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Abbreviations 

Alignment matrix: A conceptual matrix created when comparing two sequences, with 1 
sequences on each axix. 

BLAST: Basic Local Alignment Search Tool 

BLOSSUM: Stands for (BLOcks of Amino Acid SUbstitution Matrix) primarily used to 
score alignments of evolutionary divergent protein sequences. Blossum62 is a matrix 
calculated for proteins with a 62% sequence identity. 

Gene Set: (Chapter 2) the group of genes that were most similar between all genomes 
compared based on the query genome. For the first phase of project this consists of 4 
genes 3 Xanthomonas and 1 Pseudomonas. 

Greedy Outlier Algorithm: Algorithm used in project 1 to sort through known pathway 
member lists and observe how they are distributed in a large phylogenetic profiling tree. 

HGT: Horizontal Gene Transfer 

PAM: Point Accepted Mutation or Percent Accepted Mutation is a 20 by 20 peptide 
mutation matrix calculated by Margaret Dayhoff for sequence alignments. The number 
after the PAM, ie PAM1, PAM100, PAM 250, corresponds to the number of substitutions 
out of 100 amino acids. PAM250 corresponds to 250 sUbstitutions in 100 amino acids. 

Substitution matrix: A matrix with a score for each type of residue comparison, for a 
match, mismatch, or close match used in sequence alignments. 

Xac: Xanthomonas axonopodis pv. citri; Most recent naming is Xanthomonas citri pv. 
citri 

Xav: Xanthomonas axonopodis pv. vesicatoria; At time of download was named 
Xanthomonas campestris pv. vesicatoria 

Xoo: Xanthomonas oryzae pv. oryzae 
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Abstract 

Gene flow is the transfer of genes through either inheritance (vertical) or across 

species (horizontal). In this thesis I evaluate both methods/modes of gene transfer. 

While there are several possible applications of the results and methods presented 

here, the true purpose of this research is to increase our understanding of evolution and 

selective pressure. The first project focuses on the vertical inheritance of several sets of 

genes that collectively represent complete biochemical pathways, with the assumption 

that members of these pathways and those with similar profiles will be inherited as a 

group and thus detectable with phylogenetic profiling. Indeed, this was observed for 

several pathways (including several amino acid biosynthesis pathways) using a dataset 

of 178 complete genomes. It was discovered that this pattem does not hold true for a 

large number of other pathways. The extensive phylogenetic profiling effort revealed a 

single gene that is shared between plants and one plant pathogenic bacterium, 

potentially indicating horizontal gene transfer. Closely related genomes among 

members of the genus Xanthomonas were subsequently compared to find a genomic 

scope of their phylogenetic comparison, novel phylogenetic sequence, and more cases 

of gene transfer. The unique gene was also selected for wet lab experimentation to 

determine its phenotypic role in plant infection. This thesis evaluates large scale 

genomic profiling and phylogenetics of closely related organisms, and a potentially 

transferred gene identified from a blending of these two bioinformatics methods. 
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Chapter 1: Introduction 

The deciphering of the genetic code in 1953 (Watson and Crick) and the 

automation of sequencing technology in the 1990s have provided biologists with an 

unprecedented amount of data. In August 2005, GenBank, the international sequence 

repository, reached an unprecedented total of 100,000,000,000 nucleotides from over 

165,000 organisms. Included in this massive database are the complete genomes of 

hundreds of bacteria, about a dozen fungi, several higher plants and a number of 

different animals, including human. It also included partial gene fragments from many 

different organisms, and also some environmental DNA sequence. Novel sequencing 

methods such as pyrosequencing, which uses a chemical light producing enzymatic 

reaction, will allow even higher throughput and result in more rapid accumulation of 

sequence data. Mining this plethora of sequence data using sophisticated large-scale 

computational analysis is part of what comprises the modem field of bioinformatics and 

computational biology. This introduction will review some of the most widely used 

computational approaches to analyze these data and extract meaningful information. 

Bioinformatics and computational biology apply computer science and 

mathematical techniques to biological problems primarily on the molecular level. 

Research focus is currently in the areas of sequence alignment, gene finding, genome 

assembly, gene expression analysis, protein structure alignment, protein structure 

prediction, protein-protein interactions, and the modeling of evolution. The terms 

bioinformatics and computational biology are used interchangeably but differ in their 

applications as defined by the National Institute of Health 
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(http://www.bisti .nih .gov/CompuBioOef.pdf) . Bioinformatics specifically relates to the 

creation of algorithms, with computational and statistical techniques, and theory to solve 

problems based on management and analysis of biological data. Computational biology 

refers to hypothesis driven research that utilizes computational methods on simulated or 

experimental data with the goal of analyzing biological discovery and answering 

biological questions. While there are many overlaps between the two terms, 

computational biology is considered more hypothesis driven while bioinformatics is 

technique driven . Systems biology often overlaps more with computational biology 

which generally corresponds to the study of the complex interactions in biological 

systems. Using phylogenetic profiling as an example, bioinformatic techniques such as 

comparative genomics, sequence alignment, and gene annotation can be used to 

address a biological question of how strong the conservation is among biochemical 

pathways. 

Genomic Sequence 

GenBank maintains a current and diverse set of genomic sequences with 164 of 

bacterial genomes and a six number of eukaryotic genomes at the time of project 1 

(phylogenetic profiling / Chapter 2) . They can be viewed at http://www.ncbLnlm.nih.gov/ 

under databases and genomes and downloaded at ftp ://ftp.ncbLnih.gov/genomes/. 

There are several formats available for each genome. Typically they are separated by 

chromosome and file type . The most commonly used file types are FASTA amino acid 

sequence (.faa) , FASTA coding nucleotide regions (.ffn), or FASTA complete nucleotide 

(.fna) , depending on the type of comparison desired : protein, coding regions of genes, 

or the entire genome respectively. The stage of completeness must also be taken into 
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account when working with genomic sequences. Some may only have draft status while 

others are complete. The physical sequencing of a genome is only the first part of the 

process. In order to create a reference genome, one that is suitable to be compared as 

a model to other less annotated genomes, mapping and other wet lab experiments are 

required. This helps provide the structure of the overall genome when assembling the 

smaller pieces. After this point, novel genomes can then be compared and machine 

annotated, assuming the two genomes have a similar enough structure. 

An important tool for genome reconstruction is the comparison of sequences. 

This tool is based on an alignment of characters which carry biological significance. In 

bioinformatics these characters are typically 4 nucleotides which consist of (A,C,T,G) or 

20 possible amino acids. An example of sequence comparison is used in genomic 

shotgun sequencing. For shotgun sequencing small fragments of an entire genome are 

sequenced in pieces approximately 600-800 nucleotides long. These fragments 

potentially overlap on each end. Alignments of these sequences allow the 

reconstruction of the complete genome. For the human genome project in the year 

2000 this computational assembly was a two month task. While it is significantly faster 

today, it is still a critical area of research that can be improved with both algorithms and 

computational power. Sequence comparisons may also provide information on the 

evolutionary distance, if any exists, between genes or organisms. Utilizing the simple 

idea of grouping sequences that are most similar, many applications are possible from 

sequencing, evolutionary studies, to protein structure and function. With such a simple, 

powerful and diverse tool, sequence comparison is a starting point for many 

bioinformatic projects in pursuit of biological questions. 
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Global va local alignment 

A global alignment uses every residue available in the sequence comparison; this 

requires that all sequences are approximately equal in size. A global alignment 

algorithm is Needleman-Wunch (Needleman and Wunsh 1970) based on dynamic 

programming. For local alignments, which typically are more distantly related 

sequences, the Smith-Waterman (Needleman and Wunsch 1970) algorithm is used and 

is also based on dynamic programming. Dynamic programming is a computational 

process of solving overlapping subproblems in order to find the optimal substructures. In 

the context of sequence alignments, these algorithms create a matrix of possible 

residue comparisons, and iteratively work through the matrix of rows and columns 

corresponding to the residues of the two sequences. The score at each point in the 

alignment matrix is calculated using a substitution matrix for every possible combination 

of match (positive), mismatch (negative), or gap (negative) between each residue. 

Substitution Matrix 

The two most common substitution matrices are PAM and BLOSUM. PAM 

matrices are derived from global alignments of evolutionarily closely related sequences, 

while BLOSUM is based on local alignments of similar sequences from protein motifs. 

Each matrix has a number follOwing the name (i.e. PAM250), PAM which starts at 1 and 

goes up to 250 and represents ranges from less divergent to more divergent. BLOSUM, 

which starts at 45 and goes to 80, moves from more divergent to less divergent. Each 

has a role in sequence comparison though most users will use the default matrix of 
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BLOSUM62 which is in the middle of the two extremes. The common substitution matrix 

of BLOSUM62 is utilized by default with programs such as BLAST. 

BLAST 

BLAST, a Basic Local Alignment Search Tool , is by far the most popular 

bioinformatic sequence alignment tool scientists use today. BLAST is designed to 

approximate the high quality alignments using the Smith-Waterman algorithm with 

significantly faster performance. Rather than align sequences in their entirety, BLAST 

segments the sequence into small fragments or word sizes of a limited number of 

characters. For nucleotide sequences BLAST uses a word size of three (W=11) , then 

extends the alignment in both directions starting from this small perfect match. The 

alignments are given a bit score based on matches and mismatches which are used to 

assign significance of the alignment. The common sorting criteria is the E-value. 

An E-value is the expected probability of a particular sequence being found in a 

fixed size of database. The E value of a good alignment match will approach zero for 

this probability, suggesting that the alignment has almost no chance of being randomly 

generated. (http://www.ncbi .nlm.nih .gov/books/bv.fcgi?rid=handbook.chapter.ch16). An 

example of an E value of .05 would indicate a 5 in 100 chance that it is random, or 1 in 

20. The significance of these findings is dependent on the user; even if an alignment is 

statistically significant it does not imply it is "biologically significant". With large amounts 

of sequence data available in places such as GenBank, alignments will often return a 

result, though it is possibly of low quality. It is up to the users within the context of the 

biology to apply it to their project or reject the result. 
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Gene annotation 

Due to the high degree of similarity between organisms and genes, a novel 

sequence can be compared to its closest relative using these alignment techniques. If 

the degree of similarity is high enough, a putative annotation can be assigned that may 

indicate function. The identification of genes within a genome is necessary for this 

approach. The reference genomes or sequences are good resources for this type of 

putative annotation. One technique is to determine the start and end of protein coding 

genes, as well as other structures such as tRNA. Building on these data, other 

sophisticated approaches use genomic data to detect patterns and group genes based 

on similarity, families, or function. An example is COGS (Cluster of Orthologous 

Groups) (Tatusov 2003) and the case study project later in this chapter. 

Comparative genomics 

The comparison of genes or gene features between different organisms in order 

to find similarity in patterns between the two that may provides insight into biological 

questions. The application of these patterns provide insights into evolution and the 

grouping of protein families that may have agricultural, medical, or pharmaceutical 

implications. With the advent of faster sequencing technologies, having a personal 

genome sequenced may not be too far in the future and comparative genomics will play 

an important role in their analysis. The differences among genomes can range from a 

single nucleotide or point mutation, to high level changes such as chromosomal 

segment duplication, lateral transfer, transposition, inversion, or deletion and insertion. 

As the sequencing becomes less expensive resulting in a growing mass of genomic 
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data, these types of genomic comparison projects and their applications will grow as 

well. 

(project 1) 

Phylogenetic profllng 

Phylogenetic profiling is a computational method to establish functional links 

between genes on their co-occurrence in fully sequenced reference genomes. One 

application of phylogenetic profiling is to assign novel genes to biosynthetic pathways. 

Large-scale phylogenetic profiling was performed on the Arabidopsis tha/iana proteome 

using three different data sets of 18, 168, and 171 fully sequenced genomes. Each of 

these reference genomes was screened for matches to each Arabidopsis thaliana gene 

using the BLAST algorithm. BLAST output was analyzed using agglomerative 

hierarchical clustering similar to gene chip data. The resulting tree structure of the 

cluster was scanned with gene lists of known Arabidopsis thaliana pathways to identify 

instances where genes that act in the same biologically defined pathway show similar or 

identical distribution across all sequenced genomes. After examination of these data 

several pathways were identified for which all or most of the pathway genes cluster 

together based on their phylogenetic profile, including tryptophan, isoprenoid, cytokinin, 

and heme biosynthesis pathways. This confirms that, even for genomes as complex as 

those of plants, phylogenetic profiling can be used to assign genes to pathways, identify 

genes whose protein products interact, and search for co-evolving proteins. This study 

illustrates the feasibility of phylogenetic profiling for the current state of genomes, and 

focuses on the perspective of Arabidopsis thaliana as the query genome. While it works 
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in some pathways cases and not in others discussed further are the identification of 

limiting factors of this method and ways to overcome them. 
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Objectives 

Gene flow is the transfer of genes through either inheritance (vertical) or across 

species (horizontal). This thesis intends to evaluate both. While there are several 

possible applications of the results and methods, the purpose of this research is to 

increase the understanding of evolution and selective pressure. Would one expect 

genes of pathways to evolve together across the eons? How can very closely related 

organisms be distinguished from each other? Which genes are transferred among these 

closely related groups? I have studied publicly available genomic sequences to attempt 

to answer these questions using bioinforrnatic analysis. 

1: Pathways evolve as a group as demonstrated with phylogenetic prOfiling. 

The second chapter of this thesis involves evaluating the application of 

phylogenetic profiling. A program method was designed to detect pathways that are 

conserved as a group throughout evolution. Every gene in the proteome of Arabidopsis 

tha/iana was compared against every gene in 170 other non-plant genomes. A gene 

was considered present if the alignment score was above a certain threshold and 

considered absent if below. Over each genome, this present I absent call results in a 

profile. This profile should create a pattern and genes with similar patterns will be sorted 

or grouped together. The clusters were compared against known pathways to identify 

any correlation. This method was also used to detect horizontal gene transfer in cases 

where only a limited number of organisms share a gene which may suggest a unique 
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relationship between evolutionarily diverse organisms. A unique gene was shared only 

between Arabidopsis tha/iana and a strain of Xanthomonas. This gene was selected for 

further study. 

2: There Is a dominant phylogenetic tree which can identify consistent 

relationships between closely related species in the genus Xanthomonas. 

The third chapter focuses on the relationships of closely related bacteria in the 

genus Xanthomonas. Utilizing a similar genomic comparison as phylogenetic profiling, 

homologous genes were identified among these organisms. Each set of homologous 

genes was used to create a phylogenetic tree. A dominant tree of each resulting set is 

expected to represent the genomic relationship of these organisms. When trees vary 

from this dominant relationship they are more likely to be cases of gene transfer. 

Methods similar to this have been performed on large groups of bacteria, but never on 

closely related species in the genus Xanthomonas. A clear understanding of the 

relationships of these closely related organisms provides a framework for analyzing a 

horizontally transferred gene that is only present in some strains. 

3 (appendix): Lateral gene transfer occurred from a plant to bacteria and confers 

a selective advantage for the infection of host plants. 

The third project and appendix focuses on a potentially horizontally transferred 

gene detected in the second chapter. This gene was compared with the phylogenetic 

relationships generated from the third chapter and may display a phenotype that plays a 
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role in host specificity based on bioinformatic analysis. The proposed experiments are 

intended to identify Xanthomonas strains that contain this potentially transferred gene 

and evaluate its role for host specificity. By the creation the knock-out mutants and 

insertion of the gene in a Xanthomonas strain that lacks the gene. These mutants will 

be characterized by quantitative infection assays on multiple host plants. If successful, 

this will be one of the few demonstrated cases of horizontal gene transfer which 

conveys function and is beneficial to the pathogenic organism. 
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Chapter 2 

Phylogenetic profiling of the Arabidopsis thaliana proteome 

Introduction 

The publicly available sequence data provide many unique opportunities for 

genomic comparisons. The Arabidopsis Ihaliana genome is the first completely 

sequenced plant genome (Arabidopsis Genome initiative, 2000) with its total gene count 

estimated at around 26,000 genes (Rensink et al., 2004 ; 

http://tigr.org/tdb/e2k1 /ath1 /ath1 .shtm l). Utilizing gene ontology function (GO; Wortman 

et al. 2003) , only 36 of genes have been assigned to function leaving 64% of unknown 

function . Aracyc, a metabolic pathway database for Arabidopsis, contains reaction 

intermediates for 168 pathways. Genes have been assigned to only 53% of all listed 

reactions. These facts demonstrate the continued need to annotate and associate 

genes with function in common metabolic and signal transduction pathways. This 

project attempts to do that with phylogenetic profiling of whole genomes. 

Experimental evidence, such as forward or reverse genetics, is needed for 

definitive proof of a gene's function. Preliminary associations of genes and function can 

be made computationally. Sequence homology may provide clues about a gene 

product's function , as similar structure implies similar function . Another method is the 

comparison of phylogenetic profiles , which is produced by determin ing the presence or 

absence of a gene in a wide array of completely sequenced genomes. This has been 
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shown in the past to identify functionally linked proteins but with limited success 

(Eisenberg et al., 2001). Phylogenetic profiling operates on the assumption that proteins 

interact physically (e.g. subunits of an enzyme complex), or those that interact together 

such as in a pathway, will largely be inherited as a group. Another way to view this, is 

that the inactivation of a pathway, due to a deletion or mutation of a critical functional 

gene will remove the positive selection for the remaining genes in the pathway, 

ultimately leading to the pathway's removal or complete mutation. 

The coordinated evolution of interacting proteins is a well documented 

occurrence in nature (Pazos et al. 1997 and 2001, Ramani et al. 2003). Whether entire 

pathways act as a group that evolves or is inherited together has not been examined in 

detail. KEGG (Ogata et al. 1999) used annotations from public databases while Hong et 

al. in 2004 used Metacyc to examine the prevalence of 64 metabolic pathways in 42 

bacterial genomes (2,688 combinations total) and discovered many of the pathways 

were either present or absent in their entirety in 37% of the 2,688 pathway-genome 

combinations (based on appendix 1, Hong at al. 2004). Based only on a limited number 

of bacterial genomes and is likely a low estimate of whole pathway conservation on a 

wider evolutionary scale. This analysis is dependent on complete and accurate genome 

annotation for each organism and reaction. This limitation could be avoided by using 

sequence-based phylogenetic profiles, as described in this project. 

