out

replacement.

2.2.2 Selection of number of arrays

Using 20% of the protein pool to construct an array corresponds, on average, to

20% representation of each plasmid on an array; this degree of representation is

sufficient for discrimination (Wan et al., 2007). Nevertheless, because probe selection

is random, there is no guarantee that plasmids will have equal representation, and

therefore sampling bias might be a concern. To overcome potential bias, we can

construct a number of virtual arrays and generate the initial tree using a consensus

method based on all the array results. The problem then is to determine the number

of arrays needed for the analysis. In terms of accuracy of the relationship results,

we assume the more arrays that are used, the better. However, the computational

expense involved in using BLASTp or “virtual hybridization” for each array makes it

necessary to determine an optimum number of arrays—i.e., a number that minimizes

the computational cost while minimizing variance.

To determine the optimum number of arrays, we used the average absolute d-

ifference (ADD) (Fig. 2.1) as a function of the number of arrays. After virtual

hybridization of an array for N different plasmids, an N ×N distance matrix is ob-

tained. Pairwise comparison of two distance matrices results in an M = N(N − 1)/2

distance vector. For the ADD metric, we sum the absolute difference of the mean
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distances for n+ 1 arrays and n arrays over all M values. The formula is as follows:

ADD =
M∑
i=1

| < D(n+ 1, i) > − < D(n, i) > | (2.1)

where i takes on values between 1 and M , n is the number of virtual arrays, and

D(n, i) is the mean distance value for the n virtual arrays. The ADD is a robust

estimator of the absolute difference between two populations of distance matrices.

When two populations are exact, the ADD will be zero. As we increase the number

of arrays used, we expect the differences between the mean values to decrease (i.e.,

the mean values will not change as much, for example, between 50 and 51 arrays

compared to between 2 and 3 arrays), and thus we expect the value of the ADD to

decrease as the number of arrays used increases. For n = 1 the ADD is approximately

60,000 (Fig. 2.1). It then declines quickly, and for n = 20, the value is less than 2,000.

For 50 and 99 arrays, the values are 679 and 379, respectively. Note that to calculate

the value of the ADD for 99 arrays, 100 arrays are used. If we assume the distance

between each location in the two matrices is the maximum distance we obtained

minus the minimum possible distance of zero, the maximum value for the ADD is

301,707. The ADDs for 50 and 99 arrays are then approximately 0.002 and 0.001

of this maximum value, respectively. While the small fractional difference of 0.002

indicates that the use of 50 arrays is probably sufficient, we conservatively chose to

use 100 arrays.

2.3 Results

2.3.1 Initial tree construction

As indicated previously, each array was populated by 20,000 randomly chosen protein

“probes” (entire proteins were used) and a total of 100 arrays were “constructed.”

16



Figure 2.1 Absolute distance difference (ADD) as a function of the number
of arrays (n) used for averaging. The ADD value decreases as the number of
arrays increases—i.e., the ADD curve is more steep for n = 20 than n = 50
or 99.

For each array virtual hybridization was performed for the 527 GN plasmids. Hy-

bridization was simulated using stand-alone BLASTp with default parameters and

normalized intensities between 0 and 1 were obtained using the formula 2*(length of

matching sequence)*(BLASTp similarity score)/(length of reference protein + length

of matching sequence protein) resulting in 100 (527 × 20, 000) normalized intensity

matrices. From each intensity matrix, a distance matrix was calculated using pairwise

Euclidean distances. Two methods were used to obtain consensus trees from the 100

distance matrices: majority voting (Margush and Mcmorris, 1981) and averaging.

Because majority voting is order dependent for an unrooted tree, human and cattle

proteins were used as an out-group to force clustering of the GN plasmids (these pro-

teins were added to the arrays and during virtual hybridization all intensity values

for these proteins were zero for the plasmids). Consensus from Phylip was then used
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to obtain the initial tree (Felsenstein, 1989). For the second method the 100 distance

matrices were averaged to obtain a single distance matrix and neighbor joining was

used to construct the initial tree.

The shear size of the consensus trees for the 527 GN bacterial plasmids prevents

inclusion of them as figures. Instead, files for these trees in Newick standard format

are included as supple-mental files 2 and 3 that may be viewed in circular format

using freely available, tree-generating software packages such as MEGA5 (Tamura et

al., 2011). To compare results for the two types of consensus trees, we considered

the intensity results for a subset of 50 of the 527 GN plasmids. Each virtual array

was populated by randomly selecting 1,400 probes from a protein pool of 6,795. As

with the 527 plasmids, 100 arrays were used to obtain 100 distance matrices. Figs.

2.2 and 2.3 show the majority voting and averaged distance results, respectively.

There are some limitations to comparing the two trees because; for example, one is

unrooted (majority voting) and the other is rooted. Nevertheless, recall that both

trees are generated using all proteins and reflect only the initial relationships. Hence,

distances are unimportant, and we focus on comparison of the clusters. While the

trees have different topologies, the clusters are virtually identical.