Phylogenetic profiles for E. coli genes were generated for 16 fully sequenced 

genomes using the EcoCyc database (Pellegrini et al. 1999). Pellegrini showed that 

enzymes belonging to the same pathway are more likely to share the same or similar 
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profile relative to random groups of enzymes, suggesting that these profiles may be 

useful to the functional assignment of genes. Marcotte et a/. (1999) used 6,217 yeast 

proteins to create 20,749 links between functionally related proteins, though the 

parameters required to establish this link are not clear. In follow up reports, Marcotte 

(2000) and Marcotte et a/. (2000) applied different BLAST E value thresholds of «1e-

03, <1e-05, and <1e-06) to determine the presence of a protein in a given genome. 

These variable thresholds do affect the presence calls for these functional links. 

The Cluster of Orthologous Genes (COG) database (Tatusov et al. 1997) is 

currently one of the most common genomic comparison tools at NCBI. In this iteration of 

COGs it contained 138,458 genes from 66 unicellular species grouped into COGs 

based on sequence similarity (or best hit). Arabidopsis thaliana was added to the 

database in 2003 (Tatusov et a/. 2003) along with 4 other genomes of higher 

eukaryotes. The COGs are indexed based on their phylogenetic profiles, but it is difficult 

to find related COGs that do not have identical phylogenetic profiles. COGs can be 

searched based on their interacting pathway or function, yet there is no direct link to a 

metabolic pathway database. The COG database can successfully associate 

phylogenetic profiles with each COG to manually identify and link orthologs for the DXP 

pathway for plant isoprenoid biosynthesis in Arabidopsis thaliana (Presting and Lange, 

unpublished) 

A phylogenetic approach was used for determining the distribution of metabolic 

pathways for varying taxonomic clades in Peregrin-Alvarez et al. (2003) where the the 

SwissProt and TrEMBL databases were partitioned into seven different subsets based 

22 



on the seven taxonomic groups archaea, bacteria, fungi, metazoa, protista, viridiplantae 

and viruses. They examined all 548 enzymes from the known metabolic complement of 

E. coli for matches in each subset using a BLAST E value threshold of 1e-06. The 

resolution of this approach is necessarily much lower than could be obtained with the 

178 completely sequenced genomes in Genbank at the time of this project. In a similar 

project Gutierrez et a/. (2003) constructed phylogenetic profiles for Arabidopsis using 

just 9 BLAST databases of completely sequenced genomes, including seven 

eukaryotes (Homo sapiens, Rattus norvegicus, Drosophila melanogaster, 

Caenorhabditis elegans, Mus musculus, Schizosaccharomyces pombe, Saccaromyces 

cerevisiae) and a set of 88 bacterial and 15 archaeal genomes. A presence call for a 

given Arabidopsis gene in a particular genome required a BLAST E value of <=1e-10. 

While this generated profiles it did not readily describe any meaningful ones. This could 

be due to a lack of data or a way to put it into context. 

Bowers et al. (2004) described a different approach to phylogenetic profiling: all 

possible protein pairs from a single organism are tested for co-occurrence in 83 fully 

sequenced genomes, including Arabidopsis with an E value threshold of <1e-10. For 

each protein pair of the query organism, Bowers et a/. then calculated the probability of 

obtaining those particular phylogenetic profiles by chance. This demonstrated that co

evolving (Le. interacting) proteins have similar profiles and thus profiling should work for 

associating co-evolving genes. Together, these studies suggest that phylogenetic 

profiling is a useful method for identifying interacting genes including the more complex 

genomes of higher eukaryotes. This study builds upon and introduces several new 

aspects to the phylogenetic profiling method, including a) the search and determination 
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---- - ---------- ----

of a genome-wide optimal BLAST E value threshold b) hierarchical clustering of the 

phylogenetic profiles and c) appl ication of a tree-searching algorithm that inputs a list of 

genes, finds the genes in the tree and identifies the optimal subcluster that contains 

them . This study presents a novel method for finding genes in a given phylogenetic 

profile using a gene-specific E value cutoff rather than a single universal E value 

threshold . This studies results are evaluated by searching the tree (clustered data) with 

pathway gene lists obtained from the literature and the current version of Aracyc to 

asses the similarity of phylogenetic profiles among pathway members. This allows us to 

explore the known pathways and how they fit our data, as well as identify new ones with 

similar profiles. 

Methods 

Genome Selection 

The Arabidopsis file of predicted proteins (ATH1_pep_cm 2004-02-28) was 

obtained from www.TIGRorg. All other completely sequenced genomes were 

downloaded from NCBI (ftp ://ftp.ncbi .nlm.nih.gov/genomesD as protein sequence files in 

FASTA format using an automated FTP program. Three data sets of completely 

sequenced genomes, all containing Arabidopsis thaliana , were used in th is analysis. 

The first set (DB-18) includes 6 Eubacteria, 6 Archaea and the eukaryotes Drosophila 

meanogaster, Homo sapiens, Mus musculus, Rattus norvegicus, and Saccharomyces 

cerevisiae. A second set contain ing 18 Archaea, 144 Eubacteria genomes, Plasmodium 

falciparum, Encephalitozoon cuniculi, Caenomabditis elegans, Sacharomyces 
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cerevisiae and Drosophila melanogasteris referred to as set OB-168. The third and 

most complete set of genomes consists of OB-168 plus the mammals Homo sapiens, 

Mus musculus, and Rattus norvegicus and is referred to as set 08-171. 

Presence/Absence Scoring 

The Blast 2.0 alignment program was used to determine the presence or 

absence of each of the 28,953 A. thaliana genes in each of the genomes in the various 

data sets. Sixteen A. thaliana genes did not yield any matches even against the 

Arabidopsis database and were not considered in the analysis. Initially an E value cutoff 

of 1e-03 was used for the cross-genome comparison and only the top hit for each query 

was recorded. The BLAST results were formatted into a matrix where each row 

represents an Arabidopsis gene and each column represents a genome. For presence 

/absence scoring, each element in the matrix as given a notation of"1" if it matched an 

Arabidopsis gene below the E value cutoff or "0" if there was no match. In a separate 

analysis, the bitscore of the highest-scoring match was used in place of the 

presence/absence score. Following analysis using the single hit data (Arabidopsis 

genes with only one match to another genome), the E value threshold was adjusted to a 

more stringent cutoff of 1e-05 for bacteria and 1e-06 for eukaryotes. 

Clustering BLAST results 

Hierarchical clustering was performed on the dataset using Cluster 3.0 (Eisen et 

al. 1998). Complete linkage with Pearson correlation was used to cluster all Arabidopsis 

genes with matches to at least 2 genomes, including Arabidopsis. The binary 

hierarchical tree output was reconstructed in a C++ program as a binary tree data 
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structure that allows fast searching and calculation of the distance between genes. The 

properties of the tree data structure are A) p and down traversal , b) counting node 

distances and c) subset size calculation and lookup. A subset is defined as a size of the 

group of genes with in the tree needed to contain the list of selected genes. The 

relationship between any two nodes or genes can be determined using th is tree data 

structure. 

Analysis of Clustered data 

Gene assignments for the 168 A. thaliana pathways were obtained using the 

Aracyc database 

(ftp :lltairpub@ftp.Arabidopsis.org/O/02Fhomeltair/homeltair/Pathways/aracyc dump2004 

0520.txt) and further annotated using the scientific literature. The hierarchical binary 

data structure provided the framework to analyze the relationsh ips between genes and 

their fellow pathway members. Nodelink distance for all gens of a given pathway 

member were determined computationally. The nodelink distance is the number of 

nodes separating two genes in the tree plus 1. The nodelink score is one hundred 

divided by the nodelink distance separating two genes. 

An algorithm developed and named Greedy Outlier Removal , was used to find 

the most dense cluster of genes for each of the Aracyc pathway gene lists. For each 

gene in that set of genes, a match score is calculated from the sum of all nodelink 

scores of that gene, divided by the number of remain ing genes assigned to that 

pathway. The program recursively removes the lowest scoring gene from the pathway 

until only two genes remain. The objective of this method is to optimize the ratio of the 
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number of pathway genes over the size of the subset that contains those pathway 

genes. As the outlier genes of a given pathway are removed, the subset reaches an 

optimized ratio containing tightly clustered pathway genes. In the initial analysis, the 

tree resulting from hierarchical clustering based on phylogenetic profiles of all 

Arabidopsis thaliana genes with at least one non-Arabidopsis genome match, and a list 

of genes assigned to a single metabolic pathway in Aracyc were used as input. 
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Results 

Phylogenetic profiles were constructed for each of the 28,937 Arabidopsis protein 

sequences by determining the presence or absence of each gene in 18, 168, or 171 

fully sequenced genomes publicly available at NeBI. The profiles were hierarchically 

clustered and the resulting tree screened computationally against pathway gene lists 

obtained from Aracyc (Mueller at a/. 2003) and other pathway databases to locate 

known members of each biochemical pathway in the tree cluster. Using our tree 

searching algorithm several cases were identified where most or all of the genes from a 

given pathway cluster tightly based on their phylogenetic profiles focusing on 

tryptophan, isoprenoid, and heme biosynthesis pathways. Examination of other genes 

of unknown function within each of these clusters has revealed unidentified pathway 

members or genes that share the profile and are likely closely related to the pathway. 

Characterization of the BLAST database 

Of the 28,937 Arabidopsis proteins examined, 5,844 had no match to any of the 

170 non-plant genomes queried and likely represent plant-specific proteins or artifacts 

of gene prediction. The remaining 23,093 Arabidopsis proteins had matches in one or 

more non-plant genome. A summary of their distribution (Figure 1) reveals that a large 

number of proteins (1,537) have matches in only one non-plant genome or in between 

five and eight genomes (Figure 1). The peak at 8 genomes consists of a 

disproportionately large amount of eukaryotic genomes: 81.4% of matches in this peak 

are to eukaryotic genomes, even though eukaryotes make up only 4.7% of the genomes 
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surveyed (8 of 170). Thus this peak contains proteins that predominantly occur in 

eukaryotes. The other peaks in this figure at 100 and 158 genomes are slightly enriched 

for eubacterial genomes (88.8% and 88.6% of the matches respectively), relative to the 

number of eubacterial genomes in the dataset (144 of 170, or 84.7%). Some 

eukaryotes such as S. cerevisea and C. elegans are underrepresented in these peaks. 

Three hundred and four genes had a match in all 170 genomes examined and, as 

evidenced by their high BLAST score, are highly conserved across all organisms 

observed in the far right tail of Figure 1.1. This conserved group mainly consists of 

ribosomal proteins, ABC transporters and tRNA synthases. 
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Figure 1.1: Distribution of Arabidopsis gene matches in 170 non-plant genomes 
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The number of Arabidopsis genes with matches to 1 or more completely sequenced 

non-plant genomes. Initially an E value of 1e-03 was used to determine presence or 

absence of an Arabidopsis gene in a target organism. This value was later revised to 

1e-05 for bacteria and 1e-06 for eukaryotes. 

Optimization of the presence/absence cutoff value 

The E value distribution for Arabidopsis genes with a match in only one other 

genome was used to optimize the E value cutoff to determine the optimal E value for 

this dataset. Table 1.1 shows the distribution of all matches with an E value ranging 

between 1e-03 and 1e-18. Using the initial E value cutoff of 1e-03 against 170 non-plant 

genomes, 81% of all Arabidopsis genes match in a single genome (and thus a higher 

likelihood of a false positive) had a relatively high E value between 1e-03 and 1e-05 
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(Table 1.1, "Total-Initial-Single Hit"). In contrast these categories accounted for only 

20.8% of the genes with matches to multiple genomes (Table 1.1, "Total-Initial-AII"). 

These data were also separately generated for each taxonomic domain (archaea, 

eubacteria, and eukaryotes). In each subset, Arabidopsis genes that have a match in 

only one other genome show a disproportionately high number of matches at the high E 

values relative to genes with matches in multiple genomes. Domain-specific E value 

thresholds for all bacteria and for eukaryoteswere established at 1e-05 and 1e-06, 

respectively, in order to reduce noise created by false positives. This resulted in an 

85.5%, 81.0% and 80.4% reduction of the genes with matches to a single archaeal, 

eubacterial or eukaryotic genome respectively, and an overall reduction of presence 

calls by 21.1 % for bacterial and 17.8% for eukaryotic phyogenetic profiles. Revision of 

the E value threshold used to determine presence/absence resulted in a shift in the 

distribution graph (Figure 1.1) to the left, although the overall shape of the curve 

remained the same. The revised E value cutoff also reduced the number of unique gene 

profiles from 14,578 to 10,166. 

The remaining single hit genes are of interest as they represent unique and high 

quality matches of Arabidopsis genes to a single bacterial or animal genomes. Some of 

these instances could be an example of lateral gene transfer between species. An 

example of this is the Xanthomonas axonopodis pv. citri gene NP _643621.1 which has 

an annotation of a hypothetical protein. This single gene is the only match (among 170 

genomes) for 32 Arabidopsis genes with an E value ranging from 1e-04 to 1e-36 which 

is highly significant. This gene was selected for follow up studies and is the motivation 

for project two and the basis for projects 2 and 3. 
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Table 1.1: Distribution of matches with E values from 1 e-03 to 1 e-18 

l.E.Q4 
l.E.Q5 
l.E-!ll 
l.E-07 
l.E.fl1 
l.E.Q9 
l.E-l0 
I.E-II 
l.E-12 
l.E-13 
l.E-14 
l.E-15 
l.E-16 
1.E-17 

Distribution of matches with E values from 1e-03 to 1e-17. Proportion of matches in 

each E value range is listed for genes with matches to only one genome (single hit) and 

all genes (all) for each of the three domains (Archaea, Eubacteria, Eukaryota) and 

combined datasets (total). The distribution of the matches after revision of E value cutoff 

(revised) is also shown for each domain and the entire project. Total percentage is the 

sum of the percentages for matches in the 1 e-03 to 1 e-18 range binned within orders of 

magnitude; total matches represent the number of gene-genome matches in the BLAST 

matrix. The table was constructed from BLAST data for 18 Archaea, 144 Eubacteria and 

8 Eukaryota not counting Arabidopsis, which is not included in this table_ 
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Greedy Outlier Algorithm 

Presence/absence calls for each Arabidopsis protein in each completed genome 

were stored as an array that makes up the phylogenetic profile for that protein. The 

entire Arabidopsis proteome was then clustered based on the phylogenetic profile for 

each protein, resulting in a hierarchical tree in which proteins with similar phylogenetic 

profiles are located within the same branch of the tree. A "greedy outlier algorithm" was 

designed to computationally search this tree for protein lists of interest. The algorithm 

computationally identifies the optimal subcluster size for a given protein set by finding 

the genes from the input list in the tree, identifying the most distant gene (outlier), 

iteratively removing the outliers and determining the size of the branch containing all 

remaining pathway genes (subset, see methods). The set of leaves remaining after the 

final drop in subset size by an order of magnitude is defined as the optimal cluster. The 

algorithm thus identifies the cluster containing the highest concentration of pathway 

genes. 

Figure 1.2 illustrates this progression for three pathways and two sets of random 

data. The tryptophan biosynthesis pathway in the current version of Aracyc contains 24 

unique genes. Clustering the phylogenetic profiles obtained using the revised E value 

cutoff and 08-171 data set results in a tree in which the root node initially serves as the 

parent node for a complete pathway. Thus, all 19,324 proteins in the tree are 

considered to be in the same "cluster" as the complete set of tryptophan biosynthesis 

pathway genes. Removal of the first 6 pathway proteins from the list removes the root 

node as the parent but still has a large cluster. Removal of the 7th
, 8th

, and 14th proteins 

result in a drastic reduction of the cluster size to 5,262, 3,037, and 28 genes, 
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respectively. The gene cluster remaining after this final drop is referred to as the optimal 

subcluster. In the isoprenoid biosynthesis pathway, which contains 11 proteins (Lange 

and Ghassemian, 2003) the optimal cluster is obtained after the first 3 proteins are 

removed (leaving a cluster of eight, see Figure 1.2). All seven proteins in the cytokinin 

pathway were contained in a cluster of only 10 genes from the start, thus the entire 

protein set is considered optimal and a large reduction in cluster size is not possible 

(Figure 1.2). The tight clustering of all cytokinin pathway members may be a reflection 

of the fact that they all catalyze very similar reactions. In contrast to the graph obtained 

from the three pathway protein lists, three protein sets containing 25 randomly selected 

genes show no reduction in cluster size until at least 21 of the 25 genes are removed. 

The lowest node connecting the final two genes of the random dataset contain at least 

300 genes (Figure 1.2). 
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Figure 1.2: Greedy outlier removal of pathway members 
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Pathway genes are removed iteratively from the tree using the greedy outlier algorithm 

until only 2 genes remain. The Y axis marks the cluster size obtained by connecting all 

genes of a list. The gene lists for tryptophan, isoprenoid, and cytokinin biosynthesis 

contain 24, ii, and 7 genes, respectively. The most dramatic drop in cluster size 

corresponds to the optimum gene-to-subset ratio and occurs in the case of tryptophan 

and isoprenoid with 10 and 8 genes remaining. The cytokinin pathway was ideal without 

the removal of any genes. Three groups of 25 randomly selected genes show no 

distinct drop off. The analysis was performed on the revised E value with D8-171. 
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Greedy outlier removal identified several different biosynthetic pathways for 

which all or most of the proteins were contained within relatively short branches of the 

tree. In several cases, examination of the proteins with unknown function on the same 

branch revealed potential novel pathway members. The effects of the data set size and 

scoring method (presence/absence vs bitscore) on the clustering of the genes from 

three different pathways (tryptophan, isoprenoid, and cytokinin biosynthesis) are shown 

in table 1.2. The Aracyc database lists 24, 2 and 7 genes for these pathways, 

respectively. Nine additional genes for the isoprenoid pathway were added from the 

literature (Lange and Ghassemian, 2003). Optimal gene-to-subset ratios were 

determined for each set of pathway genes using the greedy outlier algorithm (Figure 

1.2). The three data sets (08-18,168,171) varied in resolution ofthe pathways (Table 

1.2), with larger data sets generally resulting in tighter clusters. For example, six of the 

seven cytokinin biosynthesis pathway members were located in a subset of 48 genes in 

08-18, whereas the use of more genomes (08-168 and 08-171) clustered all seven 

genes in a subset of only ten genes (Table 1.2). Clustering by bitscore rather than 

presence/absence further reduced the subset containing all 7 cytokinin biosynthesis 

genes to only 8 genes (Table 1.2). 
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Table 1.2: Effect of database size and scoring method on clustering of genes involved 
in tryptophan, isoprenoid or cytokinin biosynthesis 

Optimal gene-to-subset ratios are presented as number of pathway genes found/total 

number of genes under their common parent (branch size). Phylogenetic profiles were 

constructed using either OB-18, OB-168 or OB-171 genome data sets and recorded as 

presence/absence (P/A) based on the revised E value threshold or as bitscore values. 

The number of genes in each pathway is shown in the last column. 

Isoprenoid Biosynthesis 

The isoprenoid pathway's clustering and gene-to-subset ratios were fairly 

consistent regardless of database or scoring system. The 11 members of the isoprenoid 

pathway clustered identically with presence/absence scoring of the smallest OB-18 data 

set and bitscores of the OB-168 set (Table 1.2), with the optimal cluster containing 6 

isoprenoid biosynthesis genes in a cluster of 13 genes. When presence/absence 

scoring was used in conjunction with the OB-168 and OB-171 data sets, the 11 proteins 

separated into two clusters of 3 and 8 proteins. The 3-protein cluster was removed first 

by the greedy outlier algorithm (Figure 1.2) since these proteins have lower match 
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scores. All three of these enzymes are isozymes of OXP synthase, the enzyme 

responsible for catalyzing the first step in the isoprenoid biosynthesis pathway. The 8-

protein cluster contains enzymes that catalyze six consecutive steps in the isoprenoid 

pathway, and include two splice variants of each pair of these enzymes. Phylogenetic 

profiles of both subclusters are reproduced in Figure 1.3A. Profiles of the 3 OXP 

synthases differ from the other eight enzymes by showing an additional 37 presence 

calls. The results match those from a previous study (presting, unpublished results) 

using phylogenetic profiles constructed from 72 complete genomes. The clustering 

results for this gene list did not change with the more restrictive E value cutoff (Table 

1.2). 

Tryptophan Biosynthesis 

Using the Greedy Outlier Removal algorithm and the small but diverse data set 

OB-18 with presence/absence scoring, 12 ofthe 24 pathway genes were contained 

within the optimum subset of 88 genes (Table 1.2). These 12 genes catalyze 4 distinct 

reactions of the tryptophan biosynthesis pathway. Forty of 88 proteins in this optimal 

cluster had identical profiles when OB-18 was used. In contrast, using profiles derived 

from the larger data sets OB-168 and OB-171, the optimal cluster was reduced to 10 

proteins including 8 tryptophan biosynthesis enzymes. DB-171 with the revised E value 

cutoffs resulted in an optimal cluster of 38 genes containing 10 tryptophan biosynthesis 

enzymes (Table 1.2 and Figure 1.2). Finally, use of the bitscore rather than 

presence/absence scoring to construct the phylogenetic profiles yielded slightly better 
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results for the tryptophan biosynthesis pathway in the D8-168 set (13 tryptophan 

biosynthesis enzymes in a cluster of 23 proteins). 

Phylogenetic profiles of all genes identified in Aracyc as members of the 

tryptophan biosynthesis pathway are shown in figure 1.38. The first step in this pathway 

is catalyzed by anthranilate synthase, an enzyme that functions as a heterodimer. 

Surprisingly, the phylogenetic profiles of all three alpha subunits (Figure 1.381) have 

absence calls for 16 genomes that have presence calls for the beta subunits (Figure 

1.382). The ten tryptophan biosynthetic proteins that catalyze steps 2-5 of the pathway 

show similar profiles (Figure 1.383). One protein that was erroneously truncated during 

gene prediction shows a similar profile (Figure 1.384), whereas seven proteins that 

were improperly assigned to the tryptophan biosynthesis pathway in the current version 

of Aracyc show very different phylogenetic profiles. 
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Figure 1.3: Phylogenetic profile clusters of (A) 11 isoprenoid. (8) 24 tryptophan and (C) 
25 heme/chlorophyll biosynthesis genes 

1i1!l!lfllRBHl ••••• _ ... _ •••• _ .............. __ .......... _ •• ,., ... _._ ........ __ .................................................... _ -. .. li,, 'I .. ' 
A Isoprenoid 

C 

I : ~:~g~~: 
I .," II III 

2 J 

• ' " • 'll 

2 AI~~?,!,!, I 

! Ai;~;;io; 
7 

~ ~:~=l ... · ' · ' ~" ~ 'ii · . " 
~: i: ': · " , · ;" · ." 
t-; , 

,j II · . , 
· " .; I 

• ; I · , 
01 • I 

· .. " 
· .1 ;, 

' , 
' . , 

•• • ; I 

, .. , 
· •• I 

· , .. , 
· ,. II , 

.. 

• 
I 
11 .. 

1 ' •. :';:;': il lB. r 
I 

I 
I 
6 .".;""" 

! ;~~!~: 
l ~:li::::: 

'::~. ' fa ' 
•• ,,~. I • • I. 

''Il' 1II ~ 

2 2 
2 

J 5 ~i~j~' ii ' 7 
• 8 I 

1 

., 
U' 

II II 1 III 1 1 

II I ,II n 
II 1 

1, 
1 

11 ) 10

110 . 1 
Nil -III, - II II 11-"11-- _ _ . 

.' -I 

I ' I 
II I II 1 l_ III 10 , 

II I . I I 

II I· , II I. dI " ' 11,11 II 
, 

11l1li I , 

• ~ II IrI'l 1 1 1111 ' i111 • , .. ·· 11 iii • 10 ~~~l 10 I 
10 

1 11 I 
8 12 ",;~"o, 

9 13a~!!~~: jg!!~!!~!!~~!!!!I!!!!!!!!!~! 13. 
13. 

10,. I 

15' 11 ~!f~ : 12 I 
130 
130 
130 

" 

- II 

II N,II 
II • 11, 111 11 

II 

II !! 
1111 II 

!! 

II II 

II 

= = =:= 
I III 

' 1· 
" III r 

40 



Phylogenetic profile clusters of (A) 11 isoprenoid, (B) 24 tryptophan and (C) 25 

heme/chlorophyll biosynthesis genes. Phylogenetic profiles were obtained using DB-

171 and presence/absence scoring with revised E value cutoffs. Data are presented as 

a matrix with Arabidopsis genes in rows and organisms in columns. Within the matrix, 

light color signifies presence of that Arabidopsis gene in the target organisms, black 

indicates absence. Domain organisms are indicated by the colored bar above the 

phylogenetic profiles: white = Archaea, grey = Eubacteria, black = Eukaryota, green = 
Arabidopsis. The columns correspond to cluster number [1], reaction step [2], and 

Arabidopsis gene number [3]. A 1) Three isozymes of the first enzymatic step in the 

isoprenoid pathway. A2) Eight genes encoding six enzymes that catalyze steps 2-7 in 

isoprenoid pathway (Lange and Ghassemian, 2003); 2 genes are represented by 2 

gene models (splice variant). B1) Anthanilate synthase alpha subunit cluster (first step 

of tryptophan biosynthesis pathway in Aracyc). B2) Anthranilate synthase beta subunit 

cluster. B3) Cluster of 10 tryptophan genes encoding steps 2 - 5 of the tryptophan 

biosynthesis pathway (Aracyc). At5g282371.1 (boxedlhighlighted) is not listed for the 

tryptophan pathway in Aracyc but should be included. B4) Eight remaining genes of the 

tryptophan biosynthesis pathway (one truncated PAI3 gene and 7 possibly mis

assigned by Aracyc). C1) Cluster of heme biosynthesis reaction steps 1,3,4, Band 9. 

C2-5) Heme biosynthesis reactions steps 2,5,7 and 8 that do not cluster. CB-10) 

Chlorophyll biosynthesis reaction steps 10-14 that do not cluster. C7-10 Chlorophyll 

reaction steps 11, 12, 13a, 13b and 14 based on a scan ofall E values for shared 

photosynthesis profile. E values correspond to worst E value within the profile I best E 

value outside of profile. 
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The optimal cluster of 88 genes obtained for the tryptophan biosynthesis pathway with 

the small OB-18 data set contained three out of nine of the enzymes of the chorismate 

biosynthetic pathway. Chorismate is the first metabolite of the tryptophan pathway. 

These proteins catalyze three separate reactions of the chorismate pathway. In 

addition, this subcluster contained a protein that appears to be a chorismate pathway 

member yet not identified as such in Aracyc. This gene (At3g06350.1) is annotated as a 

putative dehydroquinate dehydrates, which corresponds to reaction 4.2.1.10 in the 

Aracyc chorismate biosynthesis pathway. No gene was associated with this reaction in 

the May 2004 version of Aracyc, but it is now corrected. 
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An excerpt of the tree obtained with phylogenetic profiles obtained by BLAST 

comparison to OB-171 (Figure 1.4) shows where this new chorismate gene is located 

relative to the other chorismate pathway enzymes and also lists six additional 

Arabidopsis proteins, including two splice variants, that could be assigned to distinct 

amino acid biosynthesis pathways based solely on profiling. This example further shows 

that in contrast to the results obtained with OB-18 and in agreement with the predictions 

by Pellegrini et al (1999), increasing the number of genomes used for the construction 

of phylogenetc profiles does indeed break up the amino acid biosynthesis proteins into 

their respective pathways. 
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Figure 1.4: Amino acid biosynthesis genes cluster together 
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The hierarchical tree produced by clustering all genes with BLAST matches (based on 

revised E values) in 170 non-plant genomes by their phylogenetic profile. Genes are 

listed by the AGI number followed by the step number they catalyze for that pathway, 

Genes that had not previously been assigned to their respective pathway in Aracyc are 

in bold . (chor = chorismte, trp = tryptophan and his = histidine biosynthesis) 
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Chlorophyll and heme biosynthesis 

The chlorophyll biosynthesis pathway starting from L-glutamyl-tRNA consists of 

14 steps, the first eight of which are shared with the heme biosynthesis pathway (Lange 

and Ghassemian, 2003 and Figure 1.5). Lange and Ghassemian (2003) assigned 

Arabidopsis genes to all but one of the reactions (step 12). Twelve enzymes that 

catalyze five of the reactions (1,3,4,6, and 9) cluster together in a subset of 40 genes 

using 08-171 and the revised E value threshold. The remaining ten known pathway 

genes do not cluster with those steps or with each other. The profile of the enzyme that 

catalyzes step 2 is similar to that of the main cluster, but contains between 13 and 36 

more presence calls than the genes in the cluster (145 vs 132 to 109). Profiles of the 

remaining four heme biosynthesis genes At2g26540, At1g03475, At4g01690, and 

At5g14220 contained 31, 60, 52, and 83 presence calls, respectively. 
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Figure 1.5: The heme/chlorophyll biosynthesis pathway 
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Reactions 1-8 are shared by the heme and chlorophyll biosynthesis pathways, ractions 

9 and 10 are catalyzed by iron and magnesium chelatase, respectively, and reactions 

11-14 are specific to the chlorophyll biosynthesis pathway. 
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The effect of the E value cutoff used to construct each gene's phylogenetic 

profile on the clustering of these genes was investigated further with the 

chiorophyillheme pathway. A report (Lohr et aI., 2005) identified At3g56940 as the gene 

encoding the protein that catalyzes step 12 of chlorophyll biosynthesis. This gene has a 

phylogenetic profile containing a total of 8 presence calls (for the 8 cyanobacteria) with 

highly significant E values. Fifty-eight additional genes are contained in this gene cluster 

and share exactly the same or very similar profiles. The E value cutoff for the entire 

project was adjusted to E <=1e-1 0, such that step 11 genes had the same profile as 

step 12. This resulted in an increase in the number of genes clustering with At3g56940 

to 80. This did not result in increasing more chlorophyll biosynthesis genes included in 

this cluster. 

No single E value threshold yielded a "photosynthetic" profiling for all chlorophyll 

biosynthesis genes. In order to search the entire database at every E value threshold a 

profile was created that contained 10 photosynthetic organisms, including eight 

cyanobacteria: Nostoc sp. PCC7120, Gloeobacter vioaceous, Synechocystis sp. PCC 

6803, Thermosynechococcus e/ongatus, Synechococcus sp. strain WH7803, 

Prochlorocuccus marinus (3 strains), and two photosynthetic bacteria Chlorobium 

tepidum and Rhodopseudomonas palustris. These two photosynthetic bacteria were 

considered variable and could be present or absent from the profile. The other eight 

organisms must have a presence call. Using these criteria, this profile was scanned 

through the entire range of E values. Due to Significant true presence calls outside the 

small profile, a filter was used to exclude genes with E values significantly worse than 

1e-35. These parameters generated a list of 164 genes that contain steps 11,12, 13a, 
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and 14 (Figure 1.3C). Only 5 genes contained all 10 organisms from this profile, 11 

genes contained 9 organisms, and 148 genes contained 8 cyanobacteria. 

Discussion 
Phylogenetic profiling has the potential to group genes not by sequence 

homology but by evolutionary conservation across genomes. The assumption is that 

genes with similar distribution throughout genome sets will also function in closely 

related or similar pathways. The clustering of these phylogenetic profiles should place 

pathway members in close proximity in the resulting tree. Since known pathway 

members cluster in this way, the surrounding genes to the known pathway members 

may also play an important role and correspond to pathway proteins yet to be identified. 

It is possible to manually perform this analysis, but with large gene data sets it has 

become a daunting task. The use of a "greed outlier removal" algorithm enables the 

user to input a list and sort through the clustered tree in order to find the optimal 

subcluster containing known pathway genes and a small number of surrounding 

possibly related genes. 

Number of Unique Profiles 

A matrix of genes by genomes represents a complete phylogenetic profile for the 

Arabidopsis proteome, where each row represents one of the 28,953 Arabidopsis 

thaliana genes and each column represents one completely sequenced organism 

proteome. At each intersection of row/column there is a presence or absence call for 

that particular gene pair (See Figure 1.3 for a small section of the matrix). The initial 
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dataset of 18 genomes resulted in many Arabidopsis genes having identical profiles: 

only 2,329 unique profiles exist in this small data set. The inclusion of additional 

genomes increased the number of unique profiles to 14,266 for OB-168 and 14,578 for 

OB-171. 

Previous phylogenetic profiles analysis studies have used E value cutoffs ranging 

from 1e-03 to 1e-10. The initial E value for our studies of 1e-03 was modified after 

analyzing the E values of single hit profiles, or profiles with only one match to a non

plant genome (Table 1.2). The revised E value after this analysis was changed to 1 e-05 

for bacteria and 1 e-06 for eukaryotes which eliminated 83.4% of the proteins single hits 

(Table 1.2, Figure 1.1). This more stringent E value decreased the number of unique 

profiles for OB-171 to 10,166 by eliminating many poor matches which were false 

positives. Many of the single hits were also unique profiles. The presence of over 

10,000 unique gene profiles in the large data set provides a high degree of variation and 

allows for high resolution clustering. This also indicates that maximum resolution has 

not been reached and that adding more genomes as they become available will further 

increase the resolution of this method. Surprisingly, all 171 genome profiles (opposite 

axis from gene profiles) were unique and presumably informative. This included several 

genomes that were closely related strains of the same species. 

Even the smallest data set, 08-18, containing a high level of evolutionary 

diversity, displayed phylogenetic profiles sufficient for clustering of the genes from 

pathways from the isoprenoid, cytokinin and tryptophan pathways. In the process of 

adding more genomes and increasing the complexity of the phylogenetic profiles 

reduced the optimal cluster size in many cases (Table 1.2) also increased resolution. 

Genes from all three pathways clustered identically in both the OB-168 and OB-171 
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genomes set, indicating that the inclusion of three mammalian genomes to DB-168 

does not increase the resolving power for these particular pathways. To improve upon 

the resolution, an "optimum data set" for any given biochemical pathway would be ideal. 

This dataset would represent the maximum genetic diversity for these pathways. A 

starting point for the selection of this diversity could be the Tree of life (Maddison 2004). 

The exclusion of genomes which redundantly represent its pathways evolution could 

also help resolution. 

Isoprenoid Biosynthesis 

Isoprenoid biosynthesis is well characterized in plants and can occur through two 

separate pathways, the cytoplasmic MVA and the plastidial DXP pathways (Lange at 81. 

2000). The DXP pathway is a recent discovery in plants (Rohmer 1999). Identification of 

the lytB gene in the microbial pathway was accomplished using comparative genomics 

(Cunningham at a/. 2000) and the Microbial Genome Database (Uchiyama 2003). The 

COG database (Tatusov at a/. 2003) was also used to identify lytB and gcpE genes as 

members of the DXP pathway (Lange and Presting, unpublished), all of which were 

detected with our phylogenetic profiling method. 

The complete DXP pathway consists of 11 proteins (Lange and Ghassemian 

2003), although the current version of Aracyc lists only two of these genes. For our 

purposes the rest were filled in through the literature. Dependent on which data set and 

scoring method was used, between six and eight of these eleven proteins clustered 

together. By examining the tree branch surrounding the two known proteins of the DXP 

pathway, phylogenetic profiling could be used to correctly identifY between 4 and 6 of 

the 9 pathway proteins not listed in Aracyc. The three proteins that do not cluster with 
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steps 2 through 7 are all isozymes for the first reaction step of the pathway. Their 

phylogenetic profiles (Figure 1.3A 1) differ from those of the eight clustered proteins 

(Figure 1.3A2) by an additional 37 presence calls, indicating that these genes have a 

wider distribution and may playa role in other pathways. After examining other 

pathways, there seemed to be a pattern that the enzyme that catalyzes the first step 

often exhibits a phylogenetic profiles that differs from the downstream enzymes by 

containing more presence calls. 