2.3.2 Cluster refinement

The initial tree is constructed using the entire pool of proteins including those ob-

tained via HGT. Relationships between clusters can be further refined using conserved

genes (Call et al., 2010). Conserved genes are the genes shared among clusters and

are considered to be orthologous genes and, thus, are less likely to represent cases of

HGT-that is, genetic content from a recent common ancestor can be used to refine

relationships within clusters, while genes from a common ancestor should contain

more information about the evolutionary relationship among plasmids. It would take
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considerable computational time to refine all the clusters comprising the 527-plasmid

tree, and there would be no meaningful way to assemble the resulting clusters because

distances would be inconsistent across clusters. In addition, there is no benefit to re-

fining a cluster unless it is of interest to a particular investigator. To illustrate the

results of refining a cluster, we consider the two clusters shown in Figs. 2.4 and 2.6,

one from the Borrelia group and the other a group of plasmids from several species.

Both clusters form part of the full 527-plasmid tree obtained using majority voting.

Conserved proteins were identified via BLASTp searches using the same approach

described in (Call et al., 2010) except using proteins rather than genes; the similarity

cut-off value was 0.3. In addition, when either the length of an aligned sequence

was short relative to the reference sequence or the BLASTp identity score was low,

the protein was excluded from the analysis. The number of conserved proteins i-

dentified at each cluster node is shown. Figs. 2.5 and 2.7 shows the results after

multiple-sequence alignment has been performed.

2.4 Discussion

The method described in this chapter provides a new in silico approach to study ge-

netic relation-ships among plasmids. One useful outcome of this type of analysis is

that we can consider questions about the dissemination of antibiotic resistance genes

among bacteria as discussed below. While there is no “gold standard” to assess the

“accuracy” of the proposed relationships Fig. 2.2-2.5, there are several independent

observations that support the validity of our results. One consistent finding was the

clear demarcation of Borrelia plasmids as separate from plasmids from Enterobac-

teriaceae (Baker et al., 2007) both in the 50-plasmid analysis Fig. 2.2 and in the

full plasmid analysis (supplemental files 2 and 3). Borrelia is a distinct genus of
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organisms from the spirochete phylum and is mostly known for pathogenic species

that are responsible for vector-borne zoonotic infections (e.g., Lyme disease). Plas-

mids available for Borrelia in Genbank include both circular and linear plasmids.

The latter are rare for members of Enterobacteriaceae so we would not expect them

to be genetically related. Furthermore, the only plasmid sequences from relapsing

fever cluster closely together (supplemental files 4 and 5) as should be expected giv-

en that B. recurrentis (NC 011246) is considered to be very closely related to B.

duttonii (NC 011247) (Lescot, 2008). The Borrelia plasmids that are classified as

“cp32” are also grouped together (additional files 4 and 5; NC 011720, NC 011842,

NC 012106, NC 012253) as expected given that these plasmids are considered to arise

from prophage (Eggers and Samuels, 1999). Borrelia plasmids that are required for

infectivity, including lp25 (NC 012166, NC 011856), lp36 (NC 011857, NC 011867,

NC 001855, NC 012184, NC 012202), and lp38 (NC 012167, NC 012182) are also

clustered together (Purser and Norris, 2000)(supplemental files 4 and 5). Another

notable and consistent grouping in our analysis includes incompatibility A/C plas-

mids (IncAC; Figs. 2.5 and 2.7 that have been well described in the literature (Call

et al., 2006; Fricke et al., 2009; Welch et al., 2009) and should be expected to cluster

closely together.

2.4.1 Distribution of Four Antibiotic-Resistance Genes

Importantly, the 527-plasmid tree can be used to study the distribution of genes of

particular interest. To illustrate this we considered four common antibiotic resistance

genes, tetA, tetB, cat, and floR. We first performed a sensitivity analysis to identify

orthologous resistance genes using the coefficient of variation to identify a similarity

threshold (45% similarity in this case; data not shown). Next a BLASTp search of

all 527 plasmid sequences resulted in identification of 40 plasmids with one or two of

20



the four AR genes (Fig. 2.8). In addition to the relatively few plasmids with these

antibiotic resistance genes, it is striking that 37 of the 40 plasmids group within

a single 115-plasmid cluster (Fig.2.8). We examined the 115-plasmid cluster further

(supplemental file 6) and found several features of interest. Plasmids from Escherichia

coli compose 51.3% of the 115 plasmids. This contrasts with their representation in

the remaining 412 plasmids, which is only 1.5%. Of the 37 plasmids with antibiotic

resistance genes within the cluster, 15 (41.7%) are from E. coli. While most of the

115 plasmids are from bacteria belonging to the Enterobacteriaceae family, a number

of them are not, although all belong to the class Gammoproteobacteria. Importantly,

not all plasmids associated with the Enterobacteriaceae family or the Gammopro-

teobacteria class are in the cluster. Removal of the antibiotic resistance genes had an

insignificant impact on the clustering of the 115 plasmids confirming that this group-

ing was not a consequence of the antibiotic resistance genes themselves. Finally, the

size distribution (number of proteins) of the 115 plasmids is significantly smaller than

the size distribution of the entire set of 527 plasmids. Thus, the antibiotic resistance

genes we examined are most closely associated with smaller plasmids of the Enter-

obacteriaceae family, which indicates that a subpopulation of plasmids is probably

responsible for dissemination of these resistance traits in nature.