Tryptophan Biosynthesis 

Phylogenetic profiling was used by Pelligrini et al (1999) with 16 microbial 

genomes and E. coli as a query genome. It was observed that metabolic pathways 

somewhat clustered together. In our study, several genes involved in histidine, 

tryptophan, arginine and cysteine biosynthesis had identical profiles. Pelligrini et al. 

speculated that increasing the number of genomes used to construct the phylogenetic 

profiles would result in distinct amino acid metabolic pathways clustering separately. In 

our study, several genes involved in histidine biosynthesis were contained within the 

tryptophan optimal cluster (of 88 genes) obtained with OB-18). The histidine and 

tryptophan biosynthesis genes were separated into two distinct subclusters when OB-

171 was applied, indicating that the increased number of unique profiles obtained with a 

more diverse data set do indeed separate these amino acid biosynthesis pathways. 

Even with the small OB-18 data set these pathways clustered, but with much less 

resolution. The main difference between Pelligrini's data set and ours is that ours does 

not only contain microbial genomes which makes it more diverse with higher resolution. 
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Enzymes of the tryptophan biosynthesis pathway were also tightly clustered 

when DB-171 with revised E values were used (Table 1.2). Ten of the pathway genes 

catalyzing 4 distinct pathway sets clustered in a group of 38 genes. The first reaction of 

the tryptophan pathways is catalyzed by anthranilate synthase, which consists of two 

subunits that in some organisms (notably Rhizobium species) are encoded by a single 

gene (Bae at a/. 1989 and our data). Similar to the observations for the DPX pathway, 

the first enzyme in the tryptophan biosynthesis pathway also has more presence calls 

than other genes in the pathway. Both subunits of the anthranilate synthase (Figures 

1.3B1 and 1.3B2) have matches in 12 organisms that do not have a match to the 

consensus profile for the major tryptophan pathway cluster of 10 genes (Figure 1.3B3). 

Nine of these matches are to genes annotated as para-aminobenzoate synthase. The E 

values for these matches range from 1 e-15 to 1 e-62, likely due to the domain shared 

between these two enzymes. The larger number of presence calls for the first enzyme 

in each pathway may be due to the presence of a multiple binding domain or regulatory 

sites in branch point enzymes (Niyogi at a/. 1992). 

Somewhat surprisingly, the three genes from each of the alpha and beta subunits 

of anthranilate synthase formed two separate clusters. The profiles for these subunits 

are similar, but the beta subunits have presence calls for 16 genomes where the alpha 

subunits have absence calls. The corresponding genes in these 16 organisms are 

annotated as either carbamoyl phosphate synthetase (4) or GMP synthetase (12), with 

E values ranging from 1e-06 to 1e-16. These enzymes share multiple large protein 

domains (GATase [188aa], PabA [191aa], CarA [368aa], GuaA [198aa] with 

anthranilate synthase. In cases such as these where different proteins that are active in 

different pathways share large domains, a global alignment method may be superior to 
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BLAST for scoring the presencelabsence calls. Alternatively, implementation of pathway 

or gene specific E value cutoffs may be used to circumvent this problem, as illustrated 

for the chlorophyll biosynthesis pathway. 

The fifth and final step of tryptophan synthesis is catalyzed by tryptophan 

synthase, which consists of an alpha and beta subunit encoded by different genes. Five 

tryptophan synthesis genes, including one that is not listed in Aracyc, form a tight 

cluster with enzymes catalyzing steps two through four of the pathway (Figure 1.4). 

Thus the presence of two distinct tryptophan synthase beta subunits in many Archaea 

(Xie at al. 2003) does not impede the phylogenetic profiling technique as they share 

similar profiles. 

Eight of the proteins in the Aracyc tryptophan biosynthesis pathway localize at 

various distances from the known genes discussed above (Figure 1.3B4). One of these, 

At1g29410, is annotated as a phosphoribosylanthranilate isomerase (PAI3), and is the 

eighth protein removed and last outlier outside of the 3 major tryptophan biosynthesis 

enzymes clusters (Figure 2,3). Three proteins are associated with this reaction step in 

Aracyc; two of them (At1g07780 = PAI1 and At5g05590 = PAI2) were contained within 

the primary cluster of 10 genes. According to the original publication describing these 

isozymes of A. thaliana at the cDNA level (Li et a/. 1995) all three should have a length 

of 275 amino acids. In the Arabidopsis data set used for this project, PAI1 and PAI2 

each contain 275 amino acids, and PAI3 is truncated at amino acid 213. This truncation 

is likely an artifact of gene prediction, and explains the altered gene profile: the 

truncated PAI3 is absent in 38 genomes that contain PAI1 and PAI2 and is never 

present in organisms that lack PAI1 and PAI2. In contrast the full length PAI3 sequence 

as determined by Li et a/. (1995) differs from PAI1 and PAI2 by only 18 amino acids 
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substitutions and, as expected, its phylogenetic profile is identical to that of PAl 1 and 

PAI2 (data not shown). 

The remaining seven genes did not have significant hits in many genomes. Six of 

these genes are annotated as C2 domain-containing proteins and appear to occur only 

in eukaryotes. The seventh gene (At1 g5111 0) annotated as plastid-lipid associated 

protein and occurs only in Arabidopsis and cyanobacteria. These are likely due to 

automated annotation errors. The May 2004 version of Aracyc lists this gene as 

anthranilate synthase but this gene has been removed in the current version of Aracyc. 

These seven genes do not fit our phylogenetic profiling and it is unclear why they were 

assigned to the tryptophan biosynthesis pathway; this could be again a 

misclassification. The last gene remaining is At1g25170 and is also named an 

anthranilate synthase in the May 2004 version of Aracyc, but even at an E value 

threshold of e-03 it does not have a match to any other genome other than A. thaliana. 

It was therefore not included in the dataset for clustering. This could be attriubted to 

another error or perhaps a Arabidopsis specific enzyme, however this is unlikely as it 

was not found in the literature. 

Heme-Chlorophyll Biosynthesis 

The heme-chlorophyll biosynthesis pathway has many properties that lend to an 

ideal pathway for phylogenetic profiling: it is well characterized, has a nearly linear 

pathway, and has only one branch point. This branch point is unroporphyrinogen III and 

is used in the dihydrosirohydrochlorine pathway. Due to these features, if a single gene 

were mutated or lost in this pathway, the entire pathway would be non-functional. A 

clear presence/absence pattem is then expected for all genes of this pathway. Heme is 
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expected to have significantly more presence calls since heme biosynthesis is much 

more common among prokaryotes than chlorophyll biosynthesis. 

Enzymes catalyzing five of the nine steps (1,3,4,6,9) show very similar 

phylogenetic profiles and cluster together very tightly. The steps that do not cluster near 

this main group such as step 2 have a somewhat similar profile but were so far away, 

that it would not be identifiable if it was an unknown member. Enzymes 5,7 and 8 have 

very different profiles. Enzyme 5 (urophorphyrinogen III synthase) is highly variable at 

the amino acid level, with only 13 invariant and 15 conserved residues across a 173-

residue region (Mathews et a/., 2001). BLAST would fail to detect sequence similarities 

with that much divergence from a single gene; thus the profile for this gene contains 

many false negative values. Steps 7 and 8 differ from the main cluster due to the fact 

that there are unrelated variants of these genes found throughout nature, therefore 

confusing the profile. Step 7 can be catalyzed by two different enzymes in either 

oxygen-dependent or oxygen-independent reactions, and step 8 appears to be 

catalyzed by an unknown locus in many of the heme synthesizing prokaryotes 

(Frankenberg at a/., 2003). Due to these factors the phylogenetic profiles for these two 

enzymes have fewer presence calls than the remainder of the pathway. 

In contrast to the widely distributed heme pathway, the ability to synthesize 

chlorophyll is limited to only ten photosynthetic organisms in OB-171, including five 

genera of cyanobacterium: Nostoe, G/oeobacter vio/aeeus, Syneehoeystis, 

thermosynaehoeoceus e/ongatus, Syneehoeoeeus, Proeh/orocuceus marinus (3 strains) 

and two photosynthetic bacteria: Ch/orobium tepidum and Rhodopseudomonas 

pa/ustris. With the exception of enzyme 11 (Mg-protoporphyrinogen IX monomethylester 

cyclase), most enzymes in this pathway have been well characterized. Rzeznicka et al. 
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(200S) suggest that in barley this cyclase acts in a complex requiring at least one 

soluble and two membrane-bound components. At3gS6940 was recently identified (Lohr 

at a/., 200S) as a candidate for enzyme 11 based on homology to the corresponding 

Chlamydomonas reinhardtii enzyme, but the other two subunits have not yet been 

identified in Arabidopsis. Ideally all enzymes that catalyze steps in chlorophyll 

biosynthesis would show identical phylogenetic profiles with presence calls in only those 

ten organisms (plus Arabidopsis). In fact, few of these enzymes (10-14) are present in 

this profile at the default E value threshold aside from At3gS6940. All the enzymes have 

multiple false positives, indicating that the chosen E value is not appropriate for these 

enzymes and that it may not be possible to use a single E value threshold that yields 

optimal results for every gene in the genome. Close examination of the reason for these 

false positives observed for the protochlorophyllide reductases (A, Band C - step 12, 

AtSgS3190, At4g27440 and At1g03630, respectively) revealed homology with the 

adh_short domain (pfam00106), which in tum is homologous to the human, mouse and 

rat alcohol dehydrogenases at an E value of less than 1 e-26. 

These false positive signals can be eliminated by using a more stringent E value 

cutoff that is specific to each gene as illustrated in Figure 1.3C. In an attempt to identify 

genes common to all of the photosynthetic organisms, each gene in the A. thaliana 

genome was tested at all E value thresholds. Genes that yielded the "Photosynthetic 

phylogenetic profile" (Le. Present in all 10 photosynthetic organisms and absent in all 

others) at any E value threshold were compiled into a list of genes likely related to 

photosynthesis. 

Using the project-wide E values does not allow the chlorophyll biosynthesis 

pathway to cluster (Figure 1.3C). Using any fixed E value did not allow this pathway to 
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cluster. A stringent E value would remove organisms with true presence calls which are 

verified by annotation, while a relaxed E value would include many false presence calls. 

Using a scaling E value program, E values were raised and a profile of photosynthetic 

organisms emerged. A scan across all E values while maintaining this photosynthesis 

profile generated a list of 164 genes that contain the pathway steps 11, 12, 13a, 13b 

and 14 (Figure 1.5). In order to remove genes that contain Significant true presence 

calls outside this profile, the list was filtered for E values less than 1e-35 for non

photosynthetic organisms. This filter threshold was based on domains that create false 

presence calls such as the AOH domain in the protochlorophyllide reductase (step 13) 

and the minimum threshold needed to include the majority of the chlorophyll 

biosynthesis pathway members. The remaining unknown subunits for step 11 could be 

contained in this list similar to the known subunit sharing this same profile of 9 

photosynthetic organisms. Researchers interested in chlorophyll genes may find this list 

useful as forty-three genes on this list are annotated as expressed proteins, providing a 

opportunity to find a novel photosynthetic protein, perhaps closely related to chlorophyll 

biosynthesis. The scanning of all E values could be applied to any meaningful profile of 

related organisms based on a pathway; chlorophyll biosynthesis provides a simple 

example with only 10 photosynthetic organisms. 

New Pathway Members 

Automated analysis of the tree obtained with the presence/absence scoring using 

revised E values and 08-171 for genes involved in amino acid biosynthesis yielded five 

clear examples of genes that could be added to the Aracyc pathway database. These 

include At1 g09795, At3g22425, and At4g26900 for histidine biosynthesis, At3g06350 
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for chorismate biosynthesis, and At5g28237 for tryptophan biosynthesis. Furthermore, 

six isoprenoid biosynthesis enzymes not yet assigned to their pathway in Aracyc 

clustered with two enzymes listed for this pathway. This illustrates that the high 

throughput phylogenetic profiling technique described in this study can be used to 

assign genes to specific pathways and reactions. Candidates for reactions that do not 

yet have a gene associated with them in Aracyc can be found within or near the gene 

cluster for that pathway. Analysis of these genes for functional domains required to 

carry out the reaction in question will identify the strongest candidate for each reaction. 

Hierarchical Tree Analysis 

The resolving power of phylogenetic profiling is dependent on, among other 

things, the number of unique profiles. As expected, as the number of unique gene 

profiles increases proportional to the number of genomes included in the analysis (OB-

18 vs OB-168 vs OB-171). The original analysis based on OB-18 yielded only one sixth 

of the unique gene profiles obtained for the larger data sets (2,329 vs 14,266). The 

large number of identical profiles obtained with the smaller data set produced and 

unbalanced binary tree with many gene-node pairs (Le. A parent node's children are a 

node and a gene, rather than two nodes or two genes). In contrast, the higher resolution 

obtained with the larger number of unique gene profiles resulted in a a binary tree with 

more gene-gene pairs. Thus, the OB-18 tree had 1,311 gene-gene pairs compared to 

OB-171 with 4,514 gene-gene pairs. The two trees were constructed with 18,699 and 

18,701 genes respectively, which again are those genes with at least one match outside 

of the Arabidopsis genome. Gene-gene pairs allow for more meaningful clustering. 
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Bitscore vs Presence/Absence Scoring 

Both the bitscore and presence/absence scoring were used with the OB-168 data 

set to determine which data type results in better clustering of pathway proteins. The 

optimal clusters obtained with each data type were similar for the three pathways 

examined, but each data type provided slightly better optimal clusters in some cases 

(Table 1.2). For example, the tight clustering of the OXP pathway with 

presence/absence scoring (8/8) was lost when bitscores were used (6/13). In contrast, 

the tryptophan pathway clustered was actually improved with bitscore data (13/23 vs 

8/10). Thus, when possible, future analysis should be performed with both types of data, 

even though in most cases the results are not expected to differ. While bitscore does 

contain more raw information, it could potentially be misleading. The human input of 

choosing a proper E value based on that particular data and evolutionary range is a 

superior approach in this authors opinion. 

Pathway size and greedy algorithms 

The Aracyc database version (20040520) contains 1,179 unique Arabidopsis 

genes in 186 pathways covering 434 reactions. Sixty of these contain 3 or fewer genes 

(5, 19, 22 and 14 pathways contain a total of 0, 1, 2, and 3 genes, respectively), 

primarily because genes have not yet been assigned to these reactions in Aracyc. This 

small pathway size will most likely not allow the profiling method to easily find these 

genes because larger pathways are more readily observed in clusters. 

The tryptophan pathway cluster was one of the first to emerge from the 

phylogenetic analysis, due in part to its large size (17 enzymes covering 5 steps as 

correctly listed in the May 2004 version of Aracyc). The number of genes, isozymes, 
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and reactions listed for this pathway allows easy automated detection with the current 

greedy outlier algorithm. The small number of genes currently listed for many of the 

Aracyc pathways limits the application of the greedy outlier detection method, as more 

the algorithm stops when only two genes from a gene list remain. Thus, more than two 

genes are required by this algorithm and additional pathway members can not be 

identified due to this constraint. The artificial creation of larger pathways can be 

employed to circumvent this problem. Altematively, clusters surrounding known 

pathway members can be examined manually, even as individuals, to identify new 

pathway members. This also brings up the interesting point of what a pathway truly is: a 

man made classification of interacting proteins. Our understanding of many of these 

pathways may be incomplete as well as some of the feedback loops required in them. In 

this study it is observed that the first reaction step of pathways often cluster separately 

from the following steps of pathways. Each branch point of a pathway could 

conceptually be viewed as a first step of another pathway tangent. This complicates the 

profiling process and may explain some of the irregularities. 

Complexity of subunits and pathways 

Mg-protoporphyrinogen IX monomethylester cyclase is an essential catalytic 

enzyme for chlorophyll or bacteriochlorophyll biosynthesis. The subunits of this enzyme 

differ among the photosynthetic organisms. While Arabidopsis (At3g56940;NP _191253) 

and Rhodopseudomonas palustris (Rp: NP _946898) share a gene for a subunit of this 

complex, it is not shared with Chlorobium tepidum (Cht). Rp and Cht share a different 

subunit of the complex, the 66kd NP _947014 (Rp) and NP _662836 (Cht). While two 

other subunits in Arabidopsis remain unknown in this protein complex (Lohr et al 2005), 
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it is reasonable to consider that either subunit could be shared by Rp or Cht; thus these 

two organisms were considered variables in the ideal profile key. These inconsistencies 

are common among bacterial genomes where gene transfer is very common, muddling 

the distinctiveness of the profiles for some pathways and making them difficult or 

impossible to cluster. 

Isozymes 

Phylogenetic profiling is somewhat obfuscated by the presence of isozymes, i.e. 

multiple genes encoding enzymes that catalyze the same reaction in a pathway. For 

example, the homogalacturonan degradation pathway in Aracyc contains 138 proteins 

catalyzing only two reaction steps, making this pathway the largest pathway containing 

the most isozymes (81 isozymes for reaction 3.1.1.11). Since isozymes are usually 

evolutionarily related, they share high sequence homology and consequently yield 

identical phylogenetic profiles, causing them to cluster together even though they do not 

represent a significant portion of the pathway. A revised labeling system may be used to 

identify clusters representing large portions of pathways. This would include associating 

the Aracyc reaction name as part of the gene name and filtering duplicates. 

Possible modifications or Additional Analysis 

Hierarchical clustering is commonly used to organize biological data, as in the 

exploratory stage of a microarray data analysis (Toronen 2004). Hierarchical clustering 

trees are known to be unstable and dependent on the input order of data (Goldstein et 

a/. 2002). Arabidopsis genes were input into the clustering algorithm in the order of the 

TIGR naming scheme, which corresponds to gene location of the five chromosomes. 
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Future modifications of the phylogenetic profil ing method that may increase its utility 

include the use of multiple trees constructed with different input orders (bootstrapping), 

These will test the robustness of the tree and could be used to eliminate genes that 

have unclear profiles and can move throughout the tree. The clustering of the data was 

run multiple times with different ordering and slight variations, but the observed pathway 

groups were intact. Other techniques such as nearest neighbor or singular value 

decomposition could also be used as an alternative to hierarchical clustering and were 

considered for this project. 

Application 

A web application was developed using this dataset. It can be found at 

www.genomics.hawaii.edu/prestinglab/projects/PhyloP. With this simple web applicat ion 

a small list of up to 16 genes can be input and the resu lting cluster groups returned . 

This allows the user to take a pathway of interest and see how it fits with in our data. The 

process could lead to new members of such a pathway for the surrounding clustered 

data similar to the DXP and tryptophan pathways. Another side appl ication for th is 

method is the detection of potentially horizontally transferred genes. The most read ily 

apparent genes are the single hit genes, or genes share with Arabidopsis (plants) and 

nothing else . These also generate leads for additional bioinformatic and wet lab 

experiments. 
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Conclusion 
Hierarchical clustering of the phylogenetic profiles followed by tree analysis using 

the greedy outlier removal algorithm has identified new members for four biosynthetic 

pathways that were not previously annotated in Aracyc, and identified several misplaced 

pathway members. The success of some pathways using a number of different 

thresholds and data sets illustrates the robustness of this method for some pathways. 

Although the phylogenetic profiles of enzymes associated with the same pathway are 

highly conserved, the enzymes catalyzing the first step of a pathway often display a 

phylogenetic profile with additional matches. Current limitations of phylogenetic profiles 

are caused by a) unrelated proteins fulfilling the same function in different organisms, b) 

large domains shared by similar proteins that function in different pathways, and c) 

difficulty of identifying a universal E value threshold which may not be possible. Despite 

these limitations the success with some pathways shows that this method still has 

promise. As more data become available and advanced analysis techniques developed, 

this method should be revisited by future researchers. 
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Chapter 3 

Elucidation of Xanthomonas species relationships using 
comparative genomics 

Introduction 

The genus Xanthomonas consists of gram-negative pathogenic and non-

pathogenic eubacteria in the gammaproteobacteria subdivision that contains species 

that cause major agricultural diseases worldwide. Some are devastating pathogens that 

can cause diseases such as black rot of crucifers (X eampestris pv. eampestris, Xee), 

rice (X otyZae pv. otyZae, Xoo) and citrus canker (X axonopodis pv. eitri, Xae). 

Originally classified into separate species based on pathogenicity to specific hosts, 

Xanthomonas is currently divided into 20 species and over 75 pathovars (pv) (Vauterin 

et al., 2000). DNA fingerprinting and DNA-DNA hybridizations have also been used 

successfully to determine relationships within Xanthomonas (Stackebrandt and Goebel, 

1994). In this study whole genome comparison is used to identify novel sequences and 

provide more data on the relatedness of Xanthomonas species. 

In order to find better Xanthomonas phylogenetic sequences, three fully 

sequenced genomes of Xanthomonas species were selected for this project. Starting 

with the 1,547 nucleotide 16S rDNA sequences, these three organisms only display a 

two nucleotide difference between each taxon pair, which is insufficient for creating a 

meaningful phylogeny. To determine these species' relationships using novel purely 

phylogenetic data, fully sequenced genomes were compared, genes found in common 
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among those genomes were grouped, and a phylogeny for each group of shared genes 

was created. While similar methods have been used on large eubacterial datasets 

(Lerat at a/., 2003), this is the first time it has been successfully implemented. Comas at 

at. 2006 carried out a similar study to evaluate the noise associated with horizontal gene 

transfer, and identified relationships and origins of bacterial species. Very closely 

related bacteria were selected for a similar analysis, from it good phylogenetic 

sequence was identified to make comparisons, and identify horizontally transferred 

genes. While this method can only add to the existing taxonomic data, a useful outcome 

from this research is the generation of a gene list of phylogenetic candidates specific to 

Xanthomonas. Rather than rely on a single, possibly misleading sequence, having more 

sequence options will enable researchers to more effectively understand the 

relationships of these quickly evolving micro organisms. 

The disease has major impacts on the citrus industry with many citrus producing 

countries enforcing a zero tolerance policy on the import of citrus unless it has passed 

official inspection. The USA has had numerous outbreaks of the canker in Florida, 

where eradication methods were used such as the burning of entire orchards. In Florida 

successful eradication of the disease was declared three times. The most recent and 

expansive eradication measures began in 1998 (Brown 2001).Typically found in tropical 

and subtropical areas the disease has also been observed in more arid climates such 

as Iran (Alizadeh and Rahimian, 1990). 

The genus Xanthomonas has the highest level of host range and race specifiCity 

of all phytopathogenic bacteria. There are no free-living or soil-borne species; nearly all 

are endophytic, but not all are pathogenic (Brunings and Gabriel 2003). Xanthomonas 

hosts include at least 68 plant families and more than 240 genera (Hayward, 1993). 
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Each strain has a very limited host range with many cases of one strain affecting a 

single genus within a plant family or a group of species within one genus. This provides 

ample data to examine phytopathogenicity of closely related bacteria with an astounding 

amount of diversity of infection for hosts. 

Certain terms need to be defined when working with host I pathogen specificity. 

The first is 'host range' which is the plant species or group of species that are 

susceptible to the pathogen. Pathovar is a term reflecting host-specificity that can not be 

distinguished by other pathogenic tests for a group of strains. Pathovar or (pv) 

designation is added to the end of the taxonomic binomial. The genus Xanthomonas 

has over 141 pathovars (Swings and Civerolo, 1993). X. axonopodis pv. citri, for 

example, infects citrus trees but not rice. The pathogen that causes rice blight, 

Xanthomonoas oryzae pv. oryzae affects rice and weed species but does not infect 

citrus. While the naming convention is not perfect due to the diversity of plant 

pathogens, it does give an indication of host range. 

There is a further subspecific classification groups into 'races' (Brunings and 

Gabriel, 2003). Race and host range are not identical. 'Race specificity' refers to the 

cultivars within a host species that a given 'race' can attack. For example, X. campestris 

pv. malvacearum (cotton blight) race 1 infects certain cotton lines (cultivars), where 

each cotton line differs by at least one resistance (R) gene, while race 2 infects different 

lines of cotton plants. Race is determined by microbial avirulence (Avr) genes (Leach 

and White, 1996). Microbial Avrgenes interact with resistance genes in host plants. 

When that protein-protein interaction occurs the host is considered resistant to that 

strain. If the appropriate and dominant resistance (R) gene is not present, an infection 

can occur and the strain is considered virulent. Even if a dominant resistance gene is 
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able to recognize an Avrgene, the pathogen is only avirulent on that specific host. It still 

has the potential to infect non-resistant plants of the same host species or cultivar. At 

this time there are no R genes in citrus plants, and thus, there are no races of X. 

axonopodis pv. citri, even though there are identified avrgenes (Brunings and Gabriel, 

2003). The difficulty in breeding citrus for resistance to pathogens is due to long 

intervals required for growing progeny. While genetic modification shows more promise, 

as it may not require as many generation cycles to produce a resistant plant. 

Citrus bacterial canker (CBC) disease has different forms (A-C) that are each 

caused by different pathotypes of X. axonopodis pv. citri. The Asiatic form CBC-A (Xac 

pathotype A; Xac-A) is spread world wide and the most economically important of the 

three. The host range of Xac-A is the broadest of the pathotypes and infects even the 

heartiest of citrus such as grapefruit (Citrus paradisi Macfad.). 'Cancrosis B' or CBC-B is 

caused by Xac pathotype B (Xac-B) and is found in South America. The most 

susceptible host for Xac-B is lemon (Citrus limon (L.) Burm), while grapefruit and sweet 

orange (Citrus sinensis (L.) Osb.) display a hypersensitivity response (HR). HR is the 

defense response of the plant and an event of an unsuccessful pathogenic attack with 

no canker symptoms. The hypersensitivity response mainly consists of rapid plant cell 

death at the infection site restricting host colonization by the pathogen (Alfano and 

Collmer, 1997; Dangl et a/., 1996). CBC-C or Mexican lime canker (Xac pathotype C; 

Xac-C) only affects Mexican lime (Citrus aurantifolia [Christm.] Swingle) in Brazil. The 

symptoms are similar for Xac-A and Xac-C when on their preferred hosts (Stall and 

Civerolo, 1991). A disease named bacteriosis (Xac pathotype D) was reported on 

Mexican lime, though the validity was questioned since only one pathogenic strain was 

isolated. The disease was later called 'mancha foliar de los citricos', caused by 
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Altemaria limico/a (Becerra et al., 1988; Palm and Civerolo, 1994). Two new strains of 

Xac recently discovered, A* which originated in Saudi Arabia (Vemiere et al., 1998) and 

AW in Florida (Sun et aI., 2004). Both of these strains were isolated from Key/Mexican 

lime. A* strains have no strong affinity to the serological tests that detect pathotype A. 

Genetically they are expected to be very closely related based on bacteriophage typing, 

RFLP analysis, and PCR. While both strains infect grapefruit, there are some 

differences in symptom expression, such as water-soaking of lesions. 

In order to gain a better understanding of Xanthomonas taxonomy, the history of 

X. axonopodis pv. citri provides a good example. It was first described in the USA by 

Hasse in 1915 as the causal agent in citrus canker and named Pseudomonas citri. It 

affects mainly tropical and subtropical citrus trees. Due to lack of phenotypic data 

Xanthomonas citri was reclassified in 1980 as Xanthomonas campestris pv. citri (Dye et 

al. 1980, Young et al. 1978). Gabriel et al in 1989 suggested re-elevating X. campestris 

pv. citrito a species rank based on unique RFLP patterns, however DNA-DNA 

association and phylogenetics failed to support this (Young et ai, 1991). Vauterin et al 

1991 reported that all citrus level pathogens belong to the same species level group 

using a spectrophotometric assay of DNA-DNA relatedness. In a major adjustment to 

Xanthomonas taxonomy Vauterin (et ai, 1995) showed that each of the 5 groups of 

citrus Xanthomonads shared less than 70% relatedness to Xanthomonas campestris 

pv. campestris but greater than 70% relatedness to Xanthomonas axonopodis pv 

axonopodis. This effectively moved the citrus pathogens to the Species X. axonopodis 

with some resistance from Schaad et al. (2000). In a recent 2005 study the A, BCD, and 

E subspecific groups had insufficient similarity using 168-238 intergenic spacer 

sequence to be grouped at the species level, and 8chaad et al. proposed breaking them 
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into separate species of X. smithii subsp. citri, X. fuscans subsp. aurantifolii, and X. 

alfalfaa subsp. citruma/o (Schaad et ai, 2005) which was not accepted, though the 

Xanthomonas axonopodis pv. citri nomenclature was used until 2006. Schaad et al in 

2006 further modified the name to Xanthomonas citri pv. citri which is the currently 

accepted binomial, for the purpose of this thesis the name has been conserved as 

Xanthomonas axonopodis pv citri. 

Lateral (horizontal) gene transfer is the transfer of genes between different 

species. This transfer can occur among very closely related species, or even between 

kingdoms. At one time the very idea of lateral gene transfer was debated since it 

complicates the concept of evolution (Koonin at a/., 2000). It challenges the theoretical 

tree of life (Doolittle, 2000) and the Darwinian dogma of reproductive isolation between 

species throughout evolution (Koonin at al., 2001). This phenomenon is further 

challenged due to the difficulty in proving lateral gene transfer unambiguously. Before 

the recent influx of sequence data, lateral gene transfer was considered a rare event. 

Comparative genomics, with the now available fully sequenced genomes, has 

revealed many cases of horizontal gene transfer. In one striking case, it is estimated 

that 15% of the bacterial genes of E. coli deviate significantly from the species preferred 

codon usage (Medigue at s/ .. 1991). The genes include bacteriophages and are 

proposed to be completely alien genes acquired through horizontal gene transfer. The 

criteria for defining horizontal gene transfer are still debated. 

The methods used to identify horizontally transferred genes include unique 

features of a subset of genes that differ significantly from other genes in the genome. 

Phylogenetic trees can be used to demonstrate the grouping of genes relative to the 

grouping of the taxonomic tree, but the methodology is limited. The availability of fully 
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sequenced genomes simplifies this process since it is verified that a gene is present or 

not in a broad range of taxa. This also presents the possibility of being misled due to 

only having extant genomes available. The record of where in evolution this transfer 

took place has been lost or if it even existed. The idea of concrete proof for horizontal 

gene transfer is not realistic unless it is identified as such shortly after the transfer 

accrued event and before the LTG is heavily mutated in the organism. Instead a 

probabilistic model, using multiple criteria such as GC content, unique gene features, 

ranking nearest homo logs, and phylogenetic trees have been developed. By viewing all 

of the evidence a study can support and maximize the probability that events have been 

identified correctly (Koonin et sl., 2001). 

Small phylogenetic tree with only 3 organisms 

It may be argued that the value of a small phylogenetic tree is limited. The 

smallest informational phylogenetic tree would consist of 3 organisms of interest, and an 

out group organism. Fewer than three organisms is relatively of no value as only 2 

organisms would not give any information as to which is more closely related based on 

the available phylogenetic data. The context of these organisms is also relevant, as any 

3 organisms may be selected, even including those from different domains. Such an 

example would still demonstrate which organisms are most closely related even though 

it may be trivial or easily supported by the mountain of other evidence available, ie 

mammals share certain features and are more closely related than reptiles. The 

exception to this would be a very rare polytomy circumstance, where multiple organisms 

branched at exactly the same point in evolution, nearly all cases should have two most 

closely related organisms of the three. It should also be noted that given only three 
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organisms there may be massive genetic and evolutionary gaps between these 

organisms. Many other organisms would likely fill in the branches of this small 

phylogenetic tree should they be added. The focus of this project does not use 

organisms with a broad evolutionary distance; instead the focus is on relatively closely 

related bacteria in the genus Xanthomonas. 

The relationships between Xanthomonas species and pathovars can be difficult 

to determine even with these comprehensive hybridization and fingerprinting 

techniques, though based on pathogenicity it is known they are unique. A method 

commonly used is 168 rONA comparison. Within Xanthomonas this sequence has a 

mean similarity value of 98.2%, using the most diverse species, yet lacks the mutation 

rate to resolve species relationships (Hauben et a/., 1997). Informative relationships 

among some species can be established based on 168-238 rONA intergenic spacer 

sequences, which have a higher diversity than 168 rONA (Goncalves and Rosato, 

2002). However, this method still relies on a single genomic region which can be 

misleading. The relationships can be misleading due to phylogenetic noise, one 

sequence may be randomly mutate faster than its equivalent in another organism, or 

may aquire sequences through horizontal gene transfer (Tamas et a/. 2002). More 

available high quality sequence can only improve these methodologies. 

This study sets out with multiple objectives: the identification of novel sequences 

to be used for phylogenetic comparison of closely related Xanthomonas species, the 

detection of a common or strong phylogenetic tree for Xanthomonas to compare with 

current taxonomic relationships, and the detection of genes that do not fit this taxonomy, 

and may be examples of horizontal gene transfer. These findings can then be applied to 
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a large bacterial dataset to evaluate whether they still provide the same meaningful 

information or are limited to the genus Xanthomonas only. This is the first time fully 

sequenced Xanthomonas genomes have been evaluated using these phylogenetic 

methods in this detail. 
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Methods 

Download and alignment: 

Predicted protein sequences were downloaded for four completely sequenced 

eubacterial genomes including X. axonopodis pv. citri (NC_003919), X. campestris pv. 

campestris (NC_003902), x. oryzae pv. oryzae (NC_006834), and Pseudomonas 

syringae pv. tomato (NC_004578) on January l h 2005 from NCBI 

(ftp :/lftp .ncbi.nlm.nih.gov/genomesJ. The BLASTP program (Altschul et al. , 1990) was 

used to identify orthologs for each of the 4,427 genes of X. axonopodis pv. citri to every 

gene in each of the fully sequenced genomes. The BLAST output data was filtered 

using an E-Value of 1 e-03 (relaxed stringency) for genes present in all 4 genomes. 

Genes with only one match above the threshold are considered a single copy. 

Availability of Phylogenetic Software: 

All the software can be accessed through the gateway website 

http ://evolution .genetics.washington .edu/phyl ip/software.html, which is Phylips primary 

site. The programs utilized and their availability are: Clustalw 

(ftp :/Iftp.ebi.ac.uk/pub/software/clustalw2), MrBayes 

(http://www.bergianska.se/indexforskningsoft.html). and Phylip 

(http://evolution .gs.washington.edu/phylip.html) which includes maximum likelihood and 

parsimony programs. The other software used was a series of simple scripts tying these 

programs together. 
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Comparison of Orthologous Groups: 

Each gene set comprising of four orthologs from each of the four genomes was 

aligned using Clustalw 1.8 (Thompson st at. 1994) and a PAM150 scoring matrix. The 

ends of the alignments were trimmed to create alignments with an identical number of 

positions with residues and no gaps on the end. Each alignment was used to make a 

phylogenetic tree with four different tree methods: neighbor joining distance, maximum 

parsimony, maximum likelihood, and bayesian. Clustalw was used for the neighbor 

jOining distance method. Phylip (Felsenstein 1993) was used for maximum parsimony 

and maximum likelihood methods with the Jones-Taylor-Thomton model of evolution 

(JTT) due to its design on a large amount of protein sequence data and commonly used 

for this type of analysis. The customization of each method for each gene set is 

impracticable due to the large size of this dataset, thus the model parameters were a 

fixed set of conditions for each method. Neighbor joining utilized a PAM150 scoring 

matrix, the same sequence order input, and default gap penalty. The maximum 

parsimony parameters searched for the single best tree, selected an out group each 

time, used the same input order of sequences, and universal genetic code with no 

special weighting. Maximum likelihood PROML in Phylip used a bootstrapping value of 

1000, search for best tree, and default input order to maintain consistency. MrBayes 

(Huelsenbeck and Ronquist 2001, Ronquist and Huelsenbeck, 2003) was used in the 

bayesian analysis with a mixed model of evolution with 10,000 generations and gamma 

rate of evolution. 