2.5 Conclusions

We present an in silico approach for simultaneously establishing the genetic relation-

ships among 527 Gram-negative bacterial plasmids. The method uses complete gene

sequences for plasmids with at least 50 coding genes to create 100 virtual arrays.

These arrays are used to construct an initial tree by consensus that can be refined

cluster by cluster using multiple-sequence alignment of conserved proteins within each
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cluster. While it is not possible to confirm the accuracy of the consensus trees, known

relationships from both Borrelia and IncA/C plasmids were reflected accurately in

our analysis. Based on our results, one can construct additional hypotheses about

both inter- and intra-genus transmission of plasmids.
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Figure 2.2 Majority voting consensus tree. The majority value of clusters
has been listed on each node. A cluster is confirmed if it is in a majority (
50%) of a tree.
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Figure 2.3 Averaged distance consensus tree.
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Figure 2.4 Borrelia cluster from initial tree; NC 012175 is the reference
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Figure 2.5 Borrelia cluster after refinement.
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Figure 2.7 Mixed bacterial plasmids cluster after refinement.
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Figure 2.8 Distribution of antibiotic resistance genes tetA (red), cat (yellow),
tetB (green), tetA and floR (blue), and tetB and cat (black). Thirty-seven of
the 40 plasmids carrying antibiotic resistance genes are within a 115-plasmid
cluster. Labeling of taxa in the figure is not possible due to size limitations.
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Chapter 3

Using correlation filters from

protein clusters for classification

3.1 Introduction

Plasmids are typically circular DNA sequences that can transfer and replicate in bac-

teria and can be classified as broad or narrow host-range (Bapteste et al., 2004; Boyd

et al., 1996). Understanding the genetic relationships among plasmids is important in

the study of microbial evolution, in medical epidemiology, and in assessing the dissem-

ination of antibiotic resistance genes (Dennis, 2005; Couturier et al., 1988). The gene

composition of microbes such as bacteria is more conservative than that of plasmids;

this is true regardless of evolutionary distance and is mainly due to the mechanism of

horizontal gene transfer (HGT) (Ochman et al., 2000). Genes of plasmids coding for

environmentally adapted traits such as antibiotic resistance are transferred between

organisms via HGT (Thomas, 2000; Thomas and Neilsen, 2005). Our objective is to

develop an accurate and efficient method for establishing genetic relationships among

a diverse group of plasmids that also allows the addition of a new plasmid to the
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resulting network or tree. This method is not restricted to plasmids, but in principle

can be used for genomes of any kind.

There are a number of approaches to understanding plasmid relationships. Some

researchers focus on the identification of HGT cores, which can reflect how gene trans-

fer or replication occurs among plasmids or hosts (Karlin and Burge, 1995; Huang

and Gogarten, 2006). Some work is related to comparison of compositional features

such as genomic signatures and codon usage (Karlin, 2001; Passel et al., 2006). Some

researchers use network-based representations to explore genetic relationships among

plasmids (Halary et al., 2009; Popa et al., 2011; Brilli, 2008). The most popular

approach for sequence comparison is computing all-against-all pairwise sequence sim-

ilarity and then using heuristic techniques to cluster sequences (Bateman et al., 2004;

Sasson et al., 2003). However, the problem with all-against-all comparison it that it

is computationally expensive. To increase the speed of comparison, BLAST is widely

used, but BLAST has relatively low sensitivity (Altschul et al., 1997; Shpaer et al.,

1996).

Because BLAST is not guaranteed for optimality of an alignment, in this work

we use an alternative sequence comparison algorithm pClust. The output of pClust is

clusters of homologous proteins (Wu et al., 2010). We use these clusters to construct a

tree for 527 Gram-Negative (GN) bacterial plasmids and then predict the relationship

of new plasmids within the structure of this tree—that is, we insert a new plasmid into

the existing tree. This is much more efficient than constructing an entirely new tree

which is computationally costly. The approach used to accomplish this is based on

a technique introduced for discriminating between military and commercial aircraft

using a library of radar range profiles as correlation filters. We create a library of

527 plasmid protein cluster profiles that are used as correlation filters to determine

whether the new plasmid fits within the tree structure.
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To utilize the classification algorithm for new plasmids, we focus on 12 pAKD

plasmids isolated from Norwegian soil that encode mercury resistance (Sen et al.,

2011). These 12 pAKD plasmids belong to incompatibility groups IncP-1(β) and

IncP-1(ε). A phylogenetic tree constructed using multiple alignment of the relaxase

gene traI is presented in Sen et al. (2011), and we compare the results for these 12

plasmids with our results.

3.2 Methods

3.2.1 Data preparation

In Zhou et al., (2012), a virtual hybridization method was used to construct a tree

for 527 GN bacterial plasmids. To allow comparison with this earlier work, we use

the same group of plasmids in the current work. Complete gene sequences of GN

bacterial plasmids with more than 50 putative coding genes were converted to protein

sequences. BLASTp with default parameters was used to remove duplicate proteins

within plasmid sequences using the formula (length of matching sequence)*(BLAST

similarity score)/(length of reference protein) ≥ 0.45—that is, proteins with scores ≥

0.45 were considered to be duplicates (Doug et al., 2010). After removal of duplicate

proteins, more than 97,000 protein sequences remained.

3.2.2 Clustering algorithm

Our clustering algorithm consists of two parts, plasmid tree construction and insertion

of a new plasmid into this tree, as depicted in Figs. 3.1 and 3.2.
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Figure 3.1

Tree construction

The flowchart in Fig. 3.1 shows the approach used for constructing a tree from the

97k+ plasmid protein sequences. The protein sequences P1, P2,...,Pn are used as

input into the pClust program (Wu et al., 2010), which employs the Smith-Waterman

algorithm to perform pairwise comparison of a subset of the sequences. The output

from pClust is clusters C1, C2,...,Cm of similar proteins. Protein profiles PM1, P-

M2,...,PMl are then created for all the plasmids from the pClust output files. As
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Figure 3.2

shown in Fig. 3.1, each profile consists of a binary sequence with 1 indicating the

presence of a protein and 0 indicating absence. The pClust software was used with

default settings except for ExactMatchLen for which a value of 4 was used. A total

of 6,618 clusters (defined as having at least two proteins) were found by pClust.

The resulting 527×6618 binary matrix was used to construct the tree. Two d-

ifferent distance measures were used, the Jaccard distance metric, which is one of

the measures used for binary matrices, and the Euclidean distance metric. Neighbor
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joining was used to obtain the final tree.

Insertion of new plasmids

As additional plasmid gene sequences becomes available, we can repeat the procedure

described in the previous section to obtain a new tree. However, the amount of

computation and time required to accomplish this task is excessive considering the

incremental gain achieved. For example, execution time for the 527-plasmid tree was

72 hours on an Intel Xeon CPU E5420 machine with 32GB of memory. Instead it is

preferable to have a means of inserting new plasmids into the existing tree structure

as described in this section, where execution of the described insertional algorithm

takes a few minutes on a laptop computer.

The procedure for inserting a new plasmid into an existing tree constructed by

means of pClust is shown in Fig. 3.1. Proteins P1,P2,...Pn from a new plasmid are

extracted from the plasmid genome following its conversion into a protein sequence.

BLASTp is performed with these proteins against all the proteins in the 6,618 clus-

ters to determine the protein profile for the new plasmid. A protein is considered

to be a member of a cluster when its similarity score is above 0.2. The similarity

score is given by (length of matching sequence)*(BLAST similarity score)/(length of

reference protein). The cutoff value of 0.2 is consistent with the 40% sequence simi-

larity used as a parameter setting in pClust. Correlation filtering is then performed

with the correlation filter library that consists of the protein profiles of the original

527 GN bacterial plasmids. The Pearson’s product-moment correlation coefficient,

whose absolute value is less than or equal to 1, is used to measure the correlation

between two profiles (Rodgers and Nicewander, 1988; Stigler, 1989). The larger the

value, the more similar two profiles are. This value is used to determine whether the

plasmid fits into the tree and, if so, where it should be located; this is explained in
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the discussion section. When appropriate, the new phylogenetic profile is added to

the binary matrix, and a tree is constructed from the entire matrix as described in

the previous section.

To test the performance of our insertion algorithm, we used a leave-one-out, cross-

validation strategy. We randomly selected a plasmid and constructed a tree from n−1

(n = 527) plasmid genomes. We then used our insertion algorithm to reinsert the

missing plasmid. Tests were performed for five different plasmids, and each time the

plasmid was inserted into its original location in the tree.

3.3 Results

3.3.1 527-Plasmid Tree

Following the procedure described above, a tree was constructed for 527 GN bacterial

plasmids. Because of its size, it is not shown, but it is available as supplementary in-

formation in Newick standard format (.nwk) for both Jaccard and Euclidean distance

metrics and can be viewed using MEGA5 (Tamura et al., 2011). A tree constructed

using the Jaccard distance metric for the same subset of 50 plasmids used in Zhou et

al. (2012) is shown in Fig. 3.3, and the Euclidean distance version is shown in Fig. 3.4.