The genes identified with aU 4 methods in agreement should be cases where 

the phylogeny is trivial, meaning that the sequence data overwhelmingly points to a 

single tree type with no disagreements, possibly even obvious by eye or visual 
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inspection of the sequence alignment. These types of genes will best identify a list the 

most consistent genes for phylogenetics for this group of organisms. 

The gene list was· filtered further based on the sum of the branch distances of 

Xanthomonas genes that were generated using the neighbor joining method. Genes 

were removed if the sum of the braches were less than or equal to 0.035, in order to 

remove non-differentiated genes within the scope of this phylogeny. Genes showing 

poor homology using Clustalw alignment with a sum of branch distance greater than 0.6 

from the distance tree indicate very distantly related or non-orthologous genes were 

also removed. Both of these were a fixed value or threshold to determine if a gene set 

was to similar or divergent for the purposes of filtering. Parsimony was used to 

determine the thresholds where the majority of the gene sets could form a single most 

parsimonious tree which is also quite stringent. 

There are three likely trees given the data of three organisms and an out group. 

The three Xanthomonas tree data were sorted to determine the most often formed 

monophyletic group. The differences of the trees result from the two Xanthomonas 

which are most closely related (Figure 2.1). Each tree was compared amongst four 

different methods to detect points of congruence and divergence. This step of the 

process is referred to as the first iteration. 

Expanded iteration 2 

After identifying suitable genes that were robust for three Xanthomonas species, 

the dataset was expanded to 5 Xanthomonads and one strain of Pseudomonas 

syringae as an out group. These gene sets also met the criteria of being shared 

amongst the five Xanthomonas and Pseudomonas. The two additional Xanthomonas 
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included were X. campestris pv. vesicatoria (NC_007508) and another strain of X. 

campestris pv. campestris 8004 (NC_007086) downloaded in Feb 2006. A consensus 

tree was created using the of the individual trees of all gene sets with consistent trees 

from the first iteration and merging them with the consensus program in Phylip 

(CONSENSE). 

Expanded iteration 3 

The same process was applied to a group of 14 eubacteria: Bradyrhizobium 

japonicum(Bj)(out group) (NC_004463), Chromobacterium vio/aceum (Chv) 

(NC_005085), Escherichia coli 0157H7 (Ec) (NC_002655), Haemophilus influenzae 

(Hi) (NC_007146), Legionella pneumophila Phiiadelphia(Legp) (NC_006369), 

Pseudomonas aeruginosa (Pa) (NC_002516), Pseudomonas syringae (Ps) 

(NC_004578), Vibrio cho/erae (Vc) (NC_002505, NC_002506, both chromosomes), X. 

campestris pv. campestris 8004 (Xcc8) (NC_007086), x. campestris campestris (Xcc) 

(NC_003902), x. campestris vesicatoria (Xcv) (NC_007508), x. axonopodis pv. citri 

(Xac) (NC_003919), x. oryzae pv. oryzae KACC10331 (Xoo) (NC_006834), and Xylella 

fastidiosa (Xf) (NC_002488). Chosen to represent a diverse bacteriological set, the 

genes of these organisms were aligned using BLASTP with the list of genes where all of 

the four methods agree on tree 1 for the first iteration (Xanthomonas only) of the 

dataset. Phylogenetic trees were then generated with this larger eubacterial dataset, 

using the same methods as the first iteration. 
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Results 
Four genomes were screened for single copy orthologs among the three 

Xanthomonas species (campestris pv. campestris, axonopodis pv. citri, and oryzae pv. 

oryzae) and one Pseudomonas syringae pv. tomato species. The three Xanthomonas 

species and one Pseudomonas out group share 548 single copy genes at an E value of 

1e-03 or lower (as E values approach 0 they are more significant). Trees produced by 

each method were compared against each other (Table 2.1). The 548 genes were 

filtered based on branch distances (>= 0.035) calculated with Clustalw neighbor joining, 

which reduced the dataset to 437 genes in order to eliminate gene sets with lack of 

variation. 
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Table 2.1: Gene counts summed by trees and generation method 

Method of Tree Generation 
Before Maximum 
filtering Distance Parsimony Likelihood Bayesian 

Tree Count % Count % Count % Count % 
1 441 80.6 419 76.6 322 59 411 75 
2 93 17 128 23.4 126 23.1 75 13.7 
3 13 2.4 0 0 98 17.9 62 11.3 

Total 547 99.8 547 99.8 546 99.6 548 100 
After 
Filtering 

1 373 85.4 368 84.4 272 62.2 331 75.7 
2 52 11.9 68 15.6 94 21.5 64 14.6 
3 12 2.7 0 0 71 16.2 42 9.6 

Total 437 100 436 99.8 437 100 437 100 

The data are summed by trees and generation method with percentage of trees in the 

adjacent column. No two methods agreed for all genes. Column one corresponds to the 

trees from Figure 2.1. Each column corresponds to the tree creation method. The total 

of each method does not equal the total number of 548 genes (with exception of 

bayesian) due to formation of an alternative tree where Xanthomonas is paraphyletic. 

78 



Dominant Tree 

A phylogenetic tree was created using four different methods (distance, 

bayesian, parsimony, and maximum likelihood) for each set of four genes shared 

among these genomes. Wrthin the scope of this project, a tree is considered probable 

when at least three methods are in agreement (Table 2.2). Three hundred twenty seven 

genes of 437 genes met these criteria. The genes with four methods converging on a 

single tree totaled 241; tree 1 is overwhelmingly congruent with 237 genes. This 

suggests that X. axonopodis pv. citri is most closely related to X. oryzae pv. oryzae than 

X. campestris pv campestris and the majority of informative genes and methods 

support this topology. 
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Figure 2.1: Three monophyletic Xanthomonas trees 
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Three trees can be constructed with Xanthomonas as a monophyletic group. The out 

group is Pseudomonas syringae (Ps) . The trees differ on which two organisms are most 

closely related . The most closely related organisms according to tree 1 are X. 

axonopodis pv. citri (Xac) and X. oryzae pv. oryzae (Xoo) . The most closely related 

organisms according to tree 2 are Xac and X. campestris pv. campestris (Xcc). The 

most closely related organisms according to tree 3 are Xoo and Xcc. 
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Table 2.2: Agreement on topology by model 

Model Agreement 
Tree 2 aQree 1st 2 aQree 2nd 3 agree 4 aQree 

1 80 0 56 237 
2 17 43 28 4 

3 3 21 3 0 

Total 100 64 87 241 

The dataset is separated by method agreement on the three tree types. The "2 agree" 

columns correspond to when two methods agreeing on a tree. The other potential 

scenario is when two pairs of the four methods agree on different trees wh ich is capture 

by "2 agree 2nd" column. The 3 agree column is when 3 methods agree on a tree , and 

the 4 th and most significant is when all methods agree on a tree . This shows the 

distribution of method preference for each tree type, the more methods that agree on a 

certain tree, the stronger the case for that phylogeny for that set of genes. 

Filtered dataset 

High frequency key words contained in the gene annotation were identifi ed in the fi ltered 

dataset. Table 2.3 contains the keywords separated into method agreement and tree types. 

Ribosomal proteins had 5 genes converge on tree I and 3 genes converge on tree 2, with both 

having at least 3 methods in agreement. Four genes had ambiguous trees with 2 methods 

agreeing on two tree types. Hypothetical proteins were often were selected fo r tree I though the 

true function of these genes remai ns ullkl lown and thus uninformati ve. Flagellar proteins were 

also evenl y distri buted between tree I and tree 2. The most consistent gene group for a single 

tree were genes encoding tRNA processing proteins (synthases and transferases) with very strong 
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convergence on tree I. The single exception is a seryl-tRNA synthase gene (NP _641985) with 

the function of charging tRNAs for insertion of selenocystine. The bayesian method was in 

disagreement with a probability of 0.93 for tree I. All other methods supported tree 2 with a total 

of 0.138 branch distance for Xanthomonas, and a maximum likelihood confidence limit (P value) 

of 0.00596, while parsimony formed a single most parsimonious tree. The distribution of other 

tRNAs can be observed in table 2.3 
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Table 2.3: Annotation group and method agreement for each tree topology 

Tree 
Groups Tree Ribosomal Hypothetical tRNA Flagellar All 

4 agree 1 12 94 12 3 273 

2 1 1 0 0 5 

3 0 0 0 0 0 

3 agree 1 3 20 2 2 69 

2 14 8 1 4 57 

3 0 0 0 0 3 

2 agree 1 7 31 3 2 106 

2 7 7 0 2 32 

3 0 3 0 0 3 

TOTAL 44 164 18 13 548 

A text search based on key words found in annotations of the X. axonopodis pv. citri 

genome demonstrates methods agreement on trees 1, 2, or 3. The "Groups" column is 

the number of models that agree on a single tree. The "Tree" column is the tree on 

which the methods agree. The following columns are the key words found within the 

annotation. The "2 agree" rows are summed in cases where two pairs of methods agree 

on the different trees. Note that the total row at bottom does not equal column sum as 

genes may be counted twice in some instances under the 2 agree category. The tRNA 

genes most consistently form tree 1 relative to the other annotation groups. 
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Expanded Phylogenies 

The 437 genes that met the "single-copy· and minimum total branch length 

criteria in the previous analysis were used to create a phylogeny for a larger group of 

Xanthomonas species, including X. campestris pv. vesicatoria, and X. campestris pv. 

campestris 8004. The phylogeny represents relationships of these organisms based on 

entire genome protein sequences with one iteration of filtering that removed poor 

phylogenetic candidate genes (Figure 2.2). X. axonopodis pv. citri and X. axonopodis 

pv. vesicatoria (GenBank sequence name is X. campestris pv. vesicatoria) were most 

closely related with all methods; however, the number of genes in agreement for tree 

one varied, with the distance method providing the strongest support. 
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Figure 2.2: Consensus Tree for 229 Genes 

Consensus Tree for 229 Genes 

AI 
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Position DisIanaJ p- MaxU1<e -A 185 148.3 148 133 

• 225 215.9 21. 21. 

C 226 224.6 211 227 

A consensus tree for each method was created using the 229 gene sets that generated 

consistent trees [for the first iteration of the project] and were shared among the six 

organisms. The branch positions on the consensus tree (A, B, and C) represent the 

gene agreement and method on the table. Each method gave the same overall 

consensus tree with a variable number of genes in agreement for each position. The 

distance tree method is most supportive while Bayesian method is least supportive. The 

Parsimony support points are not integers due to a lack of a single most parsimonious 

tree with some gene sets. This tree represents genome wide agreement for 

Xanthomonas relationships. (note this is an unrooted tree). 
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The expanded organism list containing two additional Xanthomonas genomes 

were queried using BLASTP for homologous single copy genes starting with the 237 

genes that were convergent on tree 1 with all four tree methods. This list was filtered 

down to 133 gene sets with consistent gene sets for tree one from the 5 Xanthomonas 

genome list and compared 44 shared gene sets from the 14 organisms and 29 genes 

were found in common for both lists (See Table 2.4). These orthologous genes were 

used to create phylogenetic trees in order to identify genes with a mutation rate 

informative for closely related organisms. The best gene observed to create a 

consistent informative tree was tRNA Methyltransferase (NP _642324). The minimum 

length of shared trimmed sequence among the 14 eubacteria was 355 amino acids 

long. There was 94% identity between the least similar sequence within the 

Xanthomonas, and 48% identity to the out group Bradyrhizobium japonicum. The 

method agreement was also significant: parsimony detected a single most parsimonious 

tree, while the Bayesian method had a probability of 96% for tree 1 and a probability of 

93% for the 14 organism tree (Figure 2.3) 
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Figure 2.3: tRNA methyltransferase expanded 14 organism tree 
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tRNA methyltransferase expanded 14 organism tree. The gene tRNA methyltransferase 

was used with the maximum likelihood algorithm for the expanded process in iteration 3. 

Bradyrhizobium japonicum (BJ) is the intended outgroup. See methods iteration 3 for 

full organism names. All Xanthomonas cluster tightly together with the same order as 

the smaller iterations. 
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Table 2.4: List of 44 Xanthomonas genes shared by 14 organisms in iteration 3 

A list of genes sorted by Genbank 10 and reference number for project 2 of phylogenetic 

candidate genes. These genes were found with 4 tree agreement for the first iteration 

using Xanthomonas only. and remained conserved in the large 14 organism list. This list 

is a good starting point for phylogenetic candidates due to the pre-filtering for good 

phylogenetic signal and the likelihood to be resistant to horizontal gene transfer 

especially for Xanthomonas. 
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Discussion 

Dataset numbers and significance 

Any single gene selected randomly from the Xanthomonas genome would have a 

43% (237 filtered 4 agree 1 548 unfiltered total) probability of conforming to the dominant 

relationship of tree type 1 based on the raw data of this project. Due to the filtering 

methods used, there is an 80% (80/100) chance of the tree type one with 2 method 

agreement, 64% (56/87) chance with three method agreement and 98% (2371241) 

chance with 4 method agreement (Table 2.2). In the search for clear phylogenetic 

sequence signals in Xanthomonas the problem is complicated due to horizontal gene 

transfer and selection pressure. In order to minimize false relationships due to 

horizontal gene transfer (HGD only single copy genes, which are more resistant to HGT 

(Lerat et al., 2003), were used in this project. The dataset was further filtered by 

selecting a relaxed E value threshold of 1e-03 and removing genes based on branch 

distances generated by Clustalw neighbor joining. This eliminates genes that have 

diverged too much or too little to provide meaningful phylogenies, while at the same 

time removing genes t~at are non-differentiated and thus unable to create an 

informative relationship. Limited similarity due to quickly mutating proteins may create 

long branch distances which can lead to improperly structured trees similar to the 

"Felsenstein zone" (Felsenstein 1978) genes that are not truly homologous. There is 

always a chance that these genes are not similar and a homoplastic or false signal is 

observed. Poor similarity resulting in long branched trees observed in our dataset and 6 

genes for which the sums of Xanthomonas branch distances greater than 0.6 were 
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removed. In both cases high or low similarity, genes observed to have a 

disproportionate number of two or more parsimonious trees confirms that these trees 

are ambiguous and the gene sets should be removed from the dataset. 

Identification of close relationships between Xanthomonas species can be 

obtained by comparing the entire genomes of three fully sequenced Xanthomonas 

species and generating a phylogenetic tree for each homologous gene. If the three 

species diverged within a short period of time a polytomy would be expected. In the 

case of a polytomy or lack of resolution, the data would be evenly distributed among the 

3 tree types (Figure 2.1). Orthologous genes may mutate at similar rates and form 

uninformative trees. Alternatively, there may be a dominant relationship among all the 

homologous genes, such as is the case with these data (Table 2.3), which suggest that 

X. axonopodis pv. citrl is more closely related to X. oryzae pv. oryzae. It should be 

noted that there are likely species of Xanthomonas that separate these taxa, the 3 

available were simply fully sequenced. The comparison of these species relationships is 

purely in the context of only the species used in the analysis, there are likely genomes 

that branch in between the ones selected. This study is unique in that it uses 3 

Xanthomonas species that are somewhat related, though other genomes likely exist 

that are more closely related but are not fully sequenced. 

Annotation groups 

Genes with annotations in common such as tRNA, ribosomal, flagellar, and 

hypotheical were observed for the tree type they formed most often (Table 2.2). The 

genes involved in complex systems, such as ribosomal proteins, would be expected to 

form the dominant tree due to constant selection pressure across species. Ribosomal 
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proteins, which are highly conserved, were split among tree types 1 and 2, and thus 

appear to not be a good gene set for determining relationships between Xanthomonas 

species. The same is observed for flagellar proteins which were also distributed 

between tree types 1 and 2. Flagellar genes may be particularly vulnerable to horizontal 

gene transfer (HGn by providing motility in different environments and thus would be 

good candidates for HGT, but would not help determine the relationship of 

Xanthomonas species. Flagellar proteins are known to playa role in host defense and 

may be both selected for and against for survivability. The tRNA proteins, which consist 

of synthases and transferases, appear to be good candidates for selecting a single 

gene for determining species relationships. These will likely be the best sequence in 

which to compare closely related Xanthomonas for other researchers as they fit they 

contain the right amount of mutation and conservation for phylogenetic construction. 

Consistent trees were observed with tRNA proteins with only 1 exception out of 14 with 

3 methods in agreement. There are a total of 17 tRNA genes, of which only 3 genes 

have 2 methods in agreement; thus the relationships for these genes are uncertain. 

These genes with disagreement for the tree types tend to have a very high similarity 

and would explain the tree differences since there may not be enough data to 

distinguish the phylogeny. Strong agreement with 4 methods suggests that tRNA genes 

may be more resistant to HGT and some may evolve at a rate suitable to determine 

relationships for closely related Xanthomonas species. The complexity hypothesis first 

described by Jain at al., (1999) suggests that operational genes are more likely to be 

transferred than informational genes with many interactions. tRNA proteins are 

considered informational by this definition, in that they do interact with many the 

ribosomal machinery and may have unique relationships as some tRNAs are unique 
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such as tRNA methyeltransferase . Our data support the complexity hypothesis with the 

exception that ribosomal proteins do not make consistent trees. 

Tree Method Comparisons 

Of the four types of tree algorithms: bayesian, distance, maximum likelihood, and 

parsimony, a single algorithm may be misleading on this genome wide comparison. 

Using a single algorithm's tree selection alone would result in the selection for tree type 

1. Of the 548 genes in common among the 3 Xanthomonas and 1 Pseudomonas, each 

method identified genes numbering 441 bayesian, 441 distance, 332 maximum 

likelihood, and 419 parsimony (Figure 2.1). A filtering criterion for each method was 

used for each algorithm type. Bayesian provides the probability of the tree based on the 

data and thus the strength of the data supporting that particular tree, if the probability is 

very low, such as under 33% the gene set would be removed. Distance provides a 

percentage match which helps eliminate both weak or exact similarity, if the percent 

similarity was over 97% the gene set was removed. Maximum likelihood provides 

confidence limits for this particular type of data another measure of strength of the tree. 