Comparison of the tree in Fig. 3.3 with its counterpart in Zhou et al. (2012) shows

a few small differences. The tree constructed using the Euclidean distance metric is

actually closer to the one shown in (Zhou et al., 2012), but the Jaccard tree does a

better job of clustering the Borrelia plasmids (Lescot et al., 2008; Purser and Norris,

2000).
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3.3.2 Algorithm Testing and Insertion of New Plasmids

To validate our insertion algorithm, we randomly selected two plasmids, NC 008613

(Photobacterium) and NC 013365 (Escherichia), from different bacterial species and,

excluding each one in turn from the original matrix, verified that they were correctly

inserted into their original locations in the 527-plasmid tree. Protein profiles for each

of these were generated and filtered using the remaining 526 correlation filters in the

library. The largest correlation coefficient for NC 008613 was found to be 0.8957

with NC 008612. Thus, after generation of the tree with inclusion of the profile for

NC 008613, we expect it to be closest to NC 008612 as was the case. The same

was true for NC 013365 which correlated best with NC 003384 having a correlation

coefficient of 0.8912.

Next we applied our correlation filter classification algorithm to 12 new plasmids

from the pAKD family (Sen et al., 2011). The 12 plasmids cluster together and

are most closely grouped with genera typical of other soil bacteria. The correlation

coefficient values among the pAKD plasmids were found to be ¿0.7 and to decrease

relative to the other plasmids with distance to ¿0.5 (Fig. 3.5). pAKD plasmids 16,

25, and 34 belong to the IncP-1(ε) compatibility group and form a cluster; pAKD

plasmids 1, 14, 15, 17, 18, 29, 31, and 33 cluster as the IncP-1(β) comparability group.

Although pAKD26 falls into the IncP-1(ε) clade, it should be in the IncP-1(β) group.

However, the placement is distal from the eight other plasmids in the β group, and

pAKD26 was actually designated as IncP-1β-2 to differentiate it from the other eight

plasmids as recently described in Norberg et al. (2011). Our results are consistent

with Sen et al. (2011).
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3.4 Discussion

In this work, we presented a new method for constructing a tree from plasmid genome

sequences based on the use of pClust, a software program developed for homology

detection for large-scale protein sequence analyses, and for efficiently inserting a new

plasmid into the tree based on the use of a correlation filter library. Two aspects of this

method deserve further discussion. The first is a question of which distance metric,

Euclidean or Jaccard, gives a more accurate tree or whether a different distance metric

would give superior results. We will not address this latter point, but regarding the

former, we suggest that users should use both metrics, and the decision as to which

one is more accurate should be determined on the basis of the biology of the system. In

theory, the Jaccard distance metric gives better results for a binary matrix. However,

the results based on Euclidean distance compare favorably with those obtained for a

non-binary intensity matrix using a different approach (Zhou et al., 2012).

The second aspect for further discussion is interpretation of the correlation coef-

ficient. The correlation coefficient is used to check the final tree—i.e., a new plasmid

should be located near the plasmid with which it is most highly correlated. However,

the correlation coefficient is used additionally to determine whether a plasmid should

even be inserted into a tree. In other words, how large should the correlation coef-

ficient be before it can be considered to be biologically meaningful? Several works

offer guidelines for the interpretation of a correlation coefficient (Buda, 2010; Cohen,

1988), but all criteria are in some way arbitrary and ultimately interpretation of a

correlation coefficient depends on the purpose. For our case, we chose a value of 0.5,

but we also require biological evidence—for example, that a plasmid is, in fact, from

a Gram-negative bacterium.

To further examine the correlation coefficient, we randomly selected 10 Gram-
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positive bacterial plasmid genomes from 10 different genera. The largest correlation

coefficient was 0.234 and the smallest 0.112. GP bacterial plasmids clearly do not

belong in our GN bacterial plasmid tree and our minimum value of 0.5 suffices to

differentiate between these groups; nonetheless, the correlation coefficient can still

be used to determine their nearest GN neighbors. Note that the 527 GN bacterial

plasmids we considered do not represent the full spectrum of GN plasmids. Thus, it is

possible to obtain a small correlation coefficient value for a new, uncharacterized GN

plasmid. This plasmid can be classified within the tree structure, and by incorporating

the new plasmid sequence information into our library, we can predict future plasmids

that may be closely related to it.

While the method of inserting new plasmids into an existing tree is fast and

efficient, at some point generation of a new tree using all proteins from all the taxa

will probably be required. We do not know at what point this will occur, but we

assume it will be necessary eventually to insure that all possible protein clusters are

included. Recall that a cluster must contain at least two proteins to be considered

a cluster. Thus, any new plasmid containing a protein that would have formed a

cluster with a discarded protein represents incomplete information in the library—

i.e., perhaps the total number of clusters will ultimately be much greater than 6,818.

3.5 Conclusions

In this work, we provide a new classification method to first construct a tree from

genomes converted to protein sequences and to then insert a new taxon into this tree.

The method uses pClust) to cluster similar proteins and to create a correlation filter

library. BLASTp is used to create a profile for a new taxon, and correlation filters

are used to determine whether it belongs in the tree and, if so, where is should be
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located. The method was developed to examine the genetic relationships among 527

Gram-negative bacterial plasmids and to allow insertion of a new plasmid into a tree,

but it can be used for any species.
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Figure 3.3 Neighbor joining phylogenetic tree of 50 plasmids based on Jac-
card distance matrix
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Figure 3.4 Neighbor joining phylogenetic tree of 50 plasmids based on Eu-
clidean distance matrix
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JN106170 pAKD25

JN106167 pAKD16
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JN106171 pAKD26
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Figure 3.5 pAKD family.
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Chapter 4

Phylogenetic classification of

bacteria using whole-genome

sequences

4.1 Introduction

Because ribosomal RNA is highly conserved and the rate of nucleotide changes is s-

low and predictable, it has become the standard tool for inferring bacterial phylogeny

(Woese et al., 1990). However, a number of reports indicate that it is impossible to

explain all bacterial evolution using a single gene (Wheelis et al., 1992; Eisen, 1995;

Garrity and Holt, 2001). Because of complicating factors such as horizontal gene

transfer, misalignment, and differing evolutionary rates, using 16S rRNA alone to

determine genetic relationships can be inaccurate and result in incorrect topologies

(Marshall, 1997; Fitz and House, 1999). Also, in spite of the success of rRNA micro-

bial taxonomy, many evolutionary relationships are still unclear. Thus, it is desirable

to develop a method for constructing bacterial phylogenies from a large number of
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genes.

Current methods for studying phylogenetic relationships at the genome level are

mainly based on sequence alignment and analysis of a large number of conserved

genes (Feng et al., 1997; Brown, 2001; Roux and Rydkina, 1997; Daubin et al., 2001;

Eisen, 1995), comparison of the presence or absence of homologous genes (Yeh et al.,

2001; Lin et al., 2011), or comparisons of whole genomes (Snel et al., 1999; Tekaia et

al., 1999; House and Fitz-Gibbon, 2002; Wolf et al., 2010; Bansal, 2002). In this work

we consider an approach that uses all the coding genes in whole-genome sequences to

construct a phylogenetic tree.

Alphaproteobacteria are relatively well-characterized taxonomically using tradi-

tional methods, and a number of complete genome sequences are available (Sasson et

al., 2003). Thus, they serve as a good test case for our approach. Moreover, many

genera (e.g., Rickettsiales, Brucella, and Bartonella)) are major human and animal

pathogens.

In this study we compare phylogenetic trees for 12 species belonging to 11 genera

of the alphaproteobacteria class. The trees are constructed using the 16S rRNA

sequence and a new method that uses whole-genome sequences. For the 16S rRNA

trees we use both unweighted andWeighbor weighted bootstrapping with the neighbor

joining method, and for the whole-genome method we use two different distance

metrics, Euclidean and Jaccard, with neighbor joining. The whole-genome approach

uses the open-source software program pClust to cluster all homologous proteins into

groups. The goal of the present study was to extract information from whole-genome

sequences that can be used to gain further insight into the taxonomy and evolution

of bacterial species.

43



Organism Accession no. Genome size (bp) No. CDS

Mesorhizobium loti NC 002678 7036071 6743

Sinorhizobium meliloti NC 003047 3654135 3359

Bradyrhizobium japonicum NC 004463 9105828 8317

Rhodopseudomonas palustris NC 005296 5459213 4813

Bartonella quintana NC 005955 1581384 1142

Bartonella henselae NC 005956 1931047 1488

Rickettsia typhi NC 006142 1111496 837

Beijerinckia indica NC 010581 4170153 3569

Brucella melitensis NC 012441 2125701 2063

Rhizobium leguminosarum NC 012850 4767043 4565

Methylobacterium extorquens NC 012988 5943768 5594

Rhodomicrobium vannielii NC 014664 4014469 a3565

Table 4.1 Table 1. Whole-genome sequences used in this study

4.2 Methods

4.2.1 Data preparation

Twelve species were selected from the phylogenetic tree for alphaproteobacteria given

in (Gupta, 2005), eleven randomly from one order and the twelfth arbitrarily from an-

other order, and their 16S rRNA genes were downloaded from http://rdp.cme.msu.edu/.

The complete genome sequences for these twelve species were downloaded from

http://www.ncbi.nlm.nih.gov/ (Table 4.1). As there are many strains for each species—

e.g., there were five different strains of Brucella melitensis—we randomly selected one

to serve as the species representative.

44



4.2.2 Phylogenetic tree construction using the 16S rRNA

gene

Two different methods were applied to build the 16S rRNA tree for the twelve species.

One was the unweighted, neighbor-joining bootstrapped consensus dendrogram tree

(including bootstrap values) and the other was the Weighbor-weighted neighbor-

joining tree constructed using the tree builder tool of the Ribosomal Database Project

(RDP) (Cole et al., 2009). For the unweighted method, the neighbor joining tree

was obtained using MEGA5 with 500 bootstrapping iterations based on the results

of multiple alignment from ClustalW with default settings, which allows gaps. The

Weighbor-weighted consensus tree was implemented in the manner described in (Gup-

ta, 2005). Weighbor is a weighted version of neighbor joining that assigns much less

weight to longer distances in the distance matrix. The weights are based on variances

and covariances expected in a simple Jukes-Cantor model (Bruno et al., 2000).