Parsimony while one of the simplest models and therefore a strong and popular one 

provides a number of most parsimonious trees. In this study of closely related 

organisms, if there is a single tree found repeatedly genome wide, it is likely more 

supportive for that relationship. If there are more trees, the relationship is not as clear 

and the gene set was removed from the data. 

Each algorithm method provided a way to eliminate genes and refine the overall 

process and many times would agree such as with maximum likelihood and bayesian 
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probabilities. Genes at both ends of the similarity spectrum had similar variations from 

tree type 1. It was very clear after the first scan through the data that tree 1 was the tree 

of choice by all methods used by simple sorting of counts. The variation from tree 1 

needed to be examined closer to determine when that variation is real, or when it is a 

false signal due to very high or very low similarity. It was observed that genes in the 

relatively ideal similarity region at -50% to 95% should provide a good phylogenetic 

signal. After the filtering if a gene was in this region and varied from tree type 1 it 

warranted a closer investigation as it may be a case of horizontal gene transfer. 

Horizontal Gene Transfer 

Genes with phylogenetic relationships different than depicted by tree 1 may 

represent horizontal gene transfer. These short lists of genes were evaluated for their 

biological Significance as gene transfer candidates. The gene seryl-tRNA synthase had 

3 methods in agreement for tree type 2 and is one of the 28 genes in figure 2.2. This 

specialized synthase is not as fundamental in the biochemistry as other common tRNAs 

and thus may have been transferred to a different Xanthomonas species. A tree type 2 

suggests that a gene was transferred from X. axonopodis pv. citrito X. campestris pv. 

campestris assuming the overall genomic relationship is tree type 1 (Figure 2.1). These 

alternative phylogenies are expected to be cases of HGT as discussed in Koonin et. al 

(2001). However, gene transfers may involve organisms not examined here such as 

intermediary organisms. This scenario does not require direct contact between the 

organisms used in this study. Even on a small evolutionary scale, the three species of 

Xanthomonas represent a small number out of other potentially unknown Xanthomonas 
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that would further divide these phylogenies. An instance of horizontal gene transfer may 

have occurred in one of the more basal taxa. 

A protein-export protein was also observed with 3 methods in agreement for tree 

type 2. This gene has homology through BLAST as a putative secretory protein. In 

Xanthomonas, proteins are exported through a type II secretory system which may 

enable them to expand their host range (Sluys et a/., 2002). This class of gene is a good 

candidate for HGT due to its possible host specificity enhancement function. 

A 3-methyladenine DNA glycosylase was one of the four genes with four model 

convergence on tree type 2 (Table 2.2). This gene is one of six classes of glycosylase 

base excision repair (BER) systems and has a wide range of substrates. The BER gene 

has the ability to prevent the death of 3-MeA DNA glycosylase deficient E. coli from 

alkylating agents such as methylmethane sulfate (MMS) (Wyatt et a/., 1999). 

Xanthomonas may also benefit from these specialized repair proteins through HGT. 

A phage related tail protein has 3 methods in agreement for tree type 3. Phage 

proteins are found 33 times within the X. axonopodis pv. citri genome and are known 

mechanisms of HGT in eubacteria (Karaolis et a/., 1999). The appearance of this gene 

in the dataset with its tree type 3 structure demonstrates the usefulness of this method. 

This tree relationship in the context of HGT may suggest that the gene was transferred 

from X. campestris pv. campestris to X. oryzae pv. oryzae, assuming that X. 

axonopodis pv. citri and X. oryzae pv. oryzae are most closely related. Other genes 

with similar method agreement may also be cases of HGT. Additional closely related 

organisms are needed to expand the relationships and track the Origin of these 

transferred genes. 
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Method agreement significance 

While it is common to create phylogenetic trees with only one of each of the 4 

methods utilized in this project: bayesian, neighbor joining, parsimony and maximum 

likelihood; multiple methods are needed in order to create overwhelming support for a 

specific tree relationship. If only a single method were employed, the relationships may 

be misleading because no two methods agree completely. Every method, with the 

exception of parsimony, suggested that there were many type 3 trees (Figure 2.1). Only 

3 genes had a consensus of 3 method agreement for tree 3. Maximum likelihood 

appeared to perform the worst out of the four methods with the most dissimilar tree type 

distribution. Altemative parameters and evolutionary models may improve the results 

but each tree would likely need to be tailored to be optimal, which is not possible in a 

large scale project such as this. Cases where the methods agree on a tree other than 

the dominant tree are also informative. These are points of interest that are likely to be 

cases of altemative selection pressures, homoplastic genes, related ancestral states, or 

possibly horizontal gene transfer. 

Expanded organism phylogeny 

The information gained from the Xanthomonas genomes was subsequently 

applied to a larger eubacterial genome set of 14 organisms. The 237 X. axonopodis pv. 

citri genes with agreement between 4 methods for tree 1 were used to BLAST 14 

eubacterial genomes. In order to identify a robust gene that works for Xanthomonas and 

the larger dataset, these 14 genome gene sets were used to create trees with all 4 

methods using Bradyrhizobium japonicum as the out group. Out of 44 single copy 

orthologous gene sets (See Table 2.4), one gene seemed to be an ideal candidate for 
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phylogenetic studies on these closely related Xanthomonas species. This gene (tRNA 

methyltransferase) has a mutation rate high enough to provide unique sites that clearly 

define a relationship with all 4 models from a small 3 genome set to a larger one with 14 

organisms (Figure 2.3). This gene is important for the stabilization of tRNAs (Ashraf et 

al., 1999) and is considered essential, so it was included as one of the 206 genes for a 

minimal bacterial gene set (Gil et a/., 2004). It is also a tRNA which was observed 

earlier in the annotation analysis to consistently make tree 1 relationships. This 

suggests it may be more resistant to HGT. 

The phylogeny generated for all five fully sequenced Xanthomonas demonstrates 

significant evidence to support these relationships (Figure 2.2). This project has shown 

that a single gene or sets of genes may lead to false phylogenetic relationships. The 

debate on Xanthomonas taxonomy has been controversial (Vauterin et al., 1995). This 

study supports the proposal that X. campestris pv. vesicatoria should be renamed X. 

axonopodis pv. vesicatoria. This X. axonopodis group is separated by X. oryzae from X. 

campestris in our consensus phylogeny. Due to these similarities, pathovars vesicatoria 

and citri should share the same species level name as observed in the current 

taxonomic literature and not the improperly named databases. 

Conclusion 
Through this method of comparative genomic analysis and building simple trees 

on single copy genes shared within these organisms, a clear phylogenetic relationship 

was observed within Xanthomonas species. Out of 548 genes shared among 3 

Xanthomonas species (X. campestris pv. campestris, X. axonopodis pv. citri, X. oryzae 

pv. oryzae) and 1 Pseudomonas syringae pv. tomatoe, 237 gene sets created identical 
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trees with 4 different tree models. If a single method were used, the size of the gene list 

for alternative trees, such as type 2 or 3, would be inflated. Among the gene sets some 

groups of genes converged on tree 1 more often than others. The strong relationship of 

X. axonopodis pv. citri and X. campestris pv. vesicatoria (currently X. axonopodis pv. 

vesicatoria) based on trees generated using the entire genomes supports the current 

standard that they should share the same species name ofaxonopodis. The tRNA 

genes were very consistent for tree 1, which suggests they have higher resistance to 

HGT and evolve at a functionally informative rate for closely related Xanthomonas 

species. The most promising gene identified from this dataset was a tRNA 

methyltransferase that will enable the relationships of closely related species to 

potentially be identified with a robust and high resolution phylogenetic gene. A larger 

study utilizing more fully sequenced genomes should identify to what degree the mutli

method phylogenetic screening for tRNA methyltransferase gene will work, or if it is 

limited only to the Xanthomonas species. 
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Thesis Conclusion 

While the theme of this thesis is "Gene Flow" there are many applications that 

result from this research. The bioinformatic aspects project results in the generation of 

lists of genes. These lists include surrounding clustered pathway members with similar 

profiles, which may include unknown pathway members or proteins evolutionarily 

related (based on inheritance and not homology). Profiling also resulted in a candidate 

gene from horizontal gene transfer across a domain. For the Xanthomonas comparison, 

the list includes genes that are more resistant or susceptible to lateral gene transfer, 

which may be useful for phylogenetic comparisons or barcoding applications. 

The answer to the hypothesis proposed in each section: 

1: Pathways evolve as a group as demonstrated with phylogenetic 
profiling. 

This is true but on a limited selection of pathways. The study observed this to frt 

very well for amino acid biosynthesis pathways such as tryptophan, isoprenoid, and to a 

limited extent heme and chlorophyll biosynthesis. A single alignment threshold (E value) 

could not be identified for profiling as each pathway may represent a different 

evolutionary window. Phylogenetic profiling does work to the extent of finding new 

pathway members with similar profiles, as well as detection of lateral gene transfer 

among the species examined. This method may improve as more data is added and 

new techniques develop to analyze them. While currently somewhat useful the lists 

generated may be valuable to scientists for their particular pathway. Such pathways 

ideally would contain many members, with limited branch points, and a wide range of 
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organisms with a functional pathway. With these conditions the application of this 

method is most promising. 

2: There is a dominant phylogenetic tree which can identify consistent 
relationships between closely related species in the genus Xanthomonas. 

With the initial intent to determine the phylogenetic differences of closely related 

Xanthomonas species, a new approach was developed. Instead of focusing on the 

existing phylogenetic sequences commonly used such as 165 rDNA, the entire 

genomes of closely related Xanthomonas were compared and scanned for good 

phylogenetic sequence. This technique had never been applied to the very closely , . 

related genus Xanthomonas. A single tree far more common than others emerged for 

three species of Xanthomonas, also known as the dominant tree in this study. From this 

research two major lists are obtained. Those that are robust genes that have a clear 

signal for this dominant tree and are more likely to be resistant to lateral gene transfer, 

and genes that vary from this dominant tree. LTG resistant genes are ideal candidates 

for phylogenetic studies if an alternative sequence is required or potentially for bacterial 

barcoding. The genes that vary in tree type with clear phylogenetic signals may be 

interesting studies for lateral gene transfer. This project found excellent examples of 

both types that corroborate with the literature, such as a specialized methyltransferase 

tRNA protein that appears resistant, and phage proteins which are known to be easily 

transferred. 
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3: Lateral gene transfer occurred from a plant to bacteria and possibly 
confers a selective advantage for the infection of host plants. 

This hypothesis is not fully answered as no infection studies have been carried 

out using L TG1. Based on the bioinformatic data of GC content, sequence similarity, 

conserved domains and effector tag sequence, all support this hypothesis. The 

presence of this gene in the more destructive strains of Xanthomonas such as X. 

axonpodis pv citri A also suggest its importance for host infection. The complete gene 

sequence while in a cloned piece of DNA appears to be lethal in E. coli, thus the 

insertion clone for L TG1 is very difficult to work with. This is likely due to the nature of 

this gene and its role in infection. If it were a type of protease for example, which does 

make sense for infection, cloning outside the original organism may be near impossible. 

A method is developed to break the gene into pieces and splice it back together within 

Xanthomonas. Hopefully this method will have more success, and allow the full array of 

infection experiments to take place and fully answer this hypothesis. 

Gene flow has been examined on a broad selection of genes inherited as groups 

among the range of kingdoms to species. The genus Xanthomonas was analyzed for 

gene stability and flow and experiments involving the detection and cloning of the gene 

among the range of Xanthomonas. The final steps include the testing of these clones 

and infection assays will be carried out by someone else. Each of these levels of 

analysis provided novel knowledge on existing data, while enabling other researchers to 

focus their resources on the novel leads from the resulting lists of each project. 
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Appendix 

Evaluating functionality of a putative horizontally 
transferred gene in Xanthomonas axonopodis pv. citri 

Introduction 

This Appendix will focus on a horizontally transferred gene detected in the first chapter. 

This gene will be compared with the results generated from the second chapter and may have a 

phenotype that plays a role in host specificity based on bioinformatic analysis. The proposed 

experiments are intended to identifY which Xanthomonas strains contain this gene and evaluate 

its role in host specificity. This will be tested with the creation of knock out mutants and 

insertion of the gene in a Xanthomonas strain that lacks the gene. The mutants will be 

characterized with quantitative infection assays on multiple host plants. If successful, this will be 

one of the few demonstrated cases of horizontal gene transfer which conveys function and is 

beneficial to the pathogenic organism. 

GC Content Difference 

Studies of pathogenicity islands found that regions typically have a GC content 

lower than the average genome (Hacker at a/., 1997). This is thought to be due to the 

horizontally transferred genes and the lack of enough time to evolve to a similar codon 

preference of its own genome. Typically significant codon differences suggest a recent 

horizontal transfer (Garcia-Vallve at a/., 2000; Medigue at a/., 1991). While this is one 
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piece of evidence for or against horizontal gene transfer, some studies rely almost 

entirely on this type of data (Garcia-Vallve et a/., 2003). While useful for detection, GC 

difference alone is not enough evidence to demonstrate horizontal gene transfer. 

Cross Kingdom Transfer 

Many cases of horizontal gene transfer from eukaryotes to bacteria have been 

documented. These instances rarely have a clear selective advantage for a prokaryotic 

cell based on sequence analysis (Koonin et a/., 2001). A good example of cross 

Kingdom functional transfer is the chloroplast-type ATP/AOP translocase of plants 

which is detected in Chlamydia, Rickettsia and the plant pathogen Xylella fastidiosa 

(Winkler and Neuhous 1999). The selective advantage for the intracellular parasites 

Chlamydia and Rickettsia is that it allows them to procure ATP from the host, enabling 

them to act as an "energy parasite". An example of a gene shared between nearly all 

eukaryotes and a single bacterium, D. radiodurans, was identified using the completed 

genome. This gene, topoisomerase IB, was shown to contribute to ultraviolet light 

resistance in the bacterium even though the repair mechanisms for eukaryotes and 

bacteria are drastically different (Makarova et a/., 2000). 

Xanthomonas Background 

While 168 rONA can identify some species relationships, others are difficult to 

determine phylogenetically due to very high sequence 8imilarity (Hauben et a/., 1997). 

Informative relationships of some species can be established based on 168-238 rONA 

intergenic spacer sequences, which have a higher diversity than 168 rONA (Goncalves 
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and Rosato, 2002). Relationships have been determined using large scale genomic 

comparisons of eubacteria (Lerat at a/., 2003), though results were limited for 

Xanthomonas genes due to the large dataset. Recently a genomic comparison to 

determine the relationships of closely related species was completed, grouping X. 

axonopodis pv. citri and X. campestris pv. vesicatoria as the most closely related, 

relative to X. oryzae pv. oryzaa and X. campestris pv. campestris (Ewing and Presting 

unpublished, Project 2). 

Type III Secretion Pathway 

The type III secretion (T3S) system is a highly specialized piece of biochemical 

machinery. It is encoded by hYpersensitivity response and Qathogenicity genes (hrp) 

(Comelis and Van Gijsegem, 2000). The system is found in both plant and animal 

pathogens and requires contact with a eukaryotic cell to function. There is literally an 

injection of pathogenicity effector proteins into the cells using this system (Silhavy, 

1997). T3S is unselective of the effector proteins it injects, and injects any available 

effectors including those from animal pathogens (Anderson et a/., 1999; Rossier et a/ .. 

1999). 

While there are many potential avr genes that have the effector sequence most 

are not needed for virulence. A likely scenario is that Xanthomonas carries many 

effector avr proteins which vary by species with X. axonopodis pv. citri containing five 

known avr genes and four putative. Other variables such as composition of a 

lipopolysaccharide (LPS) also affect pathogenicity. This is a barrier common to gram 

negative bacteria that protect against toxic plant defense compounds. This barrier has 
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been shown to be essential for X. campestris pv. citrume/o (leaf spot on citrus) 

(Kingsley et a/., 1993). There are likely to be many other currently unknown factors that 

also influence host range. 

Effector Tag Sequence 

The terminal tag that identifies an effector sequence in pathogenic bacteria 

follows certain rules. These rules are 1) greater than 10% serine or proline within the 

first 50 amino acids, 2) presence of aliphatic amino acids or proline at positions 3 and 4. 

and 3) an absence of negatively charged amino acids within the 12 residues. (Guttman 

et a/., 2002; Lloyd et ai., 2002) This terminal effector sequence effectively targets the 

protein for trafficking outside of the cell via the type III secretions system. Other 

methods for detection of effectors use an mRNA signal in Yersinia Yop proteins 

(Anderson and Schneewind, 1997; Sorg et a/., 2005). 

Three mechanisms have been proposed on how the type III secretion pathway 

recognizes effectors some of which may be damaging to the pathogen. These methods 

are the N-terminal signal sequence as earlier described (Mudgett et ai., 2000). There 

are instances where effectors that don't match this rule exactly are still exported and are 

proposed to be moved by alternative mechanisms (Aldridge and Hughes, 2001). A 

second mechanism involves molecular chaperones that bind effector proteins 

transiently, prevent incorrect folding and present the effector to the T3S for secretion 

(Wattiau et ai., 1994; Wattiau et a/., 1996). The third mechanism suggests that there is a 

secretion signal in the messenger RNA rather than the protein sequence (Anderson and 

Schneewind, 1997). 
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Knockout of Pathogenicity Genes 

The importance of type III effector sequences can be observed by mutation or 

removal of the hypersensitive response and pathogenicity (hrp) genes from a pathogen 

(Daniels et al. 1988; Kamoun and Kado 1990). The lack of a hypersensitive response 

and pathogenicity indicate that effector proteins are essential for host infection. The 

sequential removal of the known effector proteins is a common step to identifying which 

genes are responsible for hr and pathogenicity. In one study, type III effector proteins 

were shown to have an additive effect of pathogenicity with X. campestris pv. amoraciae 

(Kay et al., 2005). In addition all eight known avrgenes of X. campestris pv. campestris 

were mutated and shown to have no effect on pathogenicity, although there was one 

race specificity change (Castaneda et al., 2005). While these types of studies have 

been carried out on many Xanthomonas pathovars, currently there is an absence of a 

similar study of all avr genes for X. axonopodis pv. citri. 