4.2.3 Phylogenetic tree construction using the whole genome

More than 46k proteins were extracted from the twelve genomes, and these proteins

were clustered into homologous groups using pClust. Details for using the pClust

program to generate a tree are given in Zhou et al. (2012). Briefly, pClust uses the

Smith-Waterman algorithm to perform pairwise comparison on a subset of the total

number of protein sequences used as input—in our case the 46k+ genome proteins—

obtained after filtering has occurred. The filtering step removes sequences that are

shorter than the window size (one of the configuration parameters) and sequence

pairs that do not share at least one exact match of length greater than or equal

to the cut-off (another of the configuration parameters that contributes most of the

filtering), and the strength of filtering is determined by the two parameter settings
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in the configuration file. The default settings were used except for ExactMatchLen

which was set to 4 rather than the default value of 7. The smaller value provides less

stringent filtering so that more proteins are compared. A total of 6,325 homologous

protein groups (defined as having at least two proteins) were found by pClust. A

binary matrix 12×6325 in size was formed with a 1 or 0 indicating presence or absence,

respectively, of a given genome protein in each group. This binary matrix was used to

construct the tree using two different distance metrics, the Jaccard distance metric,

which is used for binary matrices, and the Euclidean distance metric which is a

standard distance metric, and neighbor joining was used to obtain the final trees.

4.3 Results and discussion

Following the procedures described above, phylogenetic trees for twelve species of al-

phaproteobacteria were constructed from 16S rRNA and complete genome sequences.

The unweighted andWeighbor-weighted neighbor-joining bootstrapped trees are shown

in Figs. 4.1 and 4.2, respectively. The lower parts of the two trees are very similar,

but there is a slight difference in the upper part for Sinorhizobium meliloti. The

whole-genome results for Euclidean distance and Jaccard distance are shown in Figs.

4.3 and 4.4, respectively. These latter two trees have very similar topologies to each

other. A comparison of the 16S rRNA trees with the large tree provided in Gupta

(2005) shows that the Weighbor-weighted tree corresponds more closely with it. The

differences with the 16S tree shown in (Gupta, 2005) are likely due to a difference in

the genes that were used, but this is difficult to evaluate because Gupta (2005) does

not identify the genes that were analyzed. Eleven of the twelve species studied are

in the order Rhisobiales; the twelfth is in the order Rickettsiales. The whole-genome

trees recapitulate most of the Rhisobiales topology, clustering the soil-borne species
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Figure 4.1 Unweighted, neighbor-joining bootstrapped tree using 16S rRNA
gene.
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Figure 4.2Weighbor-weighted neighbor-joining bootstrapped tree using 16S
rRNA gene.

of the families Brucellaceae, Rhizobiaceae, and Phyllobacteriaceae separately from

the other soil-borne Rhisobiales. However, the one interesting difference is that the

Rickettsiales species Rickettsia typhi is clustered together with Bartonella quintana,

Bartonella henselae and also with Brucella melitensis rather than forming an outlying
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Figure 4.3 Euclidean distance treesusing whole genomes.

Figure 4.4 Jaccard distance trees using whole genomes.
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singlet cluster as it does in the 16S rRNA trees. What makes this interesting is that

the four aforementioned species have something in common, which is that they are

all pathogens causing, respectively, murine typhus, trench fever, cat scratch disease,

and Brucellosis.

It has been challenging to determine the interrelationships among the different

alphaproteobacteria families on the basis of the 16S rRNA gene (Ludwig and Klenk,

2001; Kersters et al., 2003). The results discussed above indicate that the use of whole-

genome sequences has the potential to illuminate these interrelationships. Clearly,

species from two different families share in common the phenotypic trait of animal

pathogenicity, and thus the grouping shown in Figs. 4.3 and 4.4 represents a more

robust functional grouping of these species.

4.4 Conclusions

It is believed that complete genome sequences will help to clarify phylogenetic rela-

tionships among organisms, but until recently no satisfying approach has been pro-

posed to efficiently use these data. While it has not been clear how to benefit from the

availability of whole-genome sequences for taxonomic purposes (Daubin et al., 2001),

the results shown in this paper give some insight into how this might be accomplished.

The results of the present study show that trees based on whole-genome sequences

do not entirely recapitulate the results obtained using 16S rRNA. Instead they reflect

a phenotypic relationship between species from two different families and may be the

key to giving us a better picture of bacterial phylogeny and taxonomy.
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Chapter 5

Conclusions

5.1 Summary

In chapter 2, we described a computational, virtual hybridization method to classify

527 Gram-negative (GN) bacterial plasmids by means of their genomes. This compu-

tational approach is analogous to hybridization of mixed-genome microarrays (MGM)

(Wan et al., 2007) except that it uses proteins rather than DNA for both ’probes’ and

’targets.’ While it is not possible to prove that the genetic relationships among the

527 GN bacterial plasmids obtained in this study are correct, replication of identical

results produced in a separate study for a small group of IncA/C plasmids provides

evidence that the approach can correctly predict genetic relationships. In addition,

results obtained for clusters of Borrelia plasmids are consistent with the expected

exclusivity for plasmids from this genus. Based on our results, one can construct

additional hypotheses about both inter- and intra-genus transmission of plasmids.