A genomic comparison of X. campestris pv. campestris ATC 3913 strain and X. 

axonopodis pv. citri 306 strain yielded many differences of genes that may playa role in 

the differing host specificities (da Silva et a., 2002). The focus was on genes with 

functional aSSignments such as ABC (ATP-binding cassette) transporters, which are 

responsible for the active uptake of various substances such as oligopeptides. Site 

directed mutagenesis of these proteins was attempted while working out the 

methodology for manipulation of X. axonopodis pv. citri (Oshiro et a/. 2006). The 

methods specialized for X. axonopodis pv. citri include a successful high yield 

electroporation protocol and mutation with a knock out vector set. 
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Instructions for Greedy Outlier Removal Program. 

The names of the files are currently hard coded so need to be changed manually. (the files were 
ran repeatedly with tweaks to the program. The program was originally written and compiled on 
a Linux Fedora 4.0 system. 

Only two files need to be changed: 

The cleaned tree input file which is the clustering output file from Cluster 3.0 
Line 23 of import _ data.cpp 
Current name: scores_of_cut_evaluesJor_clustering_ls_removed_fixed.gtr 

The formatted pathway list file (pathway gene names with spaces in separating pathway) 
Line 32 of stats.cpp 
Currentname:oxp GENEX evalue cut fixed. txt - - --

After these files are adjusted simply run the makefile. 
And execute BinarLtree.out with both input files in the same directory. 

The output is the same list of pathway genes, but with each one removed from the tree, with the 
tree branch information separating them in each case. It is quite easy to look through by eye as it 
a list with elements iteratively removed. 

Simply pipe the output: 
.lBinarLtree.out I outfile.txt 
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Figure 3.1: Xanthomonas region comparison 

A 
Xanth o m o n as axonopodis pv citri 
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Xanthomonas carnpestris pv campestris 

Blast alignment of the regions: 
XCC Query, XCI Homolog. 

:.: I.. :;? 
10097 

110466 

Inserted region is at large gap in middle. Large arrow I genes have E values of o. 

Conserved Motif 
A pfam motif DUF239 was found with in L TG1 . This motif is found in 32 

Arabidopsis thaliana proteins some of which are annotated as putative peptidases. It is 
unexpected that a Xanthomonas gene would contain a plant or Arabidopsis specific 
motif. The top line corresponds to the L TG1 motif. 
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Figure 3.2: Alignment of DUF239 to 28 known plant homologs 
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The motif region has also been sequenced from genomic Xanthomonas peR 
amplicons and there are no identifiable mutations to sort the organisms by 
pathovar or pathotype. The sequenced regions are identical. 
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Table 3.1: Presence of insert sequenced and corresponding match to known 
L TG1 sequence 

Organism Sequenced Match NOIe 

Xl no band 

X2 X yes 

X3 X ye, 

X. 

XS 

X. X yes 

X7 

X8 X yes 

Xg X ye, 

X,O 

X11 X yes, to camp 

X' 2 X yes, Cr1ri C Homology to upstream gene of l TG. susb 

X13 X ye, 

X14 X yes 

X,S 

x,. 

GC content of L TG1 

A B 

GC Content 

For LTG1 : 
2946:4289 

70.8% GC at third base 

Gene: 59 .91 % 

A : 
536:2500 
Gene: 60.76% 

A: 271 C: 423 G 405 T: 245 

77.1 % GC at third base 
A: 389 C: 620 G: 608 T: 348 
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B: 79.1 % GC atthird base 
5845:4340 A: 227 C:489: G: 529 T: 261 
Gene: 65.76% 

c: 78.8% GC at third base 
6762:5845 A: 135 C: 311 G: 328 T:144 
Gene: 67.69% 

0: 
10377:7690 
Gene: 64.18% 

83.3% GC at third Base 
A: 484 C: 881 G: 890 T:427 

The average GC content of the x. axonopodis pv. citri (NC_003919) is 64% while X. 

campestris pv. campestris (NC_003902) is 65% (NCBI) and Arabidopsis is 44% 

(Arabidopsis Genome Initiative, 2000) through coding regions. The third base GC 

content of L TG1 is 10% lower than the surrounding regions. L TG1 has a total GC 

content through coding regions of 59.91 % which is 4% lower than the overall genome. 

This evidence indicates that L TG1 may have evolved from a plant GC content to 

bacteria, but this evolution is not yet complete. 

III 



Table 3.2: List of 16 Xanthomonads 

Species Strain 
x1 X axonopodis pv. citri A* 
x2 X axonopodis pv. cilri A* 
x3 X axonopodis pv. cirri Wellington 
x4 X axonopodis pv. cirri Well ington 
x5 X axonopodis pv. cilrumelo Ci trus Bacterial Spot 
x10 X axonopodis pv. cilrumelo Ci trus Bacterial Spot 
x9 X axonojJodis pv. cilri A. Manatee 
x8 X axonopodis pv. cilri A. Manatee 
x7 X axonopodis pv. cirri A. Miami 
x6 X axonopodis pv. citri A. Miam i 
x16 X campesrris pv. manihotis 
x15 X Campe!;lris pv. pe/agori 
x14 X axonopodis pv. cilri A 

x13 X axonopodis pv. cilri B 

x12 X axonopodis pv. cilri C 
x11 X. campeslris pv. campe.slris 

Figure 3.3: peR using Genomic DNA. 

Flanking peR 2.4kb Internal peR 1 kb 

1 ~ 3 4 'i Il 8 '9 10 11 12 IJ 1.1 IS 16 :! .1 -I 5 6 7 8 9 10 II 1:2 IJ 1·\ IS 16 - ......... --.- --
.. 

NEB 2-Log ladder on both ends of gels 
x11, x12, and x16 have small bands indicating no insertion between flanking primers. 
(x15 needs to be sequenced) 
x11, x12, x15, and x16 have no band with internal primers indicating there is no gene. 

112 



Figure 3.4: Genomic Southern blot of Xanthomonas isolates 

I 2 J 4 5 6 7 8 9 10 II 121314 1516 P 

.. 

Blot is identical to results from internal PCR. Probe labeled in far right lane. 

Figure 3.5: Verification of Southern blot for integrity of Genomic DNA re-probed 16s 
rONA 

All genomic DNA hybridized, even x1 which never generated an amplicon with PCR. 
Based on the banding pattern , it may be a non-Xanthomonas as a result of 
contamination . 16S rONA probe is labeled in far right lane. Bottom two bands 
correspond to new rONA probe. 

Effector Sequence Identification 

11 3 



L TG1 hypothetical protein meets all effector rules exceptionally well. L TG1 is predicted 
to have a signal sequence with the first 33 amino acids by targetP. This signal 
sequence has greater than 10% serine (4) or proline (5) within the first 50 amino acids 
(18%). It contains an aliphatic amino acid or proline at position 3 or 4 (proline at 
positions 2 and 3) and leucine at position 4. There is an absence of negatively charged 
amino acids within the first 12 amino acids. All of these features, or lack of them, imply 
that this protein is a type III effector that is secreted through a type III secretion system 
Outline of Experiments 

1. Complete PCR screens 
a. Internal primers near protein motif (DUF239) 

2. Verify organisms with rONA primers Screen additional strains for gene presence 
as made available. 

a. Initial 16 organisms from Alvarez collection (Figure 3.3) 
b. Southern blot of 16 organisms (Figures 3.4 and 3.5) 
c. Expand list to Xanthomonas 96 well plate via Kevin. (complete) 

3. Sequence all PCR Amplicons 
a. Internal and flanking 

4. Phylogenetic Analysis of sequence data 
a. Determine origin of gene 

i. Low mutation rate, not enough diversity in sequence 
b. Track mutation across strain geographical regions 

i. not possible I no correlation 
c. Correlate strain, infection, and validated (sequenced) gene presence 

i. A and B strains have it, XCI and XCC doesn't (see table 3.3) 
5. Create insert and knockout plasmid for Xanthomonas strains (See cloning 

experiment section) 
a. Knock out gene from XCI- A 

i. Use plasmid for knockout 
1. Marker interruption, pAC3 

a. Clone PCR fragment into PCR script plasmid 
b. Reclone into pAC3 (completed) 
c. Transform into XCI-A 

2. splice PCR pUFR suicide plasmid 
a. Clone PCR Fragment into PCR script plasmid 
b. Reclone into pUFR080 for knockout. (completed) 
c. Transform into XCI-A 

b. Insert gene into XC/-C strain 
i. pUFR080 removal clone 

1. splice overall pcr fragment of L&R extended 
2. Clone PCR fragment into PCR script plasmid 
3. Reclone into pUFR080 
4. Transform XCI-C 

ii. pUFR080 suicide plasmid 
1. internal fragment (reduced) 
2. Clone PCR Fragment into PCR script plasmid 
3. Re-clone into pUFR080 for knockout 
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4. Transform XCI-C 

6. Infection studies with transformed bacteria 
a. Identify plants with successful infection (detached leaf assay) (See 

Infection Studies section) 
i. Lost or reduced infection due to gene knockout (A strain) 
ii. New infection due to gene insert (C strain) 

b. Screen variety of plants (match with phylogenetic results) 

Major Experimental Protocols: 
• PCR of Xanthomonas genomic DNA 
• Electrophoresis 

-Southern blots 
-Agaros gels 

• Cloning of PCR fragments, suicide vectors 
• Knockout I insertion experiments, 

- Validate expression, RT-PCR, northern blots 
• Infection experiments (Detached leaf assay) 

Cloning Experiments 

Implement methods similar to Castaneda at at. 2005. (Gabriel lab XCC avr analysis) 
Use improved electroprotation method as described in Oshiro at at., 2006. 

Objective 1: Create suicide vector to knock out L TG1 

PCR amplify L TG1 with flanking primers. 
Clone PCR product into PCR script cloning plasmid. 
Cut insert from PCR script using restriction sites 
Clone restriction fragment to pAC3 plasmid from PCR script, with kanamycin resistance. 
Verify new plasmid construct with PCR primers of flanking regions on plasmid 

Two different plasm ids are available utilizing different mechanisms for insertion. pAC3 is 
a single cross over marker interruption while pUFR080 uses a double cross over and 
clean removal of the region. 
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Figure 3.6: Knockout plasmid pAC3 
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116 



Figure 3.7: Deletion su icide plasmid pUFR080 
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Purified Plasm ids: 
Note that pAC3 is a low copy # plasmid hence its weak band. 

pAC3 
pUFR080 Interrupt Fragment 

Spl iced gene 

Both inserts have 
been sequenced 
with 100% identity 
to XAC pathotype A 

Objective 2: Create suicide vector to insert L TG1 and promoter region 

PCR amplify flanking area of promoter + L TG1 including part of homology with XCI-C 
region (large fragment -2.4k) . 
Clone PCR product into PCR script cloning plasmid. 
Cut insert from PCR script using restriction sites 
Clone restriction fragment to pAC3 and pUFR080 plasmid from PCR script, with 
kanamycin resistance. 
Verify new plasmid construct with PCR primers of flanking regions on plasmid 

The insertion clone consisting of a 2.4kb fragment including the promoter region has 
been a challenge to clone . I have attempted 8 transformations and screenings of this 
clone with no success using methods similar to the knockout fragments , as well as 
altering variables such as antibiotic concentration , media selection, and temperature, all 
of which continued to be unsuccessful. I am next going to try to clone directly into pAC3 
vector which is a low copy. I suspect this fragment to be harmful or lethal to E. coli and 
a low copy number plasmid such as pAC3 may prevent this problem (though cloning 
may be more difficult). 
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Figure 3.8: Insertion plasmid pAC3 
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Figure 3.9: Insertion suicide plasmid pUFR080 
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1. Initial single crossover at homologous region. 
2. Selection of single crossover event via antibiotic resistance. 
3. Second cross over even and removal of gene region. 
4. Select for second crossover event via lethal SacB gene 

*No splice overlap, homology to end genes. 

Verify insertion, deletion, or Interruption with peR and sequencing of genomic 
region and Southern blot 

Materials needed for cloning experiment (all now available): 

Cloning E. coli strain: XL 1 Blue 
Cloning vector. PCR script 
Suicide Vector. pAC3, pUFR080 (from Dean Gabriel lab) 
Plasmid purification kit 

Infection Studies 

Protocol: Detached leaf assay (Vemiere, st al. 1998 Alvarez co-author) 

Immature fully expanded 'Mexican' lime leaves were sterilized by soaking for 2 min in 
1 % sodium hypochlorite followed by rinsing in sterile distilled water. Leaves were placed 
on the surface of 1 % water agar with their abaxial surface facing upwards. Ten wounds 
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were made per leaf with a needle and droplets (10ul) of bacterial suspensions 
containing approximately 106 CFU ml-1 were placed on each would. Leaves were 
incubated in a growth chamber at 28 degrees C with a photoperiod of 12 h light and 12 
dark for 3 weeks. Lesions were then examined for phenotypes. 

Note: The infection assay does not require sterile tissue culture leaves. It can be done 
using hypochlorite on immature fully expanded leaves from a normal plant. These 
leaves should be easily attainable for Lemon and Grapefruit in Hawaii, the Lime leaves 
will most likely need to be from tissue culture. 

Results: 
Obtained successful infection with X. 8xonopodis pv citri A on Sterile lime leaves. Use 
on outdoor plant leaf experiment did not infect. 

Correlation of L TG1 and Pathogenicity 
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Table 3.3.: L TG1 presence vs host range 

Contains Broad 
Xanthomonas LTG 1 Range Lemon Lime 

XAC-A + + + + 

XAC-A* + + + + 

XAC-Aw + + + + 

XAC-B + + + 

XAC-C + 
Xc. pv + 
vesicatoria 

Xc. pv 
campestris 

Objective 1: Validation of infection Assay with XCI on Mexican lime. 
(wildtype. non-infectious strains) 

Strain A, A*, B, C, and Xanthomonas campestris pv. campestris on Mexican lime 
leaves. 

Results: Initially did not achieve successful infection. Modifications to the protocol 
include: 

1. Improved humidity regulation (plastic enclosure) 
2. Improved sterilization protocol as well as limited use of tissue culture leaves 
3. Alternative infection methods, lesion spray, spray, and pressure infiltration as 

well as injection. 

Objective 2: Demonstration of causality of phenotype difference of knockout 
LTG1. 

Strain A: ASiatiC, knockout L TG1. Expect loss of infection or efficiency. 
Strain A*: Limited pathogenicity in Grapefruit but very infectious in Mexican lime, 
knockout expect no pathogenicity change (Verniere et a/., 1998). 
Strain B: Infects lemons and limes and sour orange, knockout only infects Mexican lime. 
Strain AW

: New strain from Florida, restricted range of citrus hosts, but includes Mexican 
lime and Grapefruit but different pathogenicity (Sun et aI., 2004). 

Objective 3: Demonstration of causality of phenotype difference for insert of 
LTG1. 
Strain C: Infects only Mexican lime. After insertion of L TG1 does it become like B or A? 
Does the A or B strain knockouts after reinsertion look like strain C? 
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While strains A* and AW both have the LTG1 gene, they also have a more restricted 
pathogenicity phenotype this is expected to be even more limited or non-existent in 
mutants. 

Table 3.4: Infection Experiments 

Xanlhomonas 

• X. a. pv citri A 

• X. a. pv citri B 

• X. a. pv citri C 

x. a. pv citri A 

x. a. pv citri B 

x. a. pv citri C 

x. c. pv campestris 

Total assey 

Totallaaves 
two leavas per assay 
• mutants 
+ contains L TG1 
- does not contain LTG1 

Contains 
LTG1 Grapefrutt 

- 2 

- 2 

+ 2 

+ 2 

+ 2 

- 2 

- 2 

14.00 

28 

Expected 
Infection I 
phenotype 

no 

no 

yes 

yes 

no 

no 

no 

Expected Expected 
Infection I Infection I 

Lemon !phenotype Lime ! phenotype 

2 no 2 yes 

2 no 2 yes 

2 no 2 yes 

2 yes 2 yes 

2 yes 2 yes 

2 no 2 yes 

2 no 2 no 

14.00 14.00 

28 28 

28 leaves from each plant type per experiment. Estimate running experiment three 
times, meaning 84 leaves of each plant are needed. 

Possible Outcomes of Experiment 

Hypothesis: Lateral gene transfer between plant and bacterium affects 
pathogenicity of host plants. 

1. Altered host specificity and I or pathogenicity difference of mutants. 

2. No change in host specificity or pathogenicity of mutants. 

123 



While the evidence suggests outcome 1 based on: 

• putative sequences of a peptidase 
• an effector sequence tag which moves the L TG1 outside the cell 
• GC content differences to the genomic region or the overall genome 
• A motif that is only contained in other plants 

While outcome 2 is possible, this may be due to the number of genes required for host 
specificity. The reason for this gene in specific Xanthomonas strains and its stability 
over the course of evolution may not playa direct role affecting the phenotype of plant 
infection or host specificity. There should be another reason to explain its presence and 
conservation. 
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Summary 

Project summary: Two clones were completed for the splice removal and 

interruption of L TG1. These were not yet transformed into Xanthomonas for infection 

studies. The remaining clone for insertion remains elusive, as it appears that the whole 

selection of DNA may be lethal in E. coli. Positive infection was obtained with X. 

axonopodis pv citri on steril mexican lime leaves from sterile plants grown from seed. 

This project will be carried on by Kevin Schnider. The supporting bioinformatic evidence 

suggesting L TG1 may play an important role for plant infection. This data such as GC 

content differences, no similarity among bacteria but many to plants, conserved domain 

only found in plants, and an effector sequence tag implying the protein can be exported 

during infection. 
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