In chapter 3, we developed a computational method to construct a tree for the

527 GN bacterial plasmids using the software program pClust to detect homologous

protein clusters. Most importantly the approach permits the insertion of a new plas-
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mid into the existing tree. This is much more efficient than constructing an entirely

new tree which is computationally costly (Wu et al., 2012). BLASTp is used to cre-

ate a profile for a new taxon, and correlation filters are used to determine whether

it belongs in the tree and, if so, where is should be located. To utilize the classifi-

cation algorithm for new plasmids, we focused on 12 pAKD plasmids isolated from

Norwegian soil that encode mercury resistance (Sen et al., 2011). Our results agreed

with a phylogenetic tree constructed using multiple alignment of the relaxase gene

traI presented in (Sen et al., 2011). While the method was developed to examine

the genetic relationships among 527 Gram-negative bacterial plasmids and to allow

insertion of a new plasmid into a tree, it can be used for any genome.

In chapter 4, classification of a group of alphaproteobacteria was discussed. Rather

than using the standard approach for creating bacterial phylogenies using 16S rRNA,

a method was presented that uses bacterial genomes. We examined 12 species from 11

different genera from the alphaproteobacteria class and constructed trees using both

16S rRNA and our whole-genome approach as described in chapter 3. Comparison

of the trees shows that the whole-genome approach better reflects phenotypic traits

with all pathogens clustered in one group as opposed to the 16S-rRNA tree where

three of the pathogens are grouped, but one is classified as an outlier.

5.2 Future Work

To handle mixed and complicated data or knowledge together, more accurate compu-

tational schemes need to be developed. Novel methods for genetic relationship studies

should not just focus on phylogenetic tree reconstruction but also should consider oth-

er possible systematic and comprehensive approaches such as phylogenetic networks

or machine learning classification systems for homolog protein family detection.
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In chapter 2, we constructed a tree for 527 GN plasmids using both a consensus

algorithm and an average distance algorithm. However, another possibility is the

use of a supertree algorithm. Supertree methods combine multiple phylogenetic trees

to produce the overall best ”supertree” (Bansal et al., 2010). They can be used

to combine phylogenetic information from datasets only partially overlapping and

from disparate sources (like molecular and morphological data). Another line of

future work might focus on some specific coding protein sequences extracted from the

completed genomes to identify unique groups. Meanwhile, different distance metrics

also have different influences on tree construction. For example, for binary data the

Jaccard distance metric is considered to be better than Euclidean distance, but for

most of cases we are not sure how to weight the data. Future work might include a

comparative study of distance metrics.

In chapter 3, we used a correlation filter method to classify a new plasmid within

an existing tree. We also can try machine learning algorithms to classify new plas-

mids using the existing protein clusters. The advantage of using a machine learning

method is that the accuracy is measurable using the receiver operating characteristic.

This would give us greater confidence in our results. BlASTp is a local alignment

method that is fast but not very accurate. More parallel alignment algorithms can be

investigated. Also, the ability to compare trees for large-scale data sets is nonexistent.

Currently, we use a visible check to determine whether trees are similar to each other.

However, in order to do this, we first must determine what we mean by similarity. If

we could develop a method to show a specific similarity value for large-scale trees, it

would be a milestone.

The increasing availability of complete genome sequences offers a new pathway

for understanding the genetic relationships of microbes, a pathway that could lead to

great insight into both their previous and future evolution. However, this can only
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occur with collaborations between experts in both microbiology and computational

methods.
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64



Appendix A

Fig. A.1. List of 527 Gram-negative plasmids used in the study.
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Appendix B

Fig. B.1. Newick standard file for 527 Gram-negative plasmids using majority voting.

Because an unrooted consensus tree is order dependent, we used human X and cattle

X reproductive proteins as an out group to force clustering of the plasmids.
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Appendix C

Fig. C.1. Newick standard file for 527 Gram-negative plasmids using averaged dis-

tance.
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Appendix D

Fig. D.1. Borrelia sub-group, majority consensus tree.
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Appendix E

Fig. E.1. Borrelia sub-group, averaged distance consensus tree.
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Appendix F

Fig. F.1. 115-plasmid cluster with 37 AR genes.
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Appendices G and H are supplementary figures for chapter 3.
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Appendix G

Fig. G.1. Newick standard file of Jaccard distance tree for 527 Gram-negative plas-

mids.
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Appendix H

Fig. H.1. Newick standard file of Euclidean distance tree for 527 Gram-negative

plasmids.
